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Abstract

An enduring goal of evolutionary biology is to understand how natural se-
lection has shaped patterns of polymorphism and divergence within and
between species and to map the genetic basis of adaptations. The rapid mat-
uration of next-generation sequencing technology has generated a deluge
of genomics data from nonhuman primates, extinct hominins, and diverse
human populations. These emerging genome data sets have simultaneously
broadened our understanding of human evolution and sharply defined exist-
ing gaps in knowledge about the mechanistic basis of evolutionary change.
In this review, we summarize recent insights into how natural selection has
influenced the human genome across different timescales. Although the path
to a more comprehensive understanding of selection and adaptation in hu-
mans remains arduous, some general insights are beginning to emerge, such
as the importance of adaptive regulatory evolution, the absence of pervasive
classic selective sweeps, and the potential roles that selection from stand-
ing variation and polygenic adaptation have likely played in recent human
evolutionary history.
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Fitness: a central,
albeit nebulous,
concept in
evolutionary theory
that quantifies the
ability of individuals to
survive and contribute
to the next generation

Positive selection:
natural selection that
acts to increase the
prevalence of
advantageous
mutations

Purifying selection:
natural selection that
acts to eliminate
deleterious mutations

INTRODUCTION

The universe of human phenotypic variation is vast, and individuals vary in innumerable
pathogenic and nonpathogenic ways (110). Although the environment plays an important role,
genetic variation is also a major determinant of phenotypic variation. Thus, understanding the
evolutionary forces that create, maintain, and shape patterns of human genetic variation is fun-
damentally important to explaining the spectrum of human diversity. Population genetics, which
emerged from the early seminal contributions of Fisher, Wright, and Haldane (124), provides the
necessary intellectual and quantitative framework to delineate the evolutionary determinants of
polymorphism within and divergence between species.

A key insight from theoretical population genetics is that both random (genetic drift) and
deterministic (natural selection) forces govern changes in allele frequency within and between
populations. Natural selection (34, 35) occurs when there are differences in fitness among in-
dividuals and mechanistically involves the differential reproduction and survival of genotypes.
However, even in the absence of natural selection, allele frequencies are expected to change from
one generation to the next in populations of finite size because of the stochastic effects of genetic
drift. Indeed, the neutral theory of molecular evolution posits that the vast majority of evolution at
the molecular level is caused by random genetic drift (76, 77). Ohta (109) subsequently extended
the neutral theory to allow for the fixation of mutations with small fitness effects (referred to
as the nearly neutral theory). The neutral and nearly neutral theories are commonly misunder-
stood as denying the existence of adaptive mutations, but these theories posit simply that adaptive
mutations constitute a minority of the polymorphisms present within a population or the fixations
observed between species.

Despite the predominant role that genetic drift has likely played in shaping patterns of hu-
man genomic variation, there has been intense interest in identifying regions of the human
genome that have been subject to natural selection (reviewed in 4, 9, 17, 73, 105) and, more
specifically, the loci that harbor adaptive alleles. Adaptively evolving loci have been sought with
such vigor because they may yield insights into the genetic basis of human-specific phenotypes
and provide a window into human history. For example, strong signatures of adaptive evolu-
tion are present in genes that confer resistance to malaria and other infectious diseases (33,
55, 148), allow the digestion of milk and dairy products into adulthood (14, 121, 139, 147),
influence skin pigmentation (82, 92), and enable individuals to live at high altitude (15, 115,
161, 163). These examples reveal the potent selective pressures exerted by pathogens and cli-
matic conditions, and detailed analyses of genetic variation at the responsible loci provide in-
sight into where and over what time frames selection has acted. Indeed, the human genome has
been subjected to selective pressure over many different timescales, and the study of particular
epochs can be informative about specific evolutionary processes or critical periods of innovation
(Figure 1).

The search for signatures of natural selection in the human genome has entered a golden age
(125) with the advent of next-generation sequencing technology. The emerging deluge of whole-
genome sequences, including those from nonhuman primates and extinct archaic hominins (27,
51, 88, 97, 128), provides an extraordinary opportunity to develop a more comprehensive and
mechanistic understanding of how natural selection has shaped human genomic variability. In this
review, we discuss specific examples of loci that harbor signatures of natural selection, general
themes that have emerged from genome-wide scans of selection, and outstanding gaps in knowl-
edge. Natural selection operates in different guises, and we focus on the consequences of both
selection for advantageous variants (positive or Darwinian selection) and selection against dele-
terious variants (purifying selection). Throughout, we highlight different mechanisms of natural
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Figure 1
Natural selection acting on the human genome across many timescales. The study of particular epochs can
be informative about specific evolutionary processes or periods of suspected evolutionary innovations. For
example, long-term selective pressure occurring throughout primate evolution can provide insights into
conserved sequences and loci subjected to balancing selection, and recent selection can pinpoint loci that
have conferred selective advantages for novel environments as modern humans migrated out of Africa. The
multiple lineages for humans denote polymorphism data.

selection (summarized in Figure 2) and the signatures they are expected to impart on patterns of
DNA sequence variation.

DETECTING ADAPTIVE EVOLUTION FROM INTERSPECIFIC
DIVERGENCE

Signatures of Adaptive Protein Divergence

Comparing orthologous DNA sequences from multiple species is a powerful way to detect selection
acting over longer evolutionary timescales (Figure 1). A common approach using comparative
sequence data is to contrast the rates of evolutionary divergence between two classes of sites. For
example, the evolutionary forces acting on protein-coding sequences can be studied by looking at
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c Polygenic selection (adaptation)

Before sweep After sweep

d Purifying selection

Before selection In process After selection

b Positive selection on standing variation

Before sweep During sweep After sweep

Hard sweep

Before sweep

a

During sweep (partial) After sweep (complete)

Figure 2
Different modes of natural selection. Lines represent chromosomes, and circles represent derived
single-nucleotide polymorphism alleles. (a) A hard sweep, where a new advantageous mutation (red ) appears
initially on one chromosome and over time is driven to fixation by selection, creating unusually long
haplotypes of low diversity. (b) Positive selection on standing variation, where selection acts on a preexisting
variant (red ) that before becoming advantageous is either neutral or mildly deleterious. A selective sweep
from standing variation drags along more polymorphisms at linked sites than a sweep from a new mutation.
(c) Polygenic selection (adaptation), where positive selection acts on multiple advantageous alleles (red )
existing at low to moderate frequencies at various loci across the genome. After selection, the genome-wide
abundance of advantageous alleles has increased. (d ) Purifying selection, which eliminates deleterious
mutations (blue), resulting in decreased genetic diversity. Note that, somewhat paradoxically, variants that
are so deleterious that they are rapidly removed from the population have less of an effect on genetic
diversity than mildly deleterious alleles that can persist for longer periods (and mark multiple chromosomes
for selective purging).
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ratios of nonsynonymous substitutions per nonsynonymous site (dN) to synonymous substitutions
per synonymous site (dS). Under neutral evolution, synonymous and nonsynonymous substitutions
should occur at the same rate, and the dN/dS ratio should be 1. If the nonsynonymous sites tend
to be deleterious and eliminated by purifying selection, then dN/dS should be less than 1; if these
sites are advantageous and have been driven to fixation, then dN/dS should be greater than 1
(48, 76). This general framework of comparing rates of divergence between two classes of sites
can also be applied to noncoding regions (160).

Early studies using mouse protein-coding sequences as an outgroup identified hundreds of
genes under positive selection in human and chimpanzee lineages (27, 28, 47) that are overrepre-
sented in biological processes associated with immunity, olfaction, host defense, and reproduction
(104). These enrichments are not particular to the human lineage, but rather represent adaptive
changes occurring throughout the primates and more broadly in other mammalian lineages. In-
deed, further studies have suggested that the chimpanzee lineage has an excess of positive selection
compared with humans, and in contrast with earlier observations, these studies did not find an
enrichment of positively selected genes related to brain development or size (8, 79).

Supplemental Table 1 (follow the Supplemental Material link from the Annual Reviews home
page at http://www.annualreviews.org) summarizes genes potentially subject to positive selec-
tion in humans culled from 16 genome-wide analyses. This is an expanded list of loci relative
to those we have summarized previously (4) and includes genes that harbor signals of selection
based on patterns of interspecific divergence and/or intraspecific polymorphism (see below). It is
important to stress the need for caution when interpreting sequences that appear to have elevated
substitution rates in the human lineage. Although many of the results to date are likely enriched
for functionally important sequences that have been subject to human-specific molecular adapta-
tions, other evolutionary forces could potentially confound these observations. Perhaps the most
insidious is GC-biased gene conversion, which creates signatures in sequence data that closely
mimic those caused by natural selection (38).

Signatures of Adaptive Regulatory Divergence

The importance of gene regulation as a vehicle for evolutionary change was first suggested in
the 1970s at a time when data were scarce (20, 78). These precocious observations have been the
focus of considerable interest over the past decade, as technologies such as DNA microarrays have
facilitated testing hypotheses of regulatory evolution. For example, significant gene expression dif-
ferences between humans and chimpanzees have been described, particularly for genes expressed
in the brain (22, 40, 107, 150), suggesting that regulatory evolution may have played an important
role in human or primate adaptations (23, 78). Moreover, Haygood et al. (61) compared rates of
DNA sequence evolution in the human lineage between promoter regions and nearby intronic
sequences (an analog of the dN/dS test described above that is applicable to noncoding regions)
and found an excess of human promoter divergence for genes related to neuronal development
and nutrition compared with chimpanzee and rhesus macaque. Although these results are consis-
tent with adaptive regulatory divergence in humans, differences in neutral mutation rate between
promoters and introns could lead to spurious results (142), highlighting the challenges in dis-
tinguishing between neutral and nonneutral forces. Furthermore, adaptive regulatory divergence
between humans and other primates has been observed in other classes of regulatory sequences,
including alternative splicing (18), microRNA expression (13, 67), DNA methylation (111, 165),
transcription factor binding sites (70), and DNase I–hypersensitive sites (133). We anticipate that
ongoing efforts to comprehensively map human regulatory DNA (42) will provide a powerful
resource for identifying adaptive variants that influence gene expression.
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Balancing selection:
natural selection that
maintains different
alleles in a population,
resulting in an increase
of neutral
polymorphism in
linked genome regions

Selective sweep: the
process by which a
favorable mutation
becomes fixed so
rapidly that physically
linked alleles also
become either fixed or
lost, depending on the
linkage phase; also
referred to as a hard
sweep or genetic
hitchhiking

Hard sweep: a classic
selective sweep
originating from a new
advantageous
mutation; selective
sweep is sometimes
used to refer to this
mode of selection in a
narrow sense

Insights from Archaic Hominins

One of the most exciting recent developments in studies of human evolutionary history was the
sequencing of the genomes of Neanderthals and Denisovans, closely related hominin groups
that coexisted with anatomically modern humans (51, 97, 128). These whole-genome sequences
allowed new analyses to be pursued into the contentious topic of whether modern humans and
archaic groups interbred, and led to the finding that ∼1–4% of non-African genomes are derived
from Neanderthals and ∼4–6% of Melanesian genomes are derived from Denisovans (51, 128).
Moreover, studies have also reported significant evidence of introgression in African populations
from an unidentified archaic group distinct from Neanderthals and Denisovans (56, 81, 156).

A fundamentally important question is whether archaic sequences present in modern humans
are neutral or have facilitated adaptive evolution. Abi-Rached et al. (3) recently found evidence
for adaptive introgression of archaic immune system alleles. Specifically, they studied the highly
polymorphic human leukocyte antigen (HLA) class I region, which is vital in immunity and sub-
ject to strong balancing selection, and suggested that modern humans acquired the HLA-B∗73
allele in western Asia through admixture with Denisovans. Further analyses also suggested that
additional archaic HLA haplotypes from Neanderthal and Denisovan genomes have introgressed
into modern Eurasian and Oceanian populations. Several alleles in these archaic HLA haplotypes,
encoding unique or strong ligands for natural killer cell receptors, now represent more than half
of the HLA alleles in modern Eurasians and appear to have been subsequently introduced into
Africans (3). Although exciting, it is important to note that HLA loci have deep coalescent times
that could potentially be mistaken for introgression and that next-generation sequencing is dif-
ficult to carry out for highly polymorphic loci like the HLA region, and we therefore suggest
caution in interpreting these observations. More recently, adaptive introgression has also been
proposed for the innate immune gene STAT2 in Melanesian populations (96). The search for
adaptive introgression is likely to be a major focus moving forward, and it is reassuring that the
examples described to date involve immune-related genes, which are well-known substrates for
adaptive evolution.

More generally, archaic genomes provide a potentially powerful resource to more clearly de-
lineate human-specific substitutions, which likely underlie at least a subset of human-specific
phenotypes. For example, by identifying regions where Neanderthals carried fewer derived alle-
les than expected relative to humans, Green et al. (51) identified a total of 212 regions that are
likely enriched for substrates of positive selection, which occurred in conjunction with or shortly
after the divergence of modern human lineages from Neanderthals ∼825,000 years ago. Several
disease genes that influence cognition, such as DYPK1A, NRG3, CADPS2, and AUTS2, are lo-
cated in these candidate selected regions (Supplemental Table 1), suggesting that multiple genes
involved in cognitive development were positively selected during the early history of modern hu-
mans. Overall, the sequencing of archaic genomes has provided new avenues of inquiry to identify
the genetic substrates of human uniqueness.

DETECTING ADAPTIVE EVOLUTION FROM INTRASPECIFIC
POLYMORPHISM

Classic Selection Sweeps

Another major approach for detecting signatures of more recent selection is based on analysis
of intraspecific polymorphism (Figure 1). The vast majority of statistical approaches to detect
positive selection from polymorphism data are predicated on the classic selective sweep model
(also referred to as a hard sweep), where a new advantageous mutation is rapidly driven to fixation
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Site frequency
spectrum: the allele
frequency distribution
in a population; it can
be “folded” or
“unfolded” depending
on whether ancestral
and derived alleles are
distinguished

Partial sweep: the
process by which an
advantageous mutation
increases rapidly but
has not yet reached
fixation (perhaps
because the sweep is
still in progress or the
allele’s selective
advantage has
weakened)

(136) (Figure 2a). Because of a hitchhiking effect, the frequency of neutral variation closely linked
to the advantageous allele also increases. Therefore, a classic selective sweep tends to eliminate
nucleotide diversity in the region around the advantageous allele, create an excess of low-frequency
variants, and increase linkage disequilibrium and haplotype homozygosity. Many neutrality tests
based on the site frequency spectrum, such as Tajima’s D (140), Fu & Li’s D (46), and Fay &
Wu’s H (43), have been developed to detect the strong skew toward rare alleles in the swept
region.

According to diffusion theory (138), a selective sweep in a randomly mating population of
constant size takes approximately 2ln(2Ne)/s generations to complete, where Ne is the effective
population size and s is the selection coefficient. Assuming the long-term Ne of humans is 10,000
(130), even sweeps with very strong selection coefficients (e.g., s = 5%) will take ∼10,000 years
to complete (assuming 25 years per generation), and those with weaker selective effects will take
considerably longer. Thus, it is possible that many sweeps are ongoing (also called partial or
incomplete sweeps) (Figure 2a) and that the advantageous allele has not yet reached fixation.
For partial selective sweeps, an excess of rare variants in the swept region may not be detectable
by neutrality tests of the site frequency spectrum. However, partial sweeps typically exhibit long
identical haplotypes when the selected allele has risen to moderate or high frequencies, whereas
the remaining haplotypes show normal levels of variability. Taking advantage of this feature,
methods based on haplotype homozygosity [such as extended haplotype homozygosity (EHH)
(131), integrated haplotype score (iHS) (154), and integrated extended haplotype homozygosity of
a single-nucleotide polymorphism (SNP) site (iES) (141)] have been developed to detect unusually
long, frequent haplotypes expected for incomplete or ongoing sweeps.

Another signature that may arise in classic selective sweeps occurs when a locus is subject to
selection in a geographically restricted population (85). In these cases, the allele frequencies around
the selected locus are expected to change rapidly, resulting in an excess of SNPs with extreme
levels of population structure in this region. Therefore, an unusually high level of population
differentiation (most often measured by the fixation index FST) can be used to identify putative
targets of selection (5, 85). It is important to note, however, that large allele frequency differences
are not uniquely caused by positive selection, and other demographic processes can influence the
variance in FST (101, 102, 129). Indeed, the confounding effects of natural selection and population
history on patterns of polymorphism make the interpretation of all neutrality test statistics difficult,
and this remains a formidable challenge even in the context of genome-wide data sets.

A number of celebrated and well-understood examples have been described of loci that exhibit
features of classic selective sweeps. For example, the ability to digest lactose into adulthood is
a human-specific trait that allows the consumption of dairy products and is correlated with the
domestication of cattle (139). Lactase persistence is governed by regulatory variation that allows
LCT, the gene encoding the enzyme lactase, to be expressed into adulthood. In northern Euro-
peans, a common haplotype containing cis-regulatory polymorphisms that influence the expression
of LCT has been identified (41, 80). This haplotype exhibits strong linkage disequilibrium that
extends over 1 Mb (121). The most plausible causal allele is a C-to-T SNP located 13,910 base
pairs (bp) upstream of LCT. The derived T allele, associated with lactase persistence, is found
in approximately 77% of Europeans (and is nearly fixed in particular European populations) but
is virtually absent in most non-European populations. The strong selection coefficient estimated
for LCT (s = ∼1.4–15%) makes it among the most intensely selected loci in the human genome
(14). Interestingly, lactase persistence is also observed in pastoral African populations (147). How-
ever, the European variants that confer lactase persistence are either absent or at low frequency.
Strikingly, other variants at sites very close to the European-associated polymorphisms (such as
G/C-14010, T/G-13915, and C/G-13907) are significantly associated with lactase persistence and
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contain signatures of recent selection, suggesting convergent adaptive evolution for this phenotype
in Europeans and Africans (147).

Furthermore, a number of recent studies have identified genes subject to natural selection in
highland populations (12, 15, 115, 135, 161, 163). High-altitude hypoxia is caused by decreased
barometric pressure at high altitude and results in severe physiological stress. The Tibetan
population, which has lived at >3,000 m for thousands of years, has been the subject of consid-
erable interest. A study of 50 exomes of ethnic Tibetans identified a polymorphism in EPAS1,
the gene encoding endothelial Per-Arnt-Sim domain protein 1, that exhibits a 78% difference
in allele frequency between Tibetan and Han samples, representing one of the fastest allele
frequency changes observed at any human gene to date (163). EPAS1 encodes a transcription
factor involved in the response to hypoxia, and SNPs across this gene are significantly correlated
with hemoglobin concentration in Tibetan highlanders (12). The causal adaptive variant(s) in
EPAS1 remain to be discovered, however.

In addition to EPAS1, genome-wide scans for positive selection have implicated other genes
(such as EGLN1 and PPARA) as targets of natural selection for high-altitude adaptation in
Tibetan populations (115, 161). Interestingly, EGLN1 also shows evidence of positive selection
in Andeans, another high-altitude population, although the patterns of variation for this gene
differ between Tibetans and Andeans (15). Furthermore, beyond EGLN1, the apparent genetic
targets of selection are different in the two populations. For example, PRKAA1 and NOS2A
exhibit strong signatures of recent positive selection in Andeans but not in Tibetans (15). The
largely distinct evolutionary paths in altitude adaptation may be consistent with the physiological
differences that exist between Tibetan and Andean populations or may suggest that there are
parallel routes to the same physiological states (11).

Classic Selection Sweeps Are Rare in Humans

As alluded to above, it remains challenging to distinguish the footprints of a selective sweep from
neutral deviations caused by population demographic history (mediated primarily through genetic
drift) and mutation rate heterogeneity. For instance, in a summary of nine genome-wide scans
from SNP data, ∼14% of the genome containing ∼23% of genes was identified as being under
positive selection in at least one study (4). However, only ∼20% of these regions were concordant
among these studies, suggesting a high false-positive rate.

Furthermore, a systematic analysis of the HapMap phase II data showed that genic (especially
nonsynonymous) SNPs are more likely than nongenic SNPs to exhibit high levels of population
differentiation (30, 94). This observation is consistent with geographically restricted models of
classic selective sweeps. However, more detailed analyses of high-FST SNPs revealed relatively few
fixed or nearly fixed differences between populations from different continents. High-FST SNPs
tend to lie in regions of reduced diversity, but the shift of cross-population extended haplotype
homozygosity (XP-EHH) is relatively small. These observations imply that positive selection is
common in the genome, whereas strong selection that rapidly drives new mutations to fixation is
rare (30).

A comprehensive study by Hernandez et al. (64) using resequencing data from 179 human
genomes provides the clearest evidence yet that classic selective sweeps in humans are rare. This
study showed that reduced levels of genetic diversity exist around exons and conserved noncoding
sequences, but the reduction of diversity for flanking human-specific amino acid substitutions is
comparable to that for synonymous substitutions. Thus, although the reduction of diversity at
coding and conserved noncoding sites is a clear signature of selection, it does not appear to have
been driven by classic selective sweeps.
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Figure 3
Analyses demonstrating the rarity of classic selective sweeps in human populations. To recapitulate and explore the observations of
Hernandez et al. (64) in more detail, we analyzed the 1000 Genomes Project low-coverage data, including 59 individuals from Yoruba
(YRI), 60 individuals with European ancestry (CEU), and 60 individuals from China or Japan (ASI). (a–c) LOESS curves for a span of
0.1 and a bin size of 1.2 × 10−5 centimorgans (cM). Panels a and b show diversity, human–rhesus macaque divergence, and scaled
diversity (diversity divided by human–rhesus macaque divergence) at nonconserved, noncoding sites as a function of genetic distance
from exons and conserved noncoding regions, respectively. Panel c shows scaled diversity around human-specific fourfold degenerate
(dotted lines), synonymous (dashed lines), and nonsynonymous (solid lines) substitutions. (d ) Enrichment analysis for highly differentiated
single-nucleotide polymorphisms (the CEU-YRI comparison) in genic (red ) and nongenic (blue) sites. The 95% confidence intervals for
genic sites are shown in pink, and were obtained by bootstrapping 200-kb regions 1,000 times. Based on figures 1, 3, and 4 of
Reference 64 with permission, using reanalyzed data.

To illustrate these important results and explore the observations of Hernandez et al. (64) in
more detail, we repeated their analyses on the 1000 Genomes Project data as described in their
study (Figure 3). We were able to recapitulate all of their observations; specifically, we found that
genetic diversity scaled by human–rhesus macaque divergence is reduced for exons and conserved
noncoding sequences (Figure 3a,b). Interestingly, patterns of divergence vary, at least qualita-
tively, between exons and conserved noncoding sequences, with the former exhibiting more of a
reduction in diversity compared with the latter (Figure 3a,b), consistent with stronger selection
acting on coding sequences. Moreover, divergence is uniformly lower for conserved noncoding
sequences and their flanking regions compared with exons (Figure 3a,b), as expected given that
these sites were a priori selected based on their conservation. Overall, these patterns are consis-
tent with some form of directional selection, as noted by Hernandez et al. (64). However, the
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Soft sweep:
a selective sweep
model where standing
variation becomes
selectively favored and
sweeps to fixation, or
where multiple alleles
at a locus are
simultaneously favored
and increase in
frequency

reduction in scaled diversity around human-specific amino acid substitutions is commensurate
with that around synonymous substitutions (Figure 3c), which Hernandez et al. (64) argued is
inconsistent with the expectation of classic sweeps. This argument assumes that the signatures
of a classic sweep should be observed more strongly on the changes most likely to have func-
tional consequences (e.g., amino acid substitutions). Although this is a reasonable assumption,
it is conceivable that a higher proportion of synonymous sites have fitness consequences than is
currently appreciated (144). Moreover, SNPs in genic regions are not significantly enriched for
highly differentiated alleles (Figure 3d ), which again is inconsistent with expectations of clas-
sic selective sweeps. Similarly, a recent study of allele frequency differentiation and haplotypes
in African populations also did not show widespread evidence for classic selective sweeps (49).
Thus, the emerging picture is that classic selective sweeps have been rare in recent human history,
prompting the need to consider other modes of adaptation.

ALTERNATIVE MODELS TO A CLASSIC SELECTIVE SWEEP:
NONCLASSIC SWEEPS

Selection on Standing Variation

Recent empirical and theoretical studies have highlighted the potential importance of soft sweeps,
i.e., selection on standing variation (63, 123) (Figure 2b) or selection acting simultaneously on
multiple independent loci (Figure 2c). For example, Hermisson & Pennings (63) used diffusion
theory to investigate the probability that selection acts on standing variation as opposed to new
mutations. The key parameters in their model are the scaled mutation rate θ , measured by 4NeμL
(where Ne is the effective population size, μ is the mutation rate per generation per base pair,
and L is the “mutational target size,” or the number of base pairs in which mutations can lead to
differences in fitness), and the relative selective advantage in a new environment compared with
the ancestral one (63). They supposed that mutations at any of the L base pairs result in higher
fitness for the organism in the new environment. The mutational target could be a regulatory
region (e.g., a promoter or enhancer) or a set of amino acids that influence protein function.
In general, very little is known about mutational target size for a typical locus or how it varies
across different genes (90). Prior to the environmental change, variants in this mutational target
are either neutral or mildly deleterious, which enables them to persist in the population at low or
intermediate frequencies.

We used the theory of Hermisson & Pennings (63) to evaluate several characteristics of se-
lection from standing variation. For example, Figure 4a shows the probability that a standing
variant goes to fixation as a function of the strength of selection (s) and θ . Compared with a new
advantageous mutation, standing variation is much more likely to be fixed by selection, provided
that the mutational target size is sufficiently large—i.e., θ ≥ 0.004, which corresponds to ∼10 bp,
depending on assumptions of the mutation rate [e.g., 10−8/(generation × number of base pairs)]
and effective population size (e.g., Ne = 10,000). Furthermore, if a sweep has occurred, we can
use the theory of Hermisson & Pennings (63) to calculate the probability that it did so from
standing variation and not from a new mutation. When the effective population size is fixed at
Ne = 10,000, a sweep is more probable from standing variation than from a new mutation for
nearly all parameter values considered except for very strong selection acting on small mutational
target sizes (e.g., L = 1 bp) (Figure 4b). However, the waiting time for a new advantageous muta-
tion to occur will be long when the mutational target size is small. Furthermore, the probability of
a sweep from standing variation increases with larger effective population sizes (Figure 4c). This
observation has important implications for recent human evolutionary history, which has seen an
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Figure 4
Characteristics of selective sweeps arising from standing variation. (a) The probability that a new mutation or standing variation is fixed
under selection. (b,c) The probability that a sweep occurs from standing variation, conditional on a sweep occurring (either from
standing variation or from a new advantageous mutation), as a function of the strength of selection (panel b) and the mutational target
and effective population sizes (panel c). Where appropriate, we have assumed the effective population size is Ne = 10,000, the mutation
rate is μ = 10−8 per generation, and the mutational target size is 100 bp. Before the environmental switch, variants are deleterious
with a selection pressure 2Nes = −10. All selection is assumed to be additive. Adapted from Reference 63 with permission.

explosion in population size (45, 72, 103, 144), suggesting that selection occurring over the past
5,000–10,000 years did so primarily by acting on standing variation.

Signatures of Selection on Standing Variation

If a beneficial allele originates as standing variation, it will leave a different signature during the
fixation process compared with that of a new mutation. As standing variation has persisted in the
population, either neutrally or as a weakly deleterious variant, it has a different haplotype back-
ground than a new mutation does. In particular, recombination will have had more opportunities
to move an existing variant onto different haplotype backgrounds. Therefore, a sweep from stand-
ing variation drags along more polymorphisms at linked sites than a sweep from a new mutation
does, resulting (on average) in a narrower and shallower valley of low genetic diversity compared
with a hard sweep (126). The difference in levels of genetic diversity expected from hard and soft
sweeps depends primarily on the frequency f of a variant at the time selection begins. Specifi-
cally, if f is less than 1/(2Nes) and selection is strong, then reductions in diversity as measured by
π (140), θw (159), and θH (43) will be similar in both the hard and soft sweep models. However,
as f increases, the effect of selection has a weaker effect on diversity at linked neutral sites (68).

To illustrate these effects, we simulated hard and soft sweeps using demographic models ap-
propriate for African and European populations (details of the models are described in the caption
of Figure 5). As expected, hard sweeps result in a greater reduction of genetic diversity compared
to soft sweeps (Figure 5a–c). Interestingly, as previously noted (126), for intermediate values of
f, selection on standing variation leads to a much larger variance in the site frequency spectrum,
as measured by Tajima’s D (140), than a hard sweep does (Figure 5e). Furthermore, it also results
in weaker levels of linkage disequilibrium, as measured by haplotype homozygosity (Figure 5d ).
Thus, many conventional neutrality test statistics used to detect a hard sweep will have decreased
power to identify sweeps that arose from standing variation (146). As selection from standing vari-
ation is expected to be common in recent human history (Figure 4c), these observations suggest
that many of the substrates of positive selection in the human genome await discovery because
they do not leave signatures in patterns of genetic variation that most neutrality test statistics are
designed to detect.
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Figure 5
Signatures of different types of selective sweeps compared with neutral expectations. We conducted the
analysis by simulating 100 chromosomes using previously inferred demographic models (132) for African
and European populations. Models of selection include selection on a new mutation (hard sweep; red ), on a
standing variant with a frequency of 0.05 (soft sweep; blue) that began 1,200 generations ago, and on a new
mutation but without fixation (partial sweep; pink) that began 400 generations ago. The additive selection
pressure is assumed to be 0.02. In each scenario, 100 replications were performed. Different statistics were
summarized based on a sliding window analysis of 10 kb. (a–c) The effects of selection on summary statistics
of genetic diversity (θπ , θS, and θH in panels a, b, and c, respectively). (d ) The effects of selection on haplotype
homozygosity. (e) The distribution of Tajima’s D (140) in the 10-kb region surrounding the selected site.

Polygenic Selection on (Standing) Variation

The architecture of most traits is complex and governed by the action of many loci and environ-
mental factors. More than 1,000 genome-wide association studies have been published to date
(http://www.genome.gov/gwastudies) (66). A common observation of these studies is that the
vast majority of associations have an odds ratio between 1.1 and 1.5, indicating relatively small
phenotypic effects (91). Similarly, most quantitative traits are also architecturally complex and
influenced by a large number of quantitative trait loci that individually account for only small
amounts of phenotypic variation (10, 65). Thus, a typical trait has a large repository of standing
variants for selection to act on, and selection acting simultaneously on many preexisting variants
would be an efficient mechanism for phenotypic adaptation (21, 122).

To be concrete, consider a quantitative trait that is affected by a large number of loci (Figure 6),
with individuals in the population distributed around an optimal phenotypic value (i.e., the
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Figure 6
The consequences of polygenic selection from standing variation on a quantitative trait. We simulated 100
chromosomes from a population of constant size equal to 10,000 and assumed that 100 independent variants
contributed to the phenotypic variation of the trait. The contribution of each variant to the trait was determined
by drawing a value from the normal distribution N(mean, standard error), with N(0,1) for the ancestral
allele and N(3,1) for the derived allele. Under neutrality, the fitness for individuals with different phenotypes
is the same. Under the polygenic selection model, however, individuals with a larger value of the phenotype
(i.e., >45) have 1% higher fitness compared with those with a smaller value of the phenotype. In total,
we conducted 100 replications for each model. (a) Phenotypic distribution under the neutral and polygenic
selection models after 500 generations. (b) Comparison of the site frequency spectrums under the polygenic
selection and neutral models after 500 generations. Lines represent the average number of variants for a given
derived allele frequency; shaded regions define the 95% confidence intervals obtained from the replications.

Polygenic selection:
a process in which
selection occurs at
many (standing)
variants
simultaneously; it is
likely common for
traits with a complex
genetic architecture

phenotypic value that confers the highest fitness). If the optimal phenotypic value changes, per-
haps because of a change in the environment, then the population will adapt by allele frequency
shifts at many loci. Thus, polygenic selection pulls alleles up and down in frequency but generally
not to fixation (26, 30, 113) (Figure 2c). A subtle allele frequency shift is expected for polygenic
selection on standing variation (57), which can be used to detect such signatures across the genome
(Figure 6). For example, by studying height, a classic polygenic trait, Turchin et al. (149) demon-
strated that the frequencies of alleles associated with increased height are systematically elevated
in northern Europeans compared with southern Europeans ( p < 4.3 × 10−4), which is consistent
with widespread weak selection with selection coefficients on the order of ∼10−3–10−5 per allele
per generation compared with genetic drift alone.

Moreover, several genome-wide approaches have been developed to detect signatures expected
from polygenic selection. For example, Tennessen & Akey (143) found significant evidence
for parallel adaptive divergence in geographically diverse populations, consistent with modest
shifts in allele frequencies at many loci. Another promising approach for detecting polygenic
selection is to compare allele frequencies with environmental variables while controlling for
population structure (31, 57–59). Collectively, these studies suggest that polygenic selection may
be widespread in humans, although more theoretical and empirical work needs to be done to
better understand models involving subtle shifts of allele frequencies at many loci and how best
to detect this mechanism of adaptation.

DELETERIOUS VARIANTS AND BACKGROUND SELECTION

Relative Importance of Background Selection and Genetic Hitchhiking

Human diversity is positively correlated with recombination on a large scale (84, 99, 100) but neg-
atively correlated with coding sequence density (114), consistent with the expectations of natural
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Background
selection: a process in
which deleterious
mutations drift up to
low frequencies and
are then purged from
the population, with
an occasional removal
of linked variation
resulting in a
reduction in diversity

selection. In theory, this correlation could arise either from the genetic hitchhiking effects asso-
ciated with advantageous alleles or from background selection against deleterious mutations (24,
75). Hellmann et al. (62) investigated the relationship between recombination rate and diversity
in human polymorphism data by establishing models based on these two types of selection and
found that the hitchhiking model gave a slightly better fit to genome-wide estimates of diversity.
However, they emphasized that their models are greatly simplified, and therefore their results
were not conclusive.

More recently, McVicker et al. (94) analyzed the genomic distribution of human polymor-
phisms and divergence among five primate species relative to the locations of conserved sequence
features. They applied a theoretical model of background selection to explore the reduction of
nucleotide diversity due to purifying selection by considering recombination rates, selected site
locations, deleterious mutation rates, and the distribution of selection intensities. They found a
surprisingly large reduction in average diversity across the genome attributable to selection of 19–
26% on the autosomes and 12–40% on the X chromosome, indicating that background selection
may have played a prominent role in shaping patterns of human genomic variation. However,
because the signals of background selection can mimic patterns produced by positive selection,
they noted that they were not able to formally exclude the possibility that their findings were the
result of hitchhiking.

Thus, the relative contributions of genetic hitchhiking and background selection in shaping
genomic patterns of variation remain open (137). Our intuition is that background selection
provides a better first-order approximation for existing data than genetic hitchhiking does, simply
because more mutations are expected to be deleterious than advantageous and because of how
widespread the signal is across the genome. Definitive inferences are not possible at this point,
but perhaps will be in the future with the development of new methods and data.

Purifying Selection Facilitates the Identification of Functionally
Important Sequences

Despite the remarkable progress in molecular biology and biochemistry, interpreting the human
genome remains a challenging endeavor. For example, over a decade has passed since the initial
drafts of the human genome were published (83, 152), yet there is still considerable uncertainty
about the fraction of the genome that encodes for functionally important information. The Ency-
clopedia of DNA Elements (ENCODE) project, the goal of which was to systematically identify
functional elements encoded in the human genome, recently described their results (42). In this
project, a functional element was defined as a discrete genomic segment that encodes a defined
product (e.g., protein or noncoding RNA) or displays a reproducible biochemical signature (e.g.,
protein binding or a specific chromatin structure). This systematic analysis revealed that a large
fraction of the human genome (80.4%) is “biochemically active” and covered by at least one
ENCODE-identified element (42). However, it seems rather unlikely that ∼80% of the genome
is functionally important (37, 39, 50, 106).

An evolutionary perspective provides an important framework for identifying functionally
important sequences through conservation-based metrics. In an evolutionary context, conservation
arises through time in functional sequences because most mutations that occur are deleterious
and purged from the population by purifying selection (Figure 2d ). An initial comparison of
the mouse and human genomes estimated that up to ∼5% of the mammalian genome is under
purifying selection (158); subsequent estimates ranged from 2.6% to 20% (6, 16, 32, 36, 89, 95,
112, 119, 120, 134). For instance, a recent study comparing 29 eutherian genomes estimated
that at least 5.5% of the human genome experiences purifying selection and located constrained
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Mutation load: the
loss of fitness resulting
from deleterious
alleles maintained by
mutation-selection
balance

elements covering ∼4.2% of the genome at a resolution of 12 bp (87). Furthermore, using the
ENCODE data, Ward & Kellis (157) estimated that 5% of the human genome is conserved across
mammals, with at least an additional 4% experiencing purifying selection in the human lineage
alone. Thus, although evolutionary analyses lead to different estimates about the proportion of the
human genome that is subject to functional constraint, they are uniformly inconsistent with the
notion that ∼80% of our DNA is functionally significant. Although there are inherent limitations
to simple conservation-based metrics (e.g., identifying sequences that are necessary to maintain
the proper spatial organization of functional elements but whose specific nucleotide composition
is not important), it is a good approximation that is likely to identify the bulk of functionally,
evolutionarily, and phenotypically significant DNA.

The Burden of Deleterious Variants Among Individuals

The human population size has increased dramatically in recent history (45, 72, 103, 144). Given
an estimated world population of more than 7 billion individuals (151), humanity now incurs
on the order of 1011 de novo mutations per generation (assuming a mutation rate of 2.2 ×
10−8 per generation). How many of these variants are deleterious, and how many such variants
do individuals carry? Studies of exome and whole-genome sequencing performed using large
cohorts of individuals (n > 1,000) have provided new insights into the mutation loads across
individuals (45, 103, 144). For example, conservative estimates suggest that approximately 14–
17% of all protein-coding variants are deleterious, with each individual possessing an average of
500 functional protein-coding single-nucleotide variants (144). Similarly, by comparing the ratios
of nonsynonymous to synonymous variants in different frequency ranges, another study estimated
that 25–50% of rare nonsynonymous variants are deleterious (2).

Beyond the exome, studies are also beginning to integrate whole-genome sequence and func-
tional genomics data. For example, using the ENCODE data (42), Vernot et al. (153) investigated
the population genetics characteristics of polymorphisms located in DNase I–hypersensitive sites
and concluded that in regulatory DNA, individuals harbor many more deleterious variants than
protein-coding variants, although the deleterious variants are likely to have smaller effect sizes on
average. In addition to being important in personal and clinical genomics, delineating the mu-
tational burden among individuals may facilitate more quantitative estimates of the deleterious
mutation rate in humans (127) and provide insight into the implications of the increased mutation
load for contemporary human populations (71, 90). Finally, it is interesting to speculate that a small
fraction of the 1011 de novo mutations that occur in each generation are advantageous and therefore
that the increased mutational capacity of recent human populations may have created a repository
of advantageous alleles that adaptive evolution will act on in subsequent generations (60).

FUTURE DIRECTIONS AND CHALLENGES

Progress in understanding human evolutionary history has often been marked by technological
advances. The maturation of next-generation sequencing technology is the latest advance, and
is transforming the ability to access sequence variation on a scale that has never before been
possible. Indeed, many human and nonhuman primate sequencing data sets have already been
described (1, 2, 7, 45, 51, 97, 128, 144), and many more will certainly be generated in the near
future. However, simply generating extensive catalogs of human variation will not in itself lead to a
deeper understanding of human evolutionary history, and many challenges remain. An immediate
pragmatic issue is simply how to store, visualize, and share such massively large data sets in a
computationally efficient manner (145).
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We are confident that the computational challenges, although formidable, will be addressed,
and that genomics can leverage the expertise and knowledge of other data-intensive branches of
science (86, 93). More important, however, is the acute need to develop the next generation of
population genetics models and statistical tools tailored to the analysis of whole-genome data
sets (155). Although the classic selective sweep model and outlier-based genome-wide scans for
selection have served the field well, it is now clear that this mode of selection has not played a
prominent role in recent human evolutionary history and that most of the dramatic signatures of
a hard sweep have been identified. The analysis of additional, typically understudied populations
that have experienced unique environments obviously may still reveal novel loci that have been
subject to classic selective sweeps [such as EPAS1 in Tibetans (163)], but such loci are likely to be
the exception rather than the rule. Thus, theoretical studies that explore the dynamics of more
realistic mechanisms of evolutionary change, such as polygenic and epistatic selection, will be
important for developing novel statistical methods to detect signatures from different modes of
adaptive evolution. Indeed, as Haldane (53) noted, “A satisfactory theory of natural selection must
be quantitative. In order to establish the view that natural selection is capable of accounting for
the known facts of evolution we must show not only that it can cause a species to change, but
that it can cause it to change at a rate which will account for present and past transmutations”
(p. 19). Furthermore, a renewed focus on background selection is warranted not only because it
appears to have pervasive effects on human genomic diversity but also because it is a well-defined
intellectual construct to assess a variety of key questions, ranging from the fraction of the genome
that is functionally significant to the burden of deleterious variants among individuals.

Moreover, it is clear that a deeper understanding of how selection has influenced the human
genome is impeded by the mostly statistical descriptions of putatively selected loci to date. Except
for a handful of cases (14, 41, 44, 54, 69, 82, 121, 147, 148), the biological functions of adaptively
evolving loci are ambiguous, and the causal adaptive alleles underlying signatures of selection
remain elusive. Thus, a better understanding of the biology of the human genome would have
profound implications for gaining a deeper understanding of its evolution (52). To this end,
functional genomics data sets developed by the ENCODE and Roadmap Epigenomics projects
using techniques such as RNA-Seq, ChIP-Seq, and DNase I–hypersensitivity mapping (42) have
provided an expansive resource for the study of human biology that will facilitate the interpretation
and generation of hypotheses in studies of human selection and adaptation.

Another area that we envision will be fruitful to pursue is the evolutionary history of structural
variation (indels, duplications, deletions, inversions, and copy-number variations), which affects
more base pairs in the genome than single-base changes do (19, 25, 29, 98, 117, 118, 164).
Genome duplication is a dominant force in evolution, providing the raw material for genomic
innovation that is then sculpted by mutation, drift, and selection (108). To date, however, the vast
majority of human studies of adaptation have focused on sequence and not structural variation
(with a few notable exceptions; see 74, 116, 162). With the improved resolution of structural
variant identification afforded by next-generation sequencing technology, now is the time to
begin integrating sequence and structural variation into a comprehensive theory of how natural
selection has influenced the human genome.

Considerable progress has been made in understanding how natural selection has influenced
human divergence and diversity, yet much remains to be discovered. Beyond sequencing and
statistical methods, experimental analysis, and functional genomics profiling, a comprehensive
view of natural selection and adaptation must synthesize knowledge from disparate disciplines,
including ecology, anthropology, and linguistics, to name only a few. Only then will a coherent
narrative emerge about where and (more interestingly) why natural selection has influenced the
human genome.
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