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ABSTRACT Evolutionary biology has tended to focus
on adaptive evolution by positive selection as the pri-
mum mobile of evolutionary trajectories in species while
underestimating the importance of nonadaptive evolu-
tionary processes. In this review, I describe evidence
that suggests that primate and human evolution has
been strongly influenced by nonadaptive processes, par-
ticularly random genetic drift and mutation. This is evi-
denced by three fundamental effects: a relative relaxa-
tion of selective constraints (i.e., purifying selection), a
relative increase in the fixation of slightly deleterious
mutations, and a general reduction in the efficacy of pos-
itive selection. These effects are observed in protein-cod-
ing, regulatory regions, and in gene expression data, as
well as in an augmentation of fixation of large-scale
mutations, including duplicated genes, mobile genetic
elements, and nuclear mitochondrial DNA. The evidence
suggests a general population-level explanation such as
a reduction in effective population size (Ne). This would
have tipped the balance between the evolutionary forces
of natural selection and random genetic drift toward
genetic drift for variants having small selective effects.
After describing these proximate effects, I describe the

potential consequences of these effects for primate and
human evolution. For example, an increase in the fixa-
tion of slightly deleterious mutations could potentially
have led to an increase in the fixation rate of compensa-
tory mutations that act to suppress the effects of slightly
deleterious substitutions. The potential consequences of
compensatory evolution for the evolution of novel gene
functions and in potentially confounding the detection of
positively selected genes are explored. The consequences
of the passive accumulation of large-scale genomic muta-
tions by genetic drift are unclear, though evidence sug-
gests that new gene copies as well as insertions of trans-
posable elements into genes can potentially lead to
adaptive phenotypes. Finally, because a decrease in
selective constraint at the genetic level is expected to
have effects at the morphological level, I review studies
that compare rates of morphological change in various
mammalian and island populations where Ne is reduced.
Furthermore, I discuss evidence that suggests that cra-
niofacial morphology in the Homo lineage has shifted
from an evolutionary rate constrained by purifying selec-
tion toward a neutral evolutionary rate. Yrbk Phys
Anthropol 53:13–45, 2010. VVC 2010 Wiley-Liss, Inc.

Although we are nearly 99% similar to chimpanzees in
nucleotide sequence, phenotypically we appear to have
diverged considerably farther from our common ancestor.
Our unique human traits include bipedal walking,
increased manual dexterity, increased brain size,
reduced body hair, and our ability to make and use tools
and complex language. Most efforts to understand the
evolution of these features have emphasized adaptive
evolution as the most important, if not singular, evolu-
tionary force. Yet, adaptive evolution is only one of the
forces of evolutionary change, others being mutation,
random genetic drift, and recombination. These forces
are described as nonadaptive because the evolutionary
change they produce is due to factors unrelated to indi-
vidual differences in relative fitness. The importance of
nonadaptive forces in influencing evolutionary change is
becoming increasingly clear (Stoltzfus, 1999, 2006; Koo-
nin, 2004, 2009a,b; Hughes, 2007, 2008, 2009; Lynch,
2007a,b; Stoltzfus and Yampolsky, 2009; Ellegren, 2009).
Within anthropological and human genetics, random
genetic drift has most often been studied with respect to
founder effects on isolate populations (e.g., Hutterites,
Old Order Amish, Ashkenazi Jews, Yanomamo etc.; see
Smouse et al., 1981; Sokal et al., 1986; Arcos-Burgos and
Muenke, 2002; Risch et al., 2003; Slatkin, 2004) as well
as in bottleneck events (e.g., first migration into the

Americas; see Cavalli-Sforza et al., 1994). Much less
explored has been the role of random genetic drift in
influencing the evolution of primates, and humans in
particular.
The well-known neutralist versus selectionist contro-

versy in evolutionary genetics is essentially a debate
about whether evolutionary change is mostly due to
genetic drift acting on neutral variation, or whether it is
due to selection acting on adaptive variation (Ford, 1964;
Kimura, 1968, 1969; King and Jukes, 1969; Lewontin,
1974; Gillespie, 1991; Kreightman, 1996; see Nei, 2005).
The controversy has subsided somewhat since its most
vociferous days in the 1970s and 80s but has not reached
resolution (see Hey, 1999; Crow, 2008; Hahn, 2008). In-
terest in this issue, however, has reignited within the
last decade in the context of analyses of large amounts
of genome-wide DNA data from humans and other
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species. Through analyses of these data, it is becoming
increasingly revealed that the population size of a spe-
cies, specifically its long-term effective population size
(Ne), is fundamental in determining the relative impor-
tance of genetic drift and selection. Furthermore, it is
becoming clear that the relative power of these forces
has varied in different animal lineages (for discussion
see Ellegren, 2009). The findings are presumably
explained by population genetics theory that posits a
central role of Ne in influencing the relative importance
of these two evolutionary processes. Explained briefly,
when molecular variants have large selective coeffi-
cients, either because they are strongly advantageous or
strongly deleterious, natural selection can act as a
powerful force in shaping the direction of molecular
evolution. However, if most variants have only slight
effects on fitness, a finding that has become increasingly
supported (Ohta, 1973, 1974, 2003; Hughes et al., 2003,
2005; Eyre-Walker et al., 2006a; Eyre-walker and
Keightley, 2007), then the extent to which natural selec-
tion can discriminate these variants is a function of Ne.
For these variants, Ne becomes the critical determining
factor that tips the balance between either natural selec-
tion being the dominant evolutionary force acting on
them, or random genetic drift becoming the dominant
force. When Ne is sufficiently small, the effects of genetic
drift dominate over natural selection and completely
determine the fate of these variants. This theory is
known as the Nearly Neutral Theory by Tomoko Ohta
(1973, 1974), which is an extension of Motoo Kimura’s
Neutral Theory Of Molecular Evolution (Kimura, 1968,
1969, 1983). On the other hand, if Ne is sufficiently
large, natural selection is better able to discriminate the
selective effects of genetic variants, tending to promote
advantageous variants while removing deleterious var-
iants, even if these have only slightly negative selective
coefficients.
Analyses of human genetic data have consistently esti-

mated relatively small values of Ne approximating

10,000 (Burgess and Yang, 2008; Yu et al., 2001) or per-
haps considerably smaller (see Tenesa et al., 2007). Note
that Ne is approximately equal to the harmonic mean
rather than the arithmetic mean of population sizes
through evolutionary time and is, therefore, strongly
influenced by historically smaller population sizes. Thus,
even if there was a recent and profound demographic
expansion, the much smaller population sizes that char-
acterized most of human evolution results in an Ne that
approaches the smaller values. Because low estimates of
Ne for humans have been attained in two basic ways,
through analyses of levels of human nucleotide polymor-
phism (Harris and Hey, 1999, 2001; Przeworski et al.,
2000; Yu et al., 2001; Wall, 2003) and through phyloge-
netic comparisons of multiple genes among hominoid
species (Chen and Li, 2001; Burgess and Yang, 2008),
they indicate that Ne has been consistently small over
the �6 Myrs of time since human divergence from chim-
panzees through the emergence of anatomically modern
humans (�200 kya) until recently. Additionally, the Ne of
the common ancestral population between humans and
Neandertals is also estimated to be close to 10,000 (see
Noonan et al., 2006; Premo and Hublin, 2009). Further-
more, a recent bottleneck in the evolution of Homo sapi-
ens supports a greater reduction in the effective popula-
tion size of non-African human populations (Gherman
et al., 2007). In contrast, the human (H)/chimpanzee (C)
ancestral population is estimated to have had a much

larger Ne, with estimates ranging from 104K to 157K
(Chen and Li, 2001; Burgess and Yang, 2008). Estimates
of Ne in the human H/C/gorilla (G) ancestral population
range from 55K to 83K, and estimates for the ancestral
H/C/G/orangutan population range from 84K to 126K
(Burgess and Yang, 2008). These estimates indicate an
approximately 10-fold reduction in Ne in the course of
human evolution, a reduction that seems to be extreme
for a primate species.
Although few good estimates of Ne exist for nohuman

primates, it is generally assumed that Ne is reduced gen-
erally in primates compared with other animal groups.
Recent analyses of polymorphism in macaques estimate
that Ne is approximately 70,000 (Hernandez et al.,
2007). In contrast, estimates of Ne in murids (mice and
rats) are placed at around 450K–820K (Eyre-Walker et al.,
2002). Although more distantly related, Drosophila species,
which have effective population sizes an order of magnitude
larger than mammal species (1–2 million; see Eyre-Walker
et al., 2002), they provide a useful contrast for studying the
evolutionary effects of differences in population size.
A reduction in Ne in the evolution of primates and

more so in the course of human evolution is expected to
have had considerable effects on the dynamics of molecu-
lar evolution. The reduction is expected to have aug-
mented the relative power of random genetic drift rela-
tive to natural selection. This, in turn, is expected to have
its greatest effects on slightly deleterious variants, both
increasing the fixation of these variants by genetic drift
during divergence, and in permitting slightly deleterious
variants to increase in frequency in recent human popula-
tions. These predictions are supported by studies making
large-scale genomic comparisons between primates and
other species (Eyre-Walker et al., 2002; Keightley et al.,
2005a,b; Kryukov et al., 2005) and in genome-wide analy-
ses of polymorphism within human populations (Fay et
al., 2001; Hughes et al., 2003, 2005; Gojobori et al., 2007).
In this article, I explore the genetic and genomic evi-

dence that indicates a relative augmentation in the
power of random genetic drift in relation to natural
selection in primate and human evolution. There are two
central questions I explore. First, what is the evidence
that genetic drift has played a relatively increased role
in primates, and specifically in the human lineage, com-
pared with other animal lineages? Second, how might an
augmentation in random genetic drift have influenced
the direction of human evolution at the phenotypic level?
To address these questions, I examine two different

types of genetic evidence. The first evidence compares
the rate and pattern of nucleotide divergence observed
between humans and chimpanzees with that observed
between other pairs of species (e.g. mice versus rats). As
an extension, I discuss comparative data on the diver-
gence of gene expression. Although I focus on describing
nonadaptive processes acting over time periods associ-
ated with primate and human evolution, I also consider
how nonadaptive processes may have affected genetic
variation between populations of modern humans. The
second evidence compares large-scale differences in
genome architecture between the human genome and
the genomes of other species in their numbers of gene
duplications, transposable element (TE) insertions, and
mitochondrial insertions into the nuclear genome (i.e., nu-
clear mitochondrial DNA, numts). I explore the evidence
that indicates that there was an increase in the fixation
of TEs, gene duplications, and numts in primates and
human evolution and how this may be a consequence of a
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reduction in Ne. I then discuss how nonadaptive genetic
changes at the nucleotide and genomic levels can poten-
tially influence evolution at the phenotypic level.

EFFECTIVE POPULATION SIZE AND NEARLY
NEUTRAL VARIANTS

When genetic variants arise in a population, there are
essentially two evolutionary forces that influence their
fates: natural selection and genetic drift. If we consider
natural selection first, there are two predominant forms:
purifying selection and positive selection. Purifying
selection (or negative selection) removes deleterious var-
iants from a population. Positive selection acts to drive
beneficial variants to higher frequencies and can poten-
tially drive them to 100% frequency (i.e., fixation) in a
population or species. Genetic drift, on the other hand, is
a stochastic force because of the random sampling of
gametes from generation to generation within popula-
tions. The process leads to the random fluctuation of fre-
quencies of genetic variants over time.
Neutral theory (Kimura, 1968, 1969, 1983) has posited

that most evolutionary change occurs by random genetic
drift and not by positive selection. It describes that mo-
lecular variants continuously arise within a population
by mutation and that these variants are either neutral
or deleterious. Under neutral theory, deleterious variants
are assumed to be continuously purged from populations
by the ubiquitous process of purifying selection. On the
other hand, neutral variants (with no effect on fitness)
are fixed or lost within a population according to random
chance effects. Although neutral theory acknowledges
positive selection is an important evolutionary force,
because advantageous variants are assumed to be
extremely rare relative to neutral or deleterious variants,
positive selection is also assumed to be rare.
The nearly neutral theory (Ohta, 1973, 1974) proposes

that most variants are not strictly neutral but have
slight selective effects with most believed to be slightly
deleterious. A class of slightly advantageous variants is
also assumed to exist, but is believed to be much smaller.
According to nearly neutral theory, the fate of variants
with slight selective effects is understood to be depend-
ent on the joint effects of selection and genetic drift.
The relative influence of these forces on the fate of

newly arisen genetic variants can be quantified by calcu-
lating the ratio of the fixation probability of a selected
variant over the fixation probability of a hypothetical
neutral variant. The ratio is expressed mathematically
by yf 5 4Nes/1/e

24Nes and is graphed in Figure 1, in
which Ne represents the effective population size and s
is the selective coefficient. On the x axis, negative values
indicate deleterious variants and positive values indicate
advantageous variants. Nes 5 0 represents a neutral
variant in which case the ratio becomes 1.0. The fate of
a new variant within a population is a function of two
factors: the selective effect of the variant and the effec-
tive size of the population in which the variant arises.
Let us consider the effects of different values of Ne on

the fixation probability of a slightly deleterious variant
(e.g., s 5 21025) by considering two different effective
population sizes: 1) the case in which Ne 5 100,000 and
2) the case in which Ne 5 10,000. These values approxi-
mate the values of Ne empirically estimated for the com-
mon ancestor of chimpanzees and humans and for
humans, respectively (Burgess and Yang, 2008). In the
first case, Nes 5 20.1 and yf 5 0.81, and, in the second

case, Nes 5 21.0 and yf 5 0.07. As can be observed,
when Ne is large, the slightly deleterious variant has
only an extremely slight chance of becoming fixed in the
population (7%). On the other hand, when Ne is rela-
tively small, its chance of fixation increases to as much
as 81% of the probability of fixation of a neutral variant.
Thus, even though the variant is selectively deleterious,
the variant behaves very nearly like a neutral variant.
Put another way, when the selection coefficient of a vari-
ant, s, is considerably greater than the reciprocal of the
effective population size (i.e., s � 1/4Ne), selection is
able to largely dominate over genetic drift in determin-
ing the fate of the variant. On the other hand, if the
selection coefficient is much smaller than the reciprocal
of the effective population size (i.e., s � 1/4Ne), then
genetic drift dominates. Note that the relationship is the
same for both slightly deleterious and slightly advanta-
geous variants.
How does the nearly neutral theory impact our under-

standing of human evolution? Because Ne during human
evolution is estimated to be 10-fold reduced with respect
to the chimpanzee–human ancestor, and is markedly
reduced compared with other mammals (e.g., murids),
we can make several predictions that are testable
through comparative genomic studies between humans
and other animal species. Compared with species with
larger estimated Ne, humans are expected to 1) show evi-
dence of reduced purifying selection during their evolu-
tion; 2) have fixed a relatively large fraction of slightly
deleterious variants during the course of their evolution;
and 3) exhibit evidence of reduced levels of positive
selection during their evolution. In addition, an exami-
nation of genetic variation within human populations
should show a relatively large class of slightly deleteri-
ous variants maintained at low frequencies. This effect

Fig. 1. The probability of fixation of a new variant with
respect to the neutral expectation of 1/(2N) graphed as a function
of the product of the effective population size and the selection
coefficient of the variant (Ne 3 s). The dashed lines represent
cases in which s 5 21025 but Ne takes on different values, either
10,000 (upper dashed line) or 100,000 (lower dashed line).
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should be exacerbated for human populations that have
undergone reduction in the recent evolutionary past. In
the following, I will explore the extent to which human
genetic data of various types meet these predictions. In
addition, because Ne is reduced in primates compared
with other animal groups, we expect to see similar
effects in primates generally.

EVOLUTION OF THE PROTEIN-CODING GENOME

Humans and chimpanzees are very similar when pro-
tein-coding portions of their genomes are compared. Mik-
kelsen et al. (2005) found that they are identical at 29%
of proteins, and, at the remaining 71%, they differ to a
very small degree, at only one or two amino acid sites.
Using such observations, it is estimated that the two
species differ over the genome at a relatively small num-
ber of amino acid sites—around 60,000 amino acid sites
(Eyre-Walker, 2006a). The differences between the two
species that we observe today originally arose as muta-
tional variants within populations of either species,
though represent the small subset of all variants that
ultimately became fixed in the diverging species. The fix-
ation of these variants was either the result of random
genetic drift or positive selection. (It should be noted
that a very large fraction of deleterious variants that arose
in the two species was removed by purifying selection.)
Overall, we can place the variants that arose along the
human lineage into three categories based on the type of
evolutionary forces acting on them: 1) those variants
removed by purifying selection; 2) those fixed by genetic
drift, either because they had no effect on fitness or
because their selection coefficients were sufficiently small
relative to Ne that they behaved as if they were neutral;
and 3) those variants fixed by positive selection. Working
within the framework of neutral molecular theory
(Kimura, 1983), it is possible to quantify the relative pro-
portions of these different types of variants, which can
allow us to estimate the relative importance of these differ-
ent modes of evolution in human–chimpanzee divergence.
The results of these types of analyses can allow us to eval-
uate our predictions based on reduced Ne in humans.

Purifying selection on proteins

According to neutral theory (Kimura, 1968, 1969,
1983), most variants that alter amino acid sequences are
assumed to be deleterious and are, therefore, expected to
be removed from the population by purifying selection.
Judging from the very small number of amino acid dif-
ferences between human and chimpanzee proteins, we
can infer that their similarity has been conserved by
purifying selection. Can we quantify the degree to which
purifying selection has conserved human and chimpan-
zee proteins? Was the strength of purifying selection
that acted along human and chimpanzee lineages compa-
rable with the strength of purifying selection that acted
in other species lineages?
The method most often used to quantify purifying

selection is the dN/dS statistic (also denoted by x)
(Hughes and Nei, 1988). The method compares the rates
of substitution at two different classes of nucleotide sites
within protein-coding regions, nonsynonymous and syn-
onymous sites. Nonsynonymous substitutions cause a
change in an amino acid, whereas synonymous substitu-
tions do not. The method relies on the assumption that
substitutions between species at synonymous sites occur

at a neutral rate and then compares the rate of change
at nonsynonymous sites against this rate. Thus, when
dN is less than dS (i.e., x \ 1), purifying selection is
inferred, and this is the most common situation across
genes. However, when the rate of change at nonsynony-
mous sites (dN) is equal to the rate at synonymous sites
(dS) (i.e., when dN/dS or x 5 1), a gene is inferred to be
evolving neutrally. Alternatively, when dN exceeds dS
(i.e., x [ 1), a situation that occurs at only a minority of
genes, positive selection is inferred.
To frame the discussion of how Ne is associated with

values of x, let us consider species with vastly different
estimated values of Ne. As mentioned above, humans
have an estimated Ne of approximately 10,000, whereas
Drosophila species have an Ne near 1–2 million (Eyre-
Walker et al., 2002). Consistent with this difference, esti-
mates for x estimated between Drosophila species-pairs
(Hegger and Ponting, 2007) are very low (0.06–0.11),
whereas the values estimated between humans and chim-
panzees falls in the range of 0.169–0.259 (see references
in Table 1). This is consistent with the theoretical predic-
tion that purifying selection is less efficient at removing
amino acid altering variants in smaller populations.
The dN/dS statistic has been applied to obtain ge-

nome-wide values of x for different species lineages
(Mikkelsen et al., 2005; Bakewell et al., 2007; Kosiol et
al., 2008; Table 1). The most recent estimates are by
Kosiol et al. (2008) who compared 16,000 orthologous
genes between the eight different mammal species. The
x values for the human lineage (0.249) and chimpanzee
lineage (0.245) are about twice as high as the values for
the mouse (0.127) and the rat (0.121) lineages. Lower
values of x indicate greater degrees of purifying selec-
tion, and higher values indicate lesser degrees of purify-
ing selection. One way to interpret x is that it implies
that considerably fewer amino acid altering variants
were removed by purifying selection in human (75.1%)
and chimpanzee (75.5%) evolution compared with the
number removed during mouse (87.3%) and rat (87.9%)
evolution (see Mikkelsen et al., 2005). In sum, it seems
that humans and chimpanzees have experienced consid-
erably reduced purifying selection on protein sequence
compared with murids, and this difference is supported
by all studies that have reported values of x (Table 1).
It should be noted that values of x vary (sometimes

considerably) between studies even though the pattern
of increasing values in species with larger effective popu-
lation sizes remains consistent. This variation is prob-
ably due to differences in the exact set of genes used in
the different studies and differences in methods used.
For example, studies that focus on subsets of genes that
are more conserved across species will estimate average
values of x that are lower than the values of x esti-
mated in studies that focus on less-conserved sets of
genes. Differences, between studies, in the stringency of
filters used to identify orthologous genes across species
(e.g., in the E-value cutoff used in a BLAST search to
identify genes across species having a specific level of
sequence similarity) will lead to data sets of different av-
erage conservation and will yield different average val-
ues of x. Also, if different studies use different methods
in estimating dN/dS (x) [e.g., counting methods versus
maximum likelihood methods as implemented in Phylo-
genetic Analysis by Maximum Likelihood (PAML)], this
can lead to different values of x.
Within primates, we can compare x between different

species. For example, Kosiol et al. (2008) estimated x to
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be 0.191 in the macaque lineage. This indicates that
genetic constraints due to purifying selection were
greater in the macaque lineage. Comparison of humans
with macaques indicates that, although approximately
81% of mutations were purged by purifying selection in
the macaque, only 75% were purged in humans. The
increased constraint in macaques is observed in all three
studies for which data are available (Table 1). Finally,
comparing chimpanzees with humans, we see that x is
somewhat higher in humans compared with chimpan-
zees in three of the four studies, indicating reduced puri-
fying selection in humans. The Kosiol et al. (2008) study
suggests only a small difference. However, the degree of
relaxed constraint in humans is higher in the Mikkelsen
et al.’s (2005) and Bakewell et al.’s (2007) studies. Bake-
well et al. (2007) determined that the difference between
the two species was significant. (It is not clear why the
macaque genome study (Gibbs et al., 2007) estimated
smaller values of x in humans compared with chimpan-
zees.) In sum, there seems to be a pattern in recent stud-
ies indicating slightly less purifying selection in humans
compared with chimpanzees and considerably less puri-
fying selection compared with macaques (Mikkelsen et
al., 2005; Bakewell et al., 2007; Gibbs et al., 2007; Kosiol
et al., 2008). Less purifying selection in humans com-
pared with chimpanzees could be due to relatively
smaller Ne in humans (see Bakewell et al., 2007).
In a more detailed study of the relationship between

Ne and the magnitude of selective constraints, Hughes
and Friedman (2009) explicitly compared the divergence
of approximately 5,000 protein genes between two pairs
of recently diverged species—between humans and rhesus
monkey (Macaca mulatta), on the one hand, and between
mouse (Mus domesticus) and Norway rat (Rattus norvegi-
cus), on the other hand (Fig. 2 illustrates their most im-
portant findings). As in other studies, they found signifi-
cantly increased mean x (0.196) in the divergence
between the primates compared with the murids (0.138).
Their more detailed analysis categorized the qualitative
types of amino acid substitutions that took place in the
divergences between the pairs of species. They found that
amino acid replacements in primates generally introduced
more chemically dissimilar amino acids (based on the dis-
tance method of Miyata et al. 1979). The difference was
most pronounced for the set of genes in primates that
have x values higher than in murids. The authors con-
clude: ‘‘this finding is consistent with the hypothesis that
the elevated x in primates is due mainly to the fixation of

slightly deleterious mutations, since slightly deleterious
mutations are likely to involve greater chemical dissimi-
larity of amino acid residues than those that are strictly
neutral, yet are less likely to involve extremely radical
changes (Hughes and Friedman, 2009, p 55).’’
In sum, we can see that there is relatively strong evi-

dence for the relaxation of selective constraints on pro-
tein evolution (vis-à-vis purifying selection) in primates
compared with other animal species. Relaxed constraint
along the hominid lineage was also supported in a recent
genome-wide analysis of six mammalian genomes
(human, chimpanzee, gorilla, orangutan, macaque, and
dog) by McVicker et al. (2009). The relaxed constraint
was found not only for protein-coding regions but also
for conserved noncoding (CNC) regions (presumably reg-
ulatory in function).
Most authors have attributed the evidence for reduced

selective constraints on protein evolution in primates to
their generally lower effective population sizes. Are al-
ternative interpretations possible? One potential expla-
nation could be the possibility that positive selection
within primate evolution has generally been more preva-
lent than in murids. Thus, evidence for relaxed selection
in primates could instead be reinterpreted to be evidence
of more widespread positive selection in which there is
increased adaptive substitution. However, this explana-
tion seems unlikely because it would be difficult to
explain positive selection acting at amino acid sites
across a very broad set of genes in the primate genome
but not in the murid genome. One consequence of
reduced purifying selection would be a relative increase
in the fixation of less-conservative (slightly damaging)
amino acids in primates by random genetic drift, with
such substitutions having relatively slight selective coef-
ficients. The Hughes and Friedman (2009) analysis sup-
ports the augmentation of slightly deleterious substitu-
tions in primates. In addition, several studies (described
above) show further relaxation of selective constraints
along the human lineage after separation from the chim-
panzee lineage. Thus, it can be further hypothesized
that there was a relative increase in the fixation of
slightly deleterious variants during human evolution, a
topic I consider in the following section.

Slightly deleterious variants in proteins

The neutral theory originally considered that most nu-
cleotide variants that cause amino acid alterations had

TABLE 1. dN/dS compared between mammalian species having different estimates of effective population size
(given in parentheses)

Human
(10,000)a

Chimpanzee
(21,000)b

Macaque
(73,000) Dog (–)

Mouse
(450,000–
810,000)c Rat Opossum Platypus

Drosophila
(�1–2

million)d Reference

0.208 0.194 – – 0.142 0.137 – – Mikkelsen et al. (2005)
0.259 0.245 0.226 – – – – – Bakewell et al. (2007)
0.169 0.175 0.124 0.111 0.104 – – – Gibbs et al. (2007)
0.249 0.245 0.191 0.140 0.127 0.121 – – Kosiol et al. (2008)
0.132 – – 0.128 0.105 – 0.125 0.132 – Warren et al. (2008)
0.112 – – 0.095 0.088 – – Lindblad-Toh et al. (2005)
– – – – – – – 0.06–0.11 Heger and Ponting (2007)

a This is an approximate estimate of Ne based on many different studies.
b From Caswell et al. (2008); this is the Ne estimated for chimpanzee and bonobo. However, this article estimated much higher esti-
mates for Central chimpanzees (118K).
c From Keightley et al. (2005b).
d From Eyre-Walker et al. (2002).

17NONADAPTIVE EVOLUTIONARY PROCESSES

Yearbook of Physical Anthropology



sufficiently strong negative effects that they would be
quickly removed from a population. These variants were
believed neither to contribute to divergence between spe-
cies nor to polymorphism between individuals within a
species. However, as described above, some amino acid-
altering variants have small selection coefficients, and the
fates of these variants in a population are determined
largely by the balance between two evolutionary forces
(i.e., selection versus genetic drift). When Ne is sufficiently
small, genetic drift can overwhelm the power of selection.
The low effective population size estimated for humans
(�10,000) and the resulting relaxation in selective con-
straints due to purifying selection would have allowed an
increased proportion of variants having slight selective
coefficients to drift to relatively high frequencies, with
some fraction being fixed in the species. (Because most
variants that alter protein structure are deleterious, this
class has become known as the slightly deleterious class of
variants, even though a small fraction of variants having
slight selective coefficients are slightly advantageous
(Charlesworth and Eyre-Walker, 2007)). The net effect of
fixation of these variants would be to increase rates of pro-
tein evolution in species with small Ne relative to closely
related species with larger population sizes. Is it possible
to quantify the amount of effectively neutral (slightly dele-
terious) substitutions that accumulated in the human line-
age relative to a closely related species? Can we estimate
the effect on fitness of these substitutions?
In the divergence between murids and primates, there

exists a fraction of amino acid substitutions that fall into
the effectively neutral category that were fixed in prima-
tes because of random genetic drift, but were removed in
murids by purifying selection (see Kondrashov, 1995;
Eyre-Walker et al., 2002). Let us consider two lineages,
the murid lineage with Ne(M) and the human lineage
with Ne(H), diverging from a common ancestor. The
murid lineage has an effective population size greater
than that for humans such that Ne(M) [ Ne(H), where
M indicates murids and H indicates humans. The selec-
tive effects of those substitutions that are effectively
neutral in humans but not in murids will lie between
the reciprocal of the effective populations of the two spe-
cies: 1/4Ne(M) \ s \ 1/4Ne(H). Let us assume that Ne in

murids is roughly 100,000, whereas that in humans is
roughly 10,000. Then, the selective effects of these sub-
stitutions fall in the range of 1025 (1/4 3 100,000 5 0.25
3 107) and 1024 (1/4 3 10,000 5 2.5 3 1025), and, there-
fore, these substitutions have very slight effects on fit-
ness. Eyre-Walker et al. (2002) conducted an analysis of
this sort using the differences in selective constraints in
large sets of orthologous proteins compared between two
species-pairs: mouse and rat, and human and chimpan-
zee. Assuming Ne(M) and Ne(H) are 220,000 and 15,000
respectively, they found that �15% of variants have 21/
4Ne(M) \ s \ 2 1/4Ne(P). This represents the subfrac-
tion of all substitutions between humans and murids
that have gone to fixation in primates (but not in mur-
ids) because they were effectively neutral in primates
even if many had slightly deleterious effects.
Evidence of a relatively large class of slightly deleteri-

ous variants in humans also comes from human poly-
morphism studies. Some time ago, Lewontin (1974) and
others in electrophoresis experiments observed an excess
of low-frequency allozyme (protein) variants. More
recently, many studies of DNA polymorphism in human
populations have detected a relatively large number of
nonsynonymous (protein-altering) polymorphisms segre-
gating in human populations at low frequencies (Cargill
et al., 1999; Halushka et al., 1999; Fay et al., 2001; Bus-
tamante et al., 2005; Gojobori et al., 2007). For example,
Figure 3 shows ratios of numbers of nonsynonymous to
synonymous polymorphisms in different frequency
classes from which it can be observed that, at relatively
low frequencies (usually below 20%), there exists a rela-
tively large proportion of protein-altering variants segre-
gating in human populations (Fay et al., 2001; Gojobori
et al., 2007). Neutral theory allows us to quantify the
excess of slightly deleterious polymorphisms. Under neu-
trality, it is expected that the ratio of the number of non-
synonymous (Dn) to synonymous substitutions (Ds)
between species will be proportional to the ratio of num-
ber of nonsynonymous (Pn) to synonymous polymor-
phisms (Ps) (i.e., DNA variants) within populations. If
these fractions are calculated across the coding genome,
the relative proportion of protein-altering polymorphisms
within human populations (Pn/Ps 5 38.42%) is found to

Fig. 2. Summarization of some of the findings of an analysis by Hughes and Friedman (2009), which compared 5,000 protein
coding genes between two pairs of species (i.e., between human and rhesus macaque and between mouse and rat). The results indi-
cate considerably less-effective purifying selection in the human divergence from rhesus macaques than in the divergence between
the mouse and rat.
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be considerably greater than the proportion of protein-
altering substitutions between humans and chimpanzees
(Dn/Ds 5 23.76%) (Bustamante et al., 2005). The excess
of slightly deleterious variants existing as polymorphism
(38.42–23.76 5 14.66%) is similar to the estimate of
�15% by Eyre-Walker et al. (2002) (see above) and only
slightly smaller than the estimate of �20% by Fay et al.
(2001). These polymorphisms rise to low frequencies
within human populations via genetic drift though are
ultimately prevented from rising to higher frequencies
through the action of purifying selection. Further evi-
dence that purifying selection is acting on these polymor-
phisms comes from studies by Hughes et al. (2003, 2005)
in which large sets of polymorphisms are separated into
two classes: those causing conservative amino acid
changes and those causing radical amino acid changes.
The more radical polymorphisms are found to segregate
at significantly reduced frequencies compared with con-
servative polymorphisms, indicating that purifying selec-
tion acts more strongly on more radical polymorphisms
(Hughes et al., 2003, 2005). Similar evidence derives
from analyses by Lohmueller et al. (2008) of a large ge-
nome-wide database of single nucleotide polymorphisms
(SNPs) (determined via the resequencing of 15 African-
Americans and 20 European-Americans) in which SNPs
inferred to be ‘‘probably damaging’’ were found to segre-
gate at significantly lower frequencies than ‘‘benign’’ or
‘‘possibly damaging’’ SNPs.

More slightly deleterious variants in European
than African populations: Effects of a population
bottleneck and subsequent expansion in Europeans.
Lohmueller et al. (2008) also found evidence of a signifi-
cantly larger proportion of nonsynonymous SNPs in Eu-
ropean populations compared with African populations,
specifically when population-specific SNPs were consid-
ered (i.e., SNPs present only in Africans or only in Euro-
peans). Their analyses of independent genome-wide data
sets (e.g., the SeattleSNP data set and HapMap data)
also supported the finding (see Lohmueller et al., 2008).
Furthermore, of the nonsynonymous SNPs, Europeans
were found to have significantly larger proportions, com-
pared with Africans, of SNPs believed to be probably
damaging. The researchers ran simulations under differ-
ent demographic scenarios and found that an excess of

damaging SNPs was generated under bottleneck scenar-
ios (see Lohmueller et al., 2008). A likely explanation for
the pattern is that the excess of slightly deleterious var-
iants in the European population accumulated because
of the reduced efficacy of purifying selection at the time
of the bottleneck during the migration out of Africa
(Lohmueller et al., 2008). Furthermore, the proportion of
slightly deleterious alleles is expected to have further
increased during the expansion subsequent to a bottle-
neck. One reason is due to the increased numbers of var-
iants that accumulate in larger populations due to an
increase in targets for mutations as well as the fact that
most of these newly arising variants will be nonsynony-
mous because of the nature of the genetic code. Another
process that can augment the proportion of deleterious
variants in an expanding population is known as ‘‘gene
surfing’’ (see Travis et al., 2007; Hallatschek and Nelson,
2009). This phenomenon is due to the effects of strong
genetic drift acting on rare variants present within the
small population at the leading edge of an expanding
population (see Edmonds et al., 2004; Klopfstein et al.,
2006). Travis et al. (2007) carried out simulations of a
population expansion across Europe (modeling human
expansions) and showed that slightly deleterious var-
iants can indeed attain relatively high frequencies in the
expanding population. In laboratory microbial experi-
ments, Hallatscheck and Nelson (2009) found that dele-
terious mutations proliferated at expanding frontiers. In
humans, this could have augmented the level of genetic
load because of deleterious variants outside Africa.

Functional consequences of slightly deleterious
variants. It is believed that slightly deleterious variants
contribute to genetic diseases and to phenotypic differen-
ces between individuals within human populations (Fay
et al., 2001; Bustamante et al., 2005). Because of their
slight effects of fitness, one possibility is that some
genetic diseases result from the combined effects of mul-
tiple very weakly selected polymorphisms (Fay et al.,
2001). Although we see evidence of slightly deleterious
variants segregating in human populations today, as dis-
cussed above, it seems likely that a relatively large frac-
tion of slightly deleterious variants have been fixed by
genetic drift in species that have relatively small effec-
tive sizes. Because Ne in humans is reduced compared
with chimpanzees, it would be expected that there has
been an augmentation in the fixation of slightly deleteri-
ous amino acid variants during human evolution. Fur-
thermore, these slightly deleterious differences (between
humans and chimpanzees) might very well have contrib-
uted to biological differences between humans and chim-
panzees. The possible consequences of an increased fixa-
tion of slightly deleterious variants during primate evo-
lution and more so in human evolution will be
considered in the Discussion section. In the next section,
however, I will discuss how the presence of a large class
of slightly deleterious variants segregating within mod-
ern human populations might affect the accuracy of esti-
mates of adaptive amino acid substitutions in the human
lineage.

Positive selection on proteins

Quantifying levels of adaptive evolution. A number
of studies have attempted to quantify levels of adaptive
change in proteins as humans and chimpanzees
diverged. One approach has used dN/dS comparisons
between humans and an outgroup species (divergence

Fig. 3. The ratio of the numbers of nonsynonymous (amino
acid-altering) and synonymous (non-amino acid-altering) poly-
morphisms are given for different frequency classes. As can be
seen, the frequency class with the greatest proportion of nonsy-
nonymous to synonymous polymorphisms lies at a frequency
below 10%. For comparison, the proportion of nonsynonymous
to synonymous fixed differences between chimpanzees and
humans is shown in the right-most bar (Redrawn from Gojobori
et al., 2007).
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data) to estimate the proportion of human genes that
have experienced positive natural selection. As described
above, dN/dS values significantly greater than 1.0 are
considered to be evidence of positive selection. A second
approach is based on the McDonald–Kreitman (MK)
(1991) method that compares the amount of polymor-
phism within human species to the amount of diver-
gence between species. Specifically, the method com-
pares the ratio of the number of nonsynonymous to syn-
onymous differences (Dn/Ds) between species to the
ratio of the number of nonsynonymous to synonymous
polymorphisms within species (Pn/Ps). When Dn/Ds is
significantly greater than Pn/Ps, positive selection is
inferred. Under neutrality, we expect Dn/Ds 5 Pn/Ps,
whereas under purifying selection we expect Pn/Ps to
be less than Pn/Ps. When the method is applied over
the protein coding genome, it yields an estimate of the
proportion of amino acids that have undergone adaptive
evolution.
Results from both approaches (i.e. dN/dS and MK

methods) are generally comparable and are given in
Table 2. As can be observed, many estimates of positive
selection in the divergence of humans from chimpanzees
indicate very little evidence of adaptive evolution. How-
ever, some estimates range up to 10% or 20% (Boyko et
al., 2008) or even up to 35% (Fay et al., 2001). There is
reason, however, to believe the result of Fay et al. (2001)
is an overestimate because divergence data and polymor-
phism data were drawn from different sets of genes and
the polymorphism data came from a set of disease genes
(see Eyre-Walker, 2006a). In majority, though, estimates

of positive selection in the divergence of humans and
chimpanzees seem to be relatively low. This is especially
apparent compared with estimates of adaptive evolution
in protein-coding genes in organisms with larger effec-
tive population sizes (Table 3). For example, estimates of
adaptive evolution in various Drosophila species and in
bacteria species are usually greater than 40% and in
some studies range to as great as 95% (e.g., in a study of
D. simulans by Sawyer et al., 2007). Aside from humans,
the only other mammal for which an estimate of adapt-
ive evolution in protein-coding genes is available is for
the house mouse (Mus musculus castaneus), for which
the estimate is 57% (Halligan et al., 2010). The Ne for
wild populations of M. musculus castaneus is estimated
to be about two orders of magnitude greater than Ne in
humans, and more similar to that of Drosophila. There-
fore, the higher estimate of adaptive protein evolution in
this species is consistent with the idea that positive
selection is more effective in larger populations.
Because estimates of adaptive evolution are relatively

low in human evolution (Table 2), it seems that many of
the protein-coding differences between humans and
chimpanzees have resulted from random genetic drift
acting on variants that were either neutral or slightly
deleterious (but effectively neutral). Low estimates of
adaptive evolution in human evolution may be a conse-
quence of small effective population size in humans, and
many studies have presented evidence that natural
selection has been less effective in human evolution than
in other mammal species (Eyre-Walker and Keightley,
1999; Keightley et al., 2005a,b; Bakewell et al., 2007).

TABLE 2. Estimates of adaptive evolution during human evolution based on genome-wide studies of protein-coding genes

Research study Total genes Method
Species compared

with humans
Adaptive evolution

by positive selection (%)

Clark et al. (2003) 7,645 dN/dS Chimpanzee, mouse 0.08a

Arbiza et al. (2006) 9,674 dN/dS Chimpanzee, mouse/rat 1.12a

Mikkelsen et al. (2005) 13,454 MK Chimpanzee, mouse �0.0b

Nielsen et al. (2005) 8,079 dN/dS Chimpanzee 0.4a

Gojobori et al. (2007) 5,008c and 5,535d MK Chimpanzee 10.4b and 12.8b

Fay et al. (2001) 182 MK Old World monkeys 35
Boyko et al. (2008) 11,404 MK Rhesus macaque 10–20
Bakewell et al. (2007) 13,888 dN/dS Chimpanzee, rhesus macaque 1.1a

Zhang and Li (2005) 479 MK Chimpanzee, Old World
monkeys, mouse

�0.0b

Bustamante et al. (2005) 4,916 MK Chimpanzee �6.0a

a Percentage of genes that show evidence of positive selection.
b These values are the percentage of amino acid substitutions over all genes that show evidence of positive selection estimated
using an McDonald–Kreitman (1991) approach applied over large sets of genes.
c Based on the SNP data set from Perlegen Biosciences (http://www.perlegen.com) used to obtain the first estimate of adaptive evo-
lution in column five.
d Based on the SNP data set from the International HapMap Project (http://www.hapmap.org) used to obtain the second estimate of
adaptive evolution in Column 5.

TABLE 3. Comparisons of estimates of the proportion of amino acid variants driven to fixation by positive selection in species with
very large effective population sizes

Species
Total
genes

Species used for
comparison

Analysis
type

Adaptive
evolution (%) Reference

Mus musculus castaneus 77 M. famulus and
Rattus norvegicus

MK 57.0 Halligan et al. (2010)

Drosophila melanogaster 44 D. simulans MK 45.0 Bierne and Eyre-Walker (2004)
D. simulans 115 D. yakuba MK 41.0 Welch (2006)
D. melanogaster 91 D. simulans MK �95 Sawyer et al. (2007)
Escherichia coli 410 S. enterica MK [56.0 Charlesworth and Eyre-Walker (2006)
E. coli 410 S. enterica MK 74 Charlesworth and Eyre-Walker (2008)
Salmonella enterica 410 E. coli MK 65 Charlesworth and Eyre-Walker (2008)
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Has adaptive change in proteins during human
evolution been underestimated? It is possible that
estimates of adaptive evolution have, in fact, been con-
siderably underestimated (Charlesworth and Eyre-
Walker, 2008; Eyre-Walker and Keightley, 2009). As
described above, the most common method used to esti-
mate the proportion of adaptive substitutions is based on
the MK test (McDonald and Kreitman, 1991). However,
the MK test can yield biased results when a class of
slightly deleterious variants is segregating in the current
population. This class of variants is affected by very
weak purifying selection and, therefore, tends to segre-
gate at relatively low frequencies in the population.
Because these variants contribute more to polymorphism
than to divergence in the MK test, they have the effect
of making adaptive evolution harder to detect and can
result in a considerable underestimate of adaptive evolu-
tion (Fay et al., 2001). As described in the previous sec-
tion, analyses of human populations indicate that there
is a relatively large class of slightly deleterious variants.
A commonly adopted approach to ameliorate the problem

caused by slightly deleterious variants has been to exclude
polymorphisms segregating at low frequencies because
most of these are assumed to be slightly deleterious var-
iants. For example, Fay et al. (2001) advocated removing
polymorphisms below a frequency of 15%. However, Char-
lesworth and Eyre-Walker (2008) found that this method
does not sufficiently reduce the underestimation of adapt-
ive evolution. They pointed out at least two problems with
the approach. First, the decision is arbitrary as to where to
draw the frequency cutoff value. Second, the method fails
to remove all slightly deleterious variants and, at the same
time, removes some effectively neutral variants.
Two recent studies attempt to better account for the

bias caused by slightly deleterious variants by using an
approach in which the distribution of fitness effects
(DFE) of new variants is estimated based on the full fre-
quency spectrum of polymorphisms in the current
human population (Boyko et al., 2008; Eyre-Walker and
Keightley, 2009). Based on the frequencies of polymor-
phisms, estimates are made of the fraction of variants in
classes with varying selection coefficients (i.e., neutral or
nearly neutral variants, moderately deleterious variants,
and highly deleterious variants). Because the frequency
spectrum of polymorphisms can be skewed by recent de-
mographic history (see Nielsen, 2001, 2005; Bamshad
and Wooding, 2003; and Harris and Meyer, 2006 for a
review), it presents a possible bias to estimates of the
DFE. The methods used in Boyko et al. (2008) and Eyre-
Walker and Keightley (2009) attempt to account for this
problem by simultaneously using polymorphism data to
infer recent human demographic history and then using
the results to correct for demographic effects on the
DFE. Next, the DFE is used to infer the expected num-
bers of fixed differences between humans and chimpan-
zees (i.e., substitutions) that originated as neutral or
slightly deleterious variants (Boyko et al., 2008; Eyre-
Walker and Keightley 2009). Expected values are then
compared with the observed numbers of substitutions,
and, if the observed number is greater, the difference is
inferred to be the amount of substitutions driven to fixa-
tion by adaptive evolution. Using such a method, Boyko
et al. (2008) inferred that 10–20% of amino acid differen-
ces between humans and chimpanzees were fixed by
adaptive evolution (positive selection).
On the other hand, results from the recent study of

Eyre-Walker and Keightley (2009) found little evidence

of adaptive evolution in proteins in their comparison
between humans and macaques, with values approxi-
mating zero. However, this result was quite possibly an
artifact related to the effects of long-term changes in
effective population size during human evolution and
how these changes can bias the MK test (see Eyre-
Walker, 2002; Eyre-Walker and Keightley, 2009; Halligan
et al., 2010). For example, if the effective population size
in the divergence phase of human evolution was larger
than that in the polymorphism phase (e.g., in the case of
a population contraction), then estimates of adaptive
evolution are underestimated because slightly deleteri-
ous variants make a larger relative contribution to poly-
morphism than to divergence. On the other hand, if the
effective population size in the divergence phase was
smaller than in the polymorphism phase (e.g., the case
of a population expansion), then estimates of adaptive
evolution are overestimated because slightly deleterious
variants become fixed in the divergence phase and
make a larger relative contribution to divergence than to
polymorphism.
Most demographic analyses have found that the effec-

tive population size of the human-chimpanzee common
ancestor was considerably larger, possibly as much as 5–
10 times larger than the current effective population size
of humans (Burgess and Yang, 2008). Assuming that the
effective population size during macaque and human
evolution was of a similar large size and that the human
effective population size became reduced only recently in
human evolution, Eyre-Walker and Keightley (2009) cal-
culated that the true value of adaptive amino acid sub-
stitutions could be as high as 31% or even 40% based on
the assumption of a 5- or 10-fold population size reduc-
tion, respectively.
These recent estimates of adaptive evolution in human

proteins by Boyko et al. (2008) and Eyre-Walker and
Keightley (2009) could possibly bring values closer to the
estimated values for mice or Drosophila. However, the
higher values estimated by Eyre-Walker and Keightley
(2009) depend on the accuracy of estimates of the long-
term demographic changes along the human lineage and
methods used to account for these changes.

Comparing numbers of positively selected genes.
The overall numbers of positively selected genes (PSGs)
estimated in humans can be compared with estimates of
PSGs in other primates as well as in other mammal spe-
cies (Table 4). Comparing humans with chimpanzees,
several studies have found that humans have consider-
ably fewer numbers of PSGs than in chimpanzees
(Arbiza et al., 2006; Bakewell et al., 2007; Gibbs et al.,
2007; Kosiol et al., 2008). The most extreme difference
was estimated by Bakewell et al. (2007) who found that
51% more genes were positively selected along the chim-
panzee lineage. Also, both humans and chimpanzees
have been found to have reduced numbers of PSGs com-
pared with rhesus macaques (M. mulatta) (Gibbs et al.,
2007). These findings are most often attributed to popu-
lation genetic theory that predicts positive selection to
be less efficient at fixing beneficial variants in smaller
populations compared with larger populations (Arbiza et
al., 2006; Bakewell et al., 2007; Kosiol et al., 2008). How-
ever, such differences need to be verified for accuracy
using higher quality genome sequences. For example, a
recent analysis has suggested that larger estimates of
PSGs in chimpanzees can simply result from base errors
in the chimpanzee sequence, which is of lower quality
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than the human sequence (see Mallick et al., 2009). The
dN/dS-based tests used to test for positive selection can
be confounded by even small percentages of sequence
errors, causing genes to artifactually seem to be PSGs
(Mallick et al., 2009).
When numbers of PSGs in primates have been com-

pared with numbers of PSGs in murids, considerably
larger numbers of PSGs have been estimated in murids.
This is true across studies that use the dN/dS test for
each codon in a likelihood ratio test (LRT) for each
branch (Nielsen and Yang, 1998) (Table 4). For example,
compared with the ancestral primate branch estimated
to have 21 PSGs, the ancestral murid branch was esti-
mated to have 56 (Kosiol et al., 2008). Similarly, com-
pared with the primate clade estimated to have 24
PSGs, the murid clade was estimated to have 61. On the
basis of this method, murids seem to have two to three
times greater numbers of PSGs, which again seems to be
consistent with population genetics theory predicting
increased efficacy of positive selection in species with
larger Ne.
On the other hand, it is possible that the discrepancy

in PSGs between primates and murids is an artifact.
One of the problems is the lack of power due to the low
interspecies divergence especially in the primate part of
the tree. Power does not improve with the addition of
multiple species’ genomes, and it is possible, therefore,
that the discrepancy between numbers of PSGs between
primates and murids is due to differences in power to
detect PSGs on different parts of the tree (see Kosiol et
al., 2008). Kosiol et al. (2008) also used a Bayesian
approach to estimate positive selection. The method
pools information across genes with the consequence of
combining weak information to potentially increase sen-
sitivity and improve accuracy in detecting PSGs. Results
showed considerably larger numbers of PSGs on all
branches of the tree compared with the LRT method and
yielded more equivalent numbers of PSGs along the dif-
ferent mammalian branches. Also, longer branches (e.g.,
the ancestral primate and murid branches as well as the
macaque and dog branches) generally showed more
PSGs than shorter branches (e.g., the terminal mouse,
rat, human, or chimpanzee branches), indicating that
the longer branches may provide greater power to detect
PSGs than shorter branches. Despite these findings, the
ancestral murid branch showed considerably higher
gains of positive selective genes compared with the an-

cestral primate branch. As Kosiol et al. (2008) point out,
this finding might indicate a real tendency toward
greater positive selection in the ancestral murids and
could be related to their larger effective population size
compared with primates. Alternatively, it is possible that
the difference relates to real differences in species-spe-
cific ecology whereby the specific ecology of murids
necessitates increased biological adaptation.
When humans are compared with chimpanzees using

the Bayesian approach (Kosiol et al., 2008), humans
again showed fewer PSGs (�208) than chimpanzees
(�234), although the 95% credible intervals for these
estimates broadly overlapped, thus providing little sta-
tistical support for the difference. At present, it is
unclear whether the marked differences found in LRT
studies between these two species (and particularly in
the analysis by Bakewell et al., 2007) reflect actual dif-
ferences in numbers of PSGs. There is also the possibil-
ity that the discrepancy is due to difference in power
between different methods or could be artifacts because
of lower sequence quality in the chimpanzee genome
sequence compared with the human sequence (see Mal-
lick et al., 2009). If a real difference in numbers of PSGs
exists between the two species, the future use of
improved quality genome sequence, and the use of more
sensitive methods to detect PSGs, should be able to
detect this difference.

EVOLUTION OF GENE-REGULATORY REGIONS

It has been proposed that changes in gene expression
are likely to play important roles in phenotypic evolution
(King and Wilson, 1975; Carroll, 2003; Prud’homme et
al., 2007; Wray, 2007). Although it is unknown exactly
how much of the genome is dedicated to regulatory func-
tion, it is estimated that roughly 3.5% of the non-pro-
tein-coding portion of the genome, which is strongly con-
served across species, is involved (Kim and Pritchard,
2007). Many regulatory regions lie in the sequence near
genes they influence (Kim and Pritchard, 2007).
To investigate the extent to which purifying selection

has constrained divergence within regulatory regions
between humans and chimpanzees (hominids), Keightley
et al. (2005b) compared the 6 kb of sequence lying
upstream and downstream of genes, as well as sequence
in the 50 regions of first introns, for a large set of ran-
domly selected orthologous genes between the two spe-

TABLE 4. Estimated numbers of positively selected genes in primate and nonprimate mammal species

Study

Kosiol et al.
(2008)

Kosiol et al.
(2008)

Gibbs et al.
(2007)a

Bakewell et al.
(2007)

Arbiza et al.
(2006)

Method LRTb Bayesian Inferencec LRT LRTd LRT

Humans 10.0 207.9 2 154 (2) 108
Chimpanzees 18.0 233.5 14 233 (59) 577
Macaques 16.0 340.9 131 – –
Ancestral primate branch 21.0 360.5 – – –
Mouse 30.5 290.4 – – –
Rat 30.5 253.8 – – –
Ancestral murid branch 56.0 393.9 – – –
Dog – 308.4 – – –

a Numbers of genes are those that met an false-discovery rate (FDR)\0.10.
b Likelihood ratio test as developed in Nielsen and Yang (1998) and Yang and Nielsen (2002). Numbers of genes are those that met
an FDR\0.05.
c Bayesian inference model as described in Kosiol et al. (2008).
d Numbers in parentheses are numbers of PSGs after correction for multiple testing and that meet an FDR\ 0.05.
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cies. The same comparisons were made between ran-
domly selected genes in the mouse (Mus domesticus) and
rat (R. norvegicus). The result of the comparison
between the hominids and the murids were then com-
pared. To test the null hypothesis of neutrality, they
used modified dN/dS and MK methods that could be
applied to noncoding regions. The methods were modi-
fied in the following ways: instead of using nonsynony-
mous sites as the class of putatively selected (as is done
when the method is applied to protein-coding regions),
they used presumed regulatory sites as the putatively
selected sites; also, instead of using synonymous sites as
the surrogate for neutrally evolving sites, they used sites
within introns (though not those within the first intron).
They made two important findings. First, levels of selec-
tive constraint (due to purifying selection) in the diver-
gence of regulatory regions between the hominids were
markedly reduced compared with the levels of constraint
in the divergence between the two murid species. In
fact, in their analysis, hominids (humans and chimpan-
zees) showed a near absence of selective constraints in
the regions studied. Second, there was little evidence of
positive selection having affected regulatory regions in
the divergence between humans and chimpanzees. (How-
ever, see Haygood et al. (2007) who did detect signals of
positive selection in regulatory regions in the divergence
of humans and chimpanzees).
Bush and Lahn (2005) compared shorter segments of

presumed regulatory sequence and also found reduced
levels of constraint in hominids compared with murids,
although the difference seemed to be less extreme (for
further discussion see Keightley et al., 2006). Relaxed
selective constraint in hominids compared with murids
in presumed regulatory regions was also found in the
study by Kim and Pritchard (2007) in their comparison
of around 99,000 CNC regions. Taylor et al. (2006) stud-
ied numbers of substitutions and microindel events (\11
bp) in the regulatory sequence upstream of transcription
start sites and found that rates of change were signifi-
cantly higher within primates (humans, chimpanzees,
and macaques), particularly in humans, compared with
rates in mouse, rat, and dog, thus suggesting reduced
selective constraint generally in primates and particu-
larly in humans. Furthermore, Gaffney et al. (2008)
studied the divergence of experimentally defined regula-
tory regions within three different primate species and
found greatest levels of constraint in rhesus macaques,
moderate levels in chimpanzees, and least levels of selec-
tive constraint in humans.
A common explanation for reduced selective constraint

in primates, and hominids, relative to murids and other
species is that primates have relatively smaller effective
population sizes compared with other species (Keightley
et al., 2005b; Kim and Pritchard, 2007; Gaffney et al.,
2008). Keightley et al. (2005b) reasoned that the selec-
tive coefficients of most variants in regulatory regions
must be very slightly negative. As discussed previously,
the fate of such variants depends on the relative rela-
tionship between s, the selection coefficient, and Ne. If
s [ 1/Ne, then the variant will be removed by purifying
selection. However, if s \ 1/Ne, then the probability of
fixation of the slightly deleterious variant increases. The
selective coefficient of variants that were fixed in the
divergence between humans and chimpanzees are
assumed to fall within the range of 1/Ne (murids) \ s \
1/Ne (hominids), whereby they tend to be purged by puri-
fying selection in murids, but can drift to fixation in

chimpanzees and humans (see Keightley et al., 2005b).
Thus, similar to protein-coding regions, within regula-
tory regions, there seems to be a considerable fraction of
fixed differences between humans and chimpanzees that
have slightly negative selective coefficients and that fall
into an effectively neutral class because of reduced Ne in
these species. Moreover, regulatory regions in primates
generally seem to have been under less-selective con-
straint compared with other mammal species (mice, rats,
and dogs). Although even within primates, evidence sug-
gests reduced selective constraint in humans compared
with chimpanzees and, furthermore, reduced constraint
in chimpanzees compared with rhesus macaques. Such
an effect within primates may be associated with differ-
ences in effective population sizes in different primate
species. In the future, increased population genetic sam-
ples from a variety of primate species should allow more
accurate estimates of species’ effective population sizes.
Then, comparisons between species should allow
researchers to test how finely tuned the relationship is
between effective population size, degree of selective con-
straint, and positive selection.

Evolution of gene expression

Because regulatory regions can modulate levels of
expression of gene products, it seems reasonable for us
to expect to see similar patterns when we examine gene
expression divergence between humans and chimpanzees
compared with that between mice and rats. That is, we
might expect to see evidence of relatively reduced con-
straints on gene expression in the divergence of humans
and chimpanzees. However, questions about the evolu-
tion of gene expression are not straightforward to an-
swer. One reason is that the nature of expression data is
qualitatively different from DNA sequence data. The ev-
olutionary analysis of DNA sequences is facilitated by
the fact that a well-developed body of theory exists,
Kimura’s Neutral Theory of Molecular Evolution
(Kimura, 1968, 1969, 1983), which can be used as a basis
for understanding sequence divergence between species
and polymorphism within populations. No comparably
well-developed theory exists for explaining gene expres-
sion evolution. However, recent work (Khaitovich et al.,
2004, 2005, 2006) has found that much of the expression
differences between species seems to be neutral or nearly
neutral (i.e., has slight selective coefficients), but there
is also considerable evidence for widespread purifying
selection helping to constrain changes in gene expres-
sion. Although the application of a neutral model to
expression data is not perfect, Khaitovich et al. (2006)
argue that until adjustments are made a neutral model
(based on Kimura’s Neutral Theory) can serve as a use-
ful null hypothesis against which observations of gene
expression changes can be tested.
To assess levels of selective constraint, Keightley et al.

(2005b) compared levels of gene expression differences
between human and chimpanzee and between two differ-
ent mouse species (Mus musculus and M. spretus) using
data from Enard et al. (2002) on expression levels in
liver and brain tissue. They found similar levels of
expression divergence between each species pair. They
then compared the level of gene expression divergence to
the amount of nucleotide divergence between each spe-
cies pair at presumably neutrally evolving sites and
found that nucleotide divergence between humans and
chimpanzees was about half that between the mice.
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They found that, relative to nucleotide divergence, gene
expression divergence is about 1.8-fold higher between
the hominids than between the mice species. Thus, if it
is true that gene expression evolution is generally under
selective constraint (Khaitovich et al., 2004; Lemos et al.,
2005; Gilad et al., 2006), they argued that an increase in
expression divergence between humans and chimpanzees
presumably indicates a relative relaxation of selective
constraints on gene expression (Keightley et al., 2005b).
It should be noted, however, that the phylogenetic dis-
tance between humans and chimpanzees (6–8 MY) (Pat-
terson et al., 2006) is nearly four times that between the
mice species compared (�1.8 MY; Khaitovich et al., 2004)
and this difference could perhaps make direct compari-
sons between their expression divergences problematic.
Keightley et al. (2005b) argued, however, that such a ‘‘sat-
uration’’ effect would not affect the results because other
primate species, at greater phylogenetic distances, showed
relatively greater expression divergence.
Khaitovich et al. (2004) found that gene expression

divergence between humans and chimpanzees for large
sets of brain-associated genes is not significantly differ-
ent from divergence between the two species in
expressed pseudogenes (assumed to evolve neutrally).
This was unexpected because selective constraint could
easily be expected to be acting on the gene-expression
levels since purifying selection is widely assumed
under the standard neutral model (see Kimura, 1983).
One possible explanation, and one that could indicate
selective constraint on the gene-expression data, is that
the set of pseudogenes might actually be functional.
Thus, to some degree, it could be that the expressed
pseudogenes themselves are under some level of selec-
tive constraint, a possibility that should be tested in
comparisons among closely related species (Khaitovich et
al., 2004).
The interpretation of neutral divergence in gene

expression divergence should be considered tentative until
further studies permit the development of more robust
models. One prediction of the neutral model that does not
seem to be consistent with expression data is that the
level of divergence between two species will be propor-
tional to the phylogenetic distance between them. How-
ever, one might reasonably assume that there is a limit to
the degree to which gene expression can diverge between
two species. After a certain degree of divergence, further
increases in expression divergence become untenable.
Thus, although gene expression differences among
recently diverged species might generally evolve by neu-
tral forces (i.e., genetic drift and purifying selection), as
genetic distances become greater as two species diverge,
expression divergence might become increasingly con-
strained because of purifying selection (see Khaitovich et
al., 2006; Whitehead and Crawford, 2006).
In sum, there seems to be evidence of relatively

relaxed constraint in gene expression divergence
between humans and chimpanzees compared with that
between pairs of mice species. This evidence is consistent
with the reduced levels of constraint observed in protein-
coding and regulatory regions of the genome. However,
without a good model of neutral evolution of gene
expression, it is difficult to accurately assess this hypoth-
esis. Future research on gene expression divergence
between and within species should allow the formulation
of more accurate models of gene expression evolution that
take into account the specific ways in which gene expres-
sion evolution is different from DNA evolution. One

worthwhile area of research would be to extensively test
levels of gene expression divergence in larger numbers of
closely related species separated by similar phylogenetic
distances (facilitating their direct comparison) and among
species that have different effective population sizes.

Nonadaptive ‘‘surfing’’ in spatially
expanding populations

Range expansions have occurred, sometimes recur-
rently, in the histories of most species. Despite this fact,
the genetic consequences of spatial expansions has only
recently come under study especially in relation to
recent human expansions (Edmonds et al., 2004; Klopf-
stein et al., 2006; Travis et al., 2007). It has been shown
in simulation studies that neutral variants that arise on
the edge of a range expansion can potentially ‘‘surf ’’ on
the wave of advance, reaching large spatial distributions
and much higher frequencies in newly colonized regions
than would be expected under stationary conditions, and
without positive selection (Edmonds et al., 2004; Klopf-
stein et al., 2006). Recently, Hallatschek and Nelson
(2008) have provided experimental evidence of the surf-
ing process in laboratory studies of expanding microbial
populations. The surfing process is illustrated in Figure
4 in which a variant that initially arises on the wave
front of spatial expansion ultimately goes to fixation in
the newly colonized area.
The surfing phenomenon is due to the effects of strong

genetic drift acting within the small populations located
at the leading edge of the expansion. The genetic compo-

Fig. 4. The three illustrations from top to bottom represent
the expansion of a population in the direction of the arrow. In
the upper illustration, a new mutation (gray dots) is observed to
arise at the wave front. This mutation has a greater chance to
‘‘surf ’’ to higher frequencies and obtain relatively high frequen-
cies in the descendent populations (as seen in the two lower
illustrations) than does a mutation that occurred within popula-
tions in the occupied area (black dots). See text for details and
supporting references.
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sition of the populations on this leading edge determines
the genetic diversity that is propagated in a forward
direction into new territories. Non-neutral variants,
including both advantageous and deleterious variants,
are also capable of surfing (Travis et al., 2007), though
surfing in the case of disadvantageous variants occurs
much less frequently than for the other kinds of var-
iants. As described earlier, the surfing and promotion of
deleterious variants is a result of reduced purifying
selection in the population at the wave front followed by
the propagation of the deleterious variant into the newly
colonized geographic regions.
Recent large-scale studies of genetic variation have

supported a model of serial founder effects on genetic di-
versity as humans colonized the world (Prugnolle et al.,
2005; Ramachandran et al., 2005; Liu et al., 2006; Han-
dley et al., 2007; Li et al., 2008; DeGiorgio et al., 2009;
Deshpande et al., 2009; Hunley et al., 2009). Surfing is
likely to have occurred during the repeated bottleneck
events followed by spatial expansions and is likely to
have had considerable effects on the genetic diversity of
modern human populations worldwide. Recently, Excoff-
ier and colleagues (Currat et al., 2006; Hofer et al.,
2009) have shown that nonadaptive surfing can produce
markedly high measures of genetic differentiation
between different geographic populations, a pattern tra-
ditionally interpreted as evidence of local adaptation
(Cavalli-Sforza, 1966; Lewontin and Krakauer, 1973;
Beaumont and Balding, 2004). The FST statistic (Wright,
1951), and tests based on this statistic, are the most pop-
ular statistics used to measure population differentia-
tion. These measures have featured prominently in both
locus-specific studies and genome-wide scans for loci
under positive selection (see Akey et al., 2002; Kayser et
al., 2003; Evans et al., 2005; Mekel-Bobrov et al., 2005;
Soranzo et al., 2005; Xue et al., 2006; Barreiro et al.,
2008;Myles et al., 2008). Furthermore, many locus-spe-
cific studies that have detected large degrees of popula-
tion differentiation have focused on adaptive explana-
tions rather than the possibility of nonadaptive demo-
graphic processes (see Table 1 in Hofer et al., 2009 for a
list of such studies). To examine the extent to which de-
mographic processes explain cases of marked geographic
differentiation, Hofer et al. (2009) analyzed genome-wide
data sets in the 53 worldwide populations represented in
the HGDP-CEPH Diversity Panel (Cann et al., 2002)
consisting of three different classes of molecular
markers: short tandem repeats (STRs), SNPs, and inser-
tion–deletion polymorphism. For all three classes of
markers, a very considerable fraction of these (about
one-third of loci) were found to show strong differences
in gene frequencies between continents with either very
narrow or wider clines (i.e., gradients in gene frequen-
cies). [Such clines in gene frequencies are usually attrib-
uted to environmentally varying selection pressures on
populations (see Endler, 1973) or to demic diffusion (Cav-
alli-Sforza et al., 1993) but can arise via nonadaptive de-
mographic surfing (Excoffier and Ray, 2008; Excoffier et
al., 2009).]. Hofer et al. (2009) believe that the large
numbers of loci that show marked geographic differen-
tiation are unlikely to have resulted from the effects of
positive selection but are better explained by demo-
graphic factors, particularly surfing. If surfing was a
major driving force for these allele frequency differences,
Hofer et al. (2009) reasoned that STR alleles (i.e., short
DNA repeat sequences that are 2–16 bp in length and
presumably neutral) should show increased rather than

decreased frequencies outside Africa and into Eurasia,
East Asia, and the Americas (assuming a major Out of
Africa migration) because surfing promotes an increase
in the frequency of initially low frequency variants. This
pattern, of increasing frequency with distance from
Africa, was found for the majority of STR loci and, thus,
was interpreted as supporting the surfing explanation
(Hofer et al., 2009). Chiaroni et al. (2009) have hypothe-
sized that the surfing phenomenon also explains the spa-
tial distribution of some Y chromosome variants.
Nevertheless, local adaptation must explain some frac-

tion of loci showing extreme geographic differentiation.

Some well-known examples of selected loci, for which a

link to phenotypic variation is known, include the large
frequency differences between populations for lactase
persistence variants (Bersaglieri et al., 2004; Tishkoff et
al., 2007), for the Duffy blood group negative variant
(Hamblin and DiRienzo, 2000; Hamblin et al., 2002), for
variants in skin pigmentation genes as well as in various
malaria resistance variants (see Novembre and
DiRienzo, 2009). Neutral allele surfing, also, will only
occur at a subset of loci for the reason that it is governed
by the stochastic effects of random genetic drift acting
within the population leading the expansion. On the
other hand, the effects due to general demographic phe-
nomenon (e.g., expansions, bottlenecks, and inbreeding)
will be evident at the majority of loci in the genome.
Because positive selection and gene surfing affect a mi-
nority of loci genome-wide, it is a particularly trouble-
some problem, and it will be crucially important to learn
how to successfully disentangle the two. One way to help
distinguish the two is to use more complex and spatially
explicit demographic models in simulation studies to
determine accurate distributions of values of geographic
differentiation that can be expected under neutral sce-
nario. Using such simulations, Currat et al. (2006)
showed that the high degree of differentiation at ASPM
and MCPH1 between Africa and Non-Africa (initially
claimed to be a result of positive selection in non-Africa
populations; see Evans et al., 2005; Mekel-Bobrov et al.,
2005) could have been generated merely by surfing.
Excoffier et al. (2009) has shown that when only simple
geographic scenarios are simulated these will lead to a
relatively high number of false positive loci (i.e., loci that
show levels of population differentiation that fall outside
the null distribution and that are, therefore, assumed to
result from positive selection). Simulations derived using
more complex models lead to a much smaller number of
significantly outlying loci (Excoffier et al., 2009).
The problem presented by gene surfing is particularly

pernicious because the signature and pattern of varia-
tion left at a locus after a surfing event is very closely
similar to the signature left after a selective sweep
(Nielsen et al., 2007; Excoffier and Ray, 2008). Beyond
the marked degree of population differentiation (as
measured by FST), surfing can also increase linkage dise-
quilibrium producing unusually extended haplotypes
(Nielsen et al., 2007; Hofer et al., 2009). The presence of
extended haplotypes is a signature used often in scans
for positive selection across populations (e.g., Sabeti et
al., 2006; Voight et al., 2006; Pickrell et al., 2009). It is
not clear whether recent tests that scan simultaneously
for multiple different signatures of selection (i.e., highly
differentiated alleles, extended haplotypes, and high fre-
quency derived alleles), like the composite of multiple
signals (Grossman et al., 2010), can be confounded by
the nonadaptive gene surfing phenomenon.
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Although gene surfing because of spatial expansions
may complicate the detection of positive selection by ge-
nome researchers, the phenomenon may have contrib-
uted to the evolution of innovative genotypes. Research
findings by Burton and Travis (2008) suggest that muta-
tion surfing can lead to fitness peak shifts at the front of
a spatially expanding population. Later in the Discus-
sion section, these findings will be described and dis-
cussed in the context of human evolution.

GENOMIC MUTATIONS

Lynch (Lynch and Conery, 2003; Lynch, 2007a) showed
that there are vast differences in genome size and archi-
tecture between prokaryotes and eukaryotes that can be
generally correlated with their differences in Ne. Prokar-
yotes have population sizes that are orders of magnitude
greater than that of eukaryotes, and prokaryotes tend to
have much more smaller and more streamlined genomes
than eukaryotes. Increase in genome size is attributable
to overall greater numbers of genes within the genome,
the presence or absence of introns within genes, and the
accumulation of mobile genetic elements and segmental
duplications, all of which eukaryotes show. Lynch (2007a)
has argued that each of these genomic embellishments
are slightly deleterious and that purifying selection has
tended to remove them from the population, thus main-
taining the generally streamlined genomes of prokaryotes.
In contrast, Lynch (2007) argues that decreased purifying
selection and increased influence of random genetic drift
in eukaryotic species, with vastly smaller Ne, has allowed
the passive accumulation of genomic embellishments.
Thus far, most research has focused on genome size

and architectural differences between groups of organ-
isms with vast differences in Ne. It is unclear, however,
to what extent differences in genomic architecture occur
between species that are closely related to each other
and that have much smaller differences between them in
effective population sizes. However, one recent study
compared 1,043 ray-finned fish species (representing
approximately 190 families) and found genome size to be
negatively correlated with Ne (Yi and Streelman, 2005),
supporting the relationship between Ne and genome size
seen between prokaryotes and eukaryotes. However,
other researchers have noted that at least some data
may not fit the pattern. For example, Vinogradov (2004)
has presented data indicating that genome size in herbi-
vores is smaller than that of carnivores, even though her-
bivores are usually assumed to have relatively larger
effective population sizes compared with carnivores
because they are on a lower trophic level. However, Lynch
and Conery (2004) argue that population dynamics are
fundamentally stochastic, and, therefore, a significant
scatter around the general trend is expected (Lynch and
Conery, 2004). They also suggest that assumptions con-
cerning Ne in many species may be inaccurate (Lynch and
Conery, 2004), especially because our understanding of
levels of genetic diversity in many species is limited.
Lynch (2007a) has raised the hypothesis that a rela-

tive reduction in Ne in the course of primate and particu-
larly human evolution has led to the passive accumula-
tion of genomic elements. Below, I review briefly the
theory that explains how relaxed selective constraints
(purifying selection) due to small Ne can lead to relative
accumulation of genomic features, specifically segmental
duplications, mobile genetic elements, and numts (mito-
chondrial inserts into the nuclear genome). I then review

some of the recent findings that generally indicate rela-
tive increases in the proportions of these elements in the
genomes of anthropoid primates, hominoids, and along
the human lineage.

Transposable genetic elements

Approximately 44–46% of the human genome is com-
prised of transposable genetic elements that have the
capacity to self-proliferate throughout the genome
through internal drive-like mechanisms (Mills et al.,
2006; Lynch, 2007a). Lynch (2007a) has described the
vast proliferation of these elements in eukaryotic organ-
isms. The proportions of the major classes of these ele-
ments in the human genome are given in Table 5. The
internal drive-like aspect of TEs is due to the fact that
many contain genes that encode an enzyme for reverse
transcription and integration into the genome. These
include the long interspersed elements (LINEs), approxi-
mately 6 kb in length, and the LTR (long terminal
repeat) elements. Other TEs are nonautonomous in that
they do not contain their own machinery for self-replica-
tion. Instead, they proliferate by hijacking the replica-
tion machinery of other TEs (e.g., LINEs). These nonau-
tonomous TEs include the short interspersed elements
(SINEs), the most common being the Alus, as well as the
SVAs, named for their composite nature being comprised
of a SINE-R element, a variable nucleotide repeat, and
an Alu. Vastly fewer SVAs (�5,000; see Weber, 2006) are
present in the human genome compared with LINEs
(�868,000) and SINEs (�1,558,000; Table 5).
Lynch (2007a) provides a detailed description (briefly

summarized below) of the population conditions that
influence the capacity for accumulation of these elements
within the genome. For persistence of a TE within a pop-
ulation, it is required that the TE be able to produce a
descendent element in the genome before any of four
possible events are able to eliminate it: 1) elimination of
the TE through the acquisition of inactivating muta-
tions; 2) elimination of the TE via genomic deletion; 3)
elimination of the TE through the deleterious effects
caused by TE induced-ectopic recombination (see Lang-
ley et al., 1988) or 4) elimination of the TE through the
action of purifying selection. One critical factor is the
effect the element’s insertion has on fitness of the host.
If an element is very deleterious, then it will be removed
immediately by purifying selection. However, many TEs
may have only slightly deleterious effects and will
behave as effectively neutral variants in sufficiently
small populations. Under these conditions, the probabil-
ity increases that the TEs will become fixed in the popu-
lation merely through the effects of random genetic drift.
As discussed previously, for mutations to behave effec-
tively neutral within a population then s needs to be less
than 1/4Ne. With respect to TE insertion, s represents
the proportional decrease in fitness resulting from the

TABLE 5. Transposable elements in human genome
(from Lynch, 2007)

Class
Number
of copies

Fraction of
genome (%)

LINEs 868,000 20.4
SINEs (including primate

specific-Alu elements)
1,558,000 13.1

LTR elements 443,000 8.3
Transposons 294,000 2.8

26 E.E. HARRIS

Yearbook of Physical Anthropology



element’s insertion. According to Lynch (2007a), the per-
sistence of a mobile element within a population (R) is
dependent on the expression: R 5 lp(Ne)/m, where l is
the rate of insertion per generation; m is the rate of re-
moval by genomic causes (i.e., nonselective processes);
and p(Ne) is the fraction of insertions that are effectively
neutral conditional on the Ne of the population. In the
case where R � 1.0, TEs will persist in the genome
because the rate of insertion of new mutations is greater
than the rate of loss of old elements by genomic proc-
esses (e.g., deletion, or inactivation) or by purifying
selection.
Several studies have detected increased numbers of

TEs in humans compared with other primates (Liu et
al., 2003; Hughes et al., 2005; Mills et al., 2006). By com-
paring the human and chimpanzee genomes, Mills et al.
(2006) identified 10,719 mobile genetic insertions that
were presumed to be specific to either lineage. A large
proportion of these (N 5 7,786 or 72.6%) were believed
to have been inserted specifically during human evolu-
tion, whereas only 2,933 (27.4%) were believed to have
been inserted in the evolution of chimpanzees. The dis-
parity in proportion of lineage-specific TEs was found for
each of the different classes (Table 6). For Alus, humans
contain 3.4 times the number found in chimpanzees. For
LINEs (L1s), humans show 1.5 times the amount com-
pared with chimpanzees and for both SVAs and for other
types of TEs (LTRs, etc.) humans showed an almost two-
fold greater numbers. Beyond the considerably larger
numbers of TEs that seem to have been inserted during
human evolution, there are considerable differences in
the array of subtypes, at least for Alus and LINEs
between the two species (Mills et al., 2006).

Segmental duplications and gene duplication

Within the human genome, there are numerous blocks
of highly homologous duplicated sequence that are very
large in size, often over 20 kb in length. Duplicated seg-
ments can potentially have enormous impacts on the ev-
olutionary process because they can often contain entire
genes and can, therefore, increase the number of dupli-
cated genes (i.e., copies of genes). Is there any evidence
for an increase in rate of segmental duplication in non-
human primate evolution and along the human lineage?
Cheng et al. (2005) identified segmental duplications of
sizes [20 kb in length in the human and chimpanzee
genomes and found a twofold increase in humans. More
recently, Marques-Bonet et al. (2009b) analyzed a
greater number of primate species (i.e., macaque, orang-
utan, gorilla, and human) and found significantly
increased numbers of duplication events as well as
amounts of overall base pairs duplicated during homi-

noid evolution. Duplications specific to the human line-
age were estimated to total �10 Mb comprising 210
duplication intervals with an average length of 53.1 kb.
In terms of megabases duplicated, this was several-fold
larger than duplications believed to be specific to the
chimpanzee, orangutan, or rhesus macaque lineages.
They inferred that the most significant bursts of duplica-
tion activity (four to 10-fold increases) occurred in the
ancestral lineages leading to the African Great Apes and
humans with an initial burst occurring before the diver-
gence of the gorilla and then another burst occurring in
the ancestral lineage leading to chimpanzees and
humans. Although other causal factors are likely at
work, one possible explanation of the fixation of these
segmental duplications, even if the duplications are
slightly deleterious, is a reduction in the effective popu-
lation size in primates, especially in apes and humans
(see Marques-Bonet et al., 2009a,b).
Studies of gene duplication in mammals generally

have found increased rates of gene duplication in pri-
mates. In a recent study, Hahn et al. (2007; see Demuth
and Hahn, 2009) found that duplication rates in the pri-
mate lineage (0.0024/gains and losses/gene/year) is
nearly twofold greater than the rate inferred for lineages
leading to dogs, mice, or rat (0.0014). They inferred a
further acceleration in the great ape lineage (0.0039),
which is an almost threefold increase over the rate in
nonprimate mammals (Demuth and Hahn, 2009).
Lynch and coworkers (Force et al., 1999; Lynch and

Force, 2000; see Lynch, 2007) have developed a model
that could explain the increased preservation of dupli-
cated genes under conditions of reduced selective con-
straint and increased random genetic drift in popula-
tions with small effective sizes. Because their model does
not invoke positive selection as the causal mechanism of
fixation of duplicated genes, the model is a nonadaptive
one. In their model called Duplication–Degeneration–
Complementation (DDC), after the duplication of a gene
that has multiple functions (a common aspect of genes),
degenerative mutations accumulate in the regulatory
regions of each gene copy that cause each copy to de-
velop complementary expression patterns specific to dif-
ferent tissues. Because the ancestral functions are now
partitioned between the two copies, and both functions
are biologically required, both copies are fixed in the
population. Force et al. (1999) describe several examples
of gene duplications that are consistent with evolution
via the DDC process, including duplicate engrailed genes
in zebrafish, the ZAG1 and ZMM2 gene pair in maize,
and the Hoxa1 and Hoxb1 genes in mice. A similar
model of subfunctionalization (SF) was introduced ear-
lier by Hughes (1994), but he emphasized the accumula-
tion of mutations in the gene’s protein-coding regions,
resulting in the copies gaining different subfunctions.
Lynch and Force (2000) have developed theory showing
that duplicate preservation by the DDC process becomes
more likely in populations smaller than about 105. In
contrast, in very large populations (e.g., over 105 or 107),
natural selection starts to play a more influential role,
and the probability of fixation of a gene copy decreases,
and the time to fixation is prolonged.

Mitochondrial insertions into the nuclear genome

numts (nuclear mitochondrial sequences) are partial
copies of the mitochondrial genome ranging in length
from [100 bp up to 16 kb that are found in abundance

TABLE 6. Proportion of different types of transposable elements
(TEs) in the human and chimpanzee genomesa

TE class Human Chimpanzee
Total (both
species)

Overall number 7,786 (72.6%) 2,933 (27.4%) 10,719
Alu elements 5,530 (77.1%) 1,642 (22.9%) 7,172
LINEs (L1) 1,174 (60.8%) 758 (39.2%) 1,932
SVA 864 (68.6%) 396 (31.4%) 1,260
Others (e.g.,

LTRs and
other elements)

219 (63.6%) 127 (36.9%) 344

a Data from Mills et al. (2006).
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in the nuclear genome. numts are common in mamma-
lian genomes, and their evolution has been studied
recently in primates (Gherman et al., 2007). Compared
with mice and rats, which have roughly 636 and 529
numts, the human genome has been estimated to contain
approximately twice this or �1,200 numt copies
(Gherman et al., 2007). When homologous numt sequen-
ces are compared across a phylogenetic sample of pri-
mate species, a nonuniform accumulation of numts is
observed with a surge in accumulation of these elements
between 45 and 55 million years ago (Gherman et al.,
2007), a time associated with the evolution of and early
diversification of anthropoid primates (Steiper and
Young, 2006; Gherman et al., 2007). A previous study
(Hazkani-Covo et al., 2007) also found a large relative
increase in numts at a similar time in primate evolution,
specifically in the ancestral lineage to Old World mon-
keys and apes (Catarrhines).
Interestingly, the temporal phase of numt accumula-

tion in primate evolution is roughly coincident with Alus
subfamily accumulation (Bailey et al., 2003). Gherman
et al. (2007) hypothesized that because the insertion
mechanisms of numts and Alus are different, their inde-
pendent accumulation at roughly the same time may be
accounted for by a general population-level phenomena.
They suggested that reduced Ne during early anthropoid
evolution could have provided the generally permissive
conditions for the independent accumulation of these dif-
ferent elements by random genetic drift (Gherman et al.,
2007). (However, it should be noted that at present no
good evidence exists concerning the effective population
size of these primates.) Two recent studies examined
numt insertions along the human and chimpanzee line-
ages (Hazkani-Covo and Graur, 2007; Jensen-Seaman et
al., 2009). Both studies found greater numbers of numts
inferred to have inserted specifically in the chimpanzee
lineage (46 and 66 numts in the two studies, respectively)
compared with the human lineage (34 and 37 numts).
This finding does not fit expectations of an increase in
accumulation of numts with decreased long-term popula-
tion size in humans compared with chimpanzees and may
point to other factors playing important roles in numt
insertion and fixation at least in these lineages.

Summary of genomic mutations

Reasonable evidence exists of an augmentation in
genomic events in the evolution of nonhuman primates
and humans, including segmental duplications, TE activ-
ity, and numt insertion. It is possible that reduced Ne in
primates has generally allowed for the passive accumu-
lation of these elements. Nevertheless, the association
between Ne and the accumulation of elements does not
seem to be perfect. For example, with respect to Alus,
Liu et al. (2003) have found that rates of Alu accumula-
tion in different primate lineages are extremely variable,
and that mechanistic influences such as insertion site
availability, degree and efficiency of reverse transcrip-
tase activity, and other factors play important roles in
determining their accumulation (Liu et al., 2003). Also,
Bailey et al. (2003) examined junctions between dupli-
cated segments of the genome and the nearby sequence
into which they were inserted and found a significant
enrichment of Alu elements near or within junctions.
They argued that a process known as Alu–Alu-mediated
recombination is a possible mechanism producing seg-
mental duplication within the genome. They suggest

that increased Alus subfamily accumulation between 35
and 40 million years ago could have seeded the genome
landscape for segmental duplications whose rate
increased after this time. Thus, it is possible that
increased segmental duplication rates in the hominoid
evolution (as described above) and Alu accumulation
rates are not independent of each other and could, to a
presently unknown degree, be causally connected.
These kinds of evidence likely indicate that multiple

causal mechanisms are involved in the accumulation of
genomic elements and architectural changes within pri-
mate genomes. Despite various causal mechanisms at
work, reduced Ne and relaxation of selective constraints
would seem to ultimately play an important role. Teas-
ing out the exact and probably multiple causal factors
explaining the relative concentrations of different
genomic elements in different species lineages will be
one of the major challenges for comparative genomic
research in the future.

DISCUSSION

In the preceding pages, I have described the proximate
effects that resulted presumably from the reduced effi-
cacy of natural selection in primate and human evolu-
tion because of reductions in effective population size.
For example, there is evidence that reduced purifying
selection has led to an augmentation in the proportion of
slightly deleterious substitutions in protein-coding and
regulatory regions of the genome and has also probably
enabled increased accumulations of segmental duplica-
tions, mobile genetic elements (Alus, LINEs, etc.), and
possibly numts in nonhuman primate and human evolu-
tion. On the other hand, reduced positive selection is evi-
denced in the generally smaller numbers of genes, and
the fewer amino acid substitutions inferred to have been
under positive selection in primate and human evolution
compared with the evolution of other animal species.
Even within primates, there is some evidence for
reduced positive selection in species with relatively
smaller effective population sizes. In the following, I
would like to explore what may have been the evolution-
ary consequences of a relative reduction in the efficiency
of natural selection on primate and human evolution.

Slightly deleterious substitutions and
compensatory substitution

There is approximately a 1% difference in nucleotide
composition between chimpanzees and humans. Assum-
ing about 3 billion base pairs in the total genome, this
means there are about 30 million fixed nucleotide differ-
ences between the two species. Many of the substitutions
separating chimpanzees and humans are neutral with
inconsequential effects on fitness, but reduced purifying
selection has undoubtedly led to the fixation of a sizeable
fraction of nearly neutral mutations having slight nega-
tive impacts on fitness. Eyre-Walker et al. (2002) esti-
mated that the fraction of slightly deleterious substitu-
tions fixed in the divergence of human and chimpanzees
may be as large as 15% (i.e., 15% of all substitutions
fixed between the two species) and that these substitu-
tions have selection coefficients smaller than 1025 (Eyre-
Walker and Keightley, 2007). Because the effective popu-
lation size of humans is estimated to be about 5- to 10-
fold smaller than the common chimpanzee-human ances-
tral species (Burgess and Yang, 2008) and about twofold
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smaller than the Ne estimated for chimpanzees (Caswell
et al., 2008), we can assume that a larger percentage of
slightly deleterious substitutions have accumulated
along the human lineage than along the chimpanzee lin-
eage.
What is the evolutionary significance of an increase in

fixation of slightly deleterious substitutions in human
evolution? Functional significance depends on where
substitutions are located in the genome. About 1.5% of
the human genome is comprised of protein-coding genes
(Lander et al., 2001), whereas at least as much of the ge-
nome is likely to be involved in the regulation of these
genes (Ponting and Lunter, 2006). It is expected that
both coding and regulatory regions have accumulated
slightly deleterious substitutions that would have
affected phenotypic evolution. In protein regions, slightly
deleterious substitutions would have caused slightly sub-
optimal amino acids within proteins. Few research proj-
ects have focused on analyzing the evolutionary and func-
tional consequences of slightly suboptimal amino acids. A
number of studies have, however, estimated a very high
deleterious mutation rate in humans and chimpanzees
(Kondrashov, 1995; Eyre-Walker and Keightley, 1999)
prompting Kondrashov (1995) to discuss this in an article
entitled: ‘‘Contamination of the genome by very slightly
deleterious mutations: why have we not died 100 times
over?’’ One possible explanation he gives that would allow
survival despite a high genetic load is if multiple slightly
deleterious mutations are able to combine their effects in
epistatic ways so that although they may be separately
deleterious their joint effects are much less deleterious,
neutral, or even beneficial. Kimura (1991) has shown that
such double mutants, which restore fitness through com-
pensation, can fix relatively rapidly within populations by
random genetic drift alone (although positive selection
could also potentially operate in their fixation). Even
under drift alone, Kimura’s (1991) estimates put fixation
times on the order of tens to hundreds of thousands of
years, and, so, these times are relevant to the time frame
of human evolution. He suggested that such a nonadap-
tive process may potentially be a way by which popula-
tions can quickly move from one adaptive peak to another
equally adaptive peak by crossing a valley of low fitness
merely by random genetic drift and mutation.
There are several experimental studies on bacterio-

phage (T7, F174, and F6), Salmonella typhimurium, and
Caenorhabditis elegans (reviewed in Estes and Lynch,
2003; Davis et al., 2009) that show that the evolution of
compensatory mutations can help populations regain fit-
ness after they have accumulated deleterious mutations.
Several examples of deleterious mutations that behave
in such a way are given in Camps et al. (2007). Results
from these studies suggest that as mean fitness declines
because of the fixation of slightly deleterious mutations,
the proportion and magnitude of beneficial mutations
increases (see Lenski and Travisano, 1994; Burch and
Chao, 1999; reviewed in Whitlock, 2000). Therefore, it is
possible that, as populations decrease in size, there will
be an increase in the rate of fixation of compensatory
mutations. The rationale would be that when a biological
molecule (e.g., an enzyme) is performing less than opti-
mally, there are more opportunities to improve it from
its current suboptimal performance than to improve on
its optimal performance (see Whitlock, 2003). At the
same time, it should be kept in mind that, in small popu-
lations, two phenomena occur that could constrain recov-
ery via compensation: in small populations, there are

fewer potential targets for beneficial mutations and posi-
tive selection becomes less effective. Thus, in very small

populations (smaller than the Ne estimated for humans),

it becomes difficult for populations to recover from the
accumulation of deleterious mutations. Several research-
ers have estimated this threshold Ne to be around sev-
eral hundred individuals and have pointed out the im-
portance for conservation of determining the so-called
critical Ne for an endangered species (Schultz and Lynch,
1997; Poon and Otto, 2000; Whitlock, 2000). Neverthe-
less, a return to larger population size seems to be im-
portant for recovery. Estes and Lynch (2003) found in
studies of the nematode Caenorhabditis elegans (muta-
tionally-degraded in the laboratory) that recovery by
compensatory mutation to initial mean fitness levels
occurs rapidly but only after the population returns to
population genetic conditions that favor the efficacy of
natural selection (i.e., larger sizes). Therefore, any fit-
ness decline that the human species may have acquired
as a result of relaxed purifying selection may only now
(and in the future) become recoverable from in vastly
larger population sizes. This is because population
growth in recent human evolution (beginning roughly
50,000 years ago; see Hawks et al., 2007) has increased
the number of targets that can acquire compensatory
mutations. Increased population size has also augmented
the effectiveness by which positive selection can fix com-
pensatory mutations. [Further discussion of evolutionary
processes acting in recent and future human evolution
can be found in Hawks et al. (2007), Reed and Aquadro
(2006), and Premo and Hublin, (2009).]
How common is compensatory evolution? Through ex-

perimental studies, Poon et al. (2005) estimated that for
every fixed deleterious mutation there are on average
approximately 12 possible yet different compensatory
mutations that could recover fitness. Furthermore, the
suppression of the negative effects of just one deleterious
mutation may require multiple compensatory mutations,
especially if deleterious effects are pleiotropic (DePristo
et al., 2005). In another study of compensatory evolution,
Kondrashov et al. (2002) compared 32 different proteins
across nonhuman mammalian species and searched
within them for any known pathogenic mutations in
humans. In cases where a human pathogenic mutation
was found in another species, these mutations were
called compensated pathogenic deviations because a com-
pensatory mutation must have allowed the deleterious
mutation to have become fixed. In total, roughly 10% of
deviations of a nonhuman protein from the human pro-
tein were found to be compensated pathogenic devia-
tions, which also indicates that compensatory evolution
is relatively common.
Given that humans have presumably accumulated a

relatively large fraction of slightly deleterious mutations,
it is possible that humans show increased fractions of
compensating amino acid substitutions. However, it is
unknown at present how changes in effective population
size impacts the rate of compensatory evolution. Study-
ing Drosophila, Kulathinal et al. (2004) also found a rel-
atively large fraction of amino acid deviations to be com-
pensated, the fraction being closely similar to the 10%
found by Kondrashov et al. (2002) for mammals. This
was unexpected, however, because increased effective-
ness of purifying selection in Drosophila, as a result of
large Ne, is expected to reduce the length of time that
deleterious mutations will segregate in the population.
Therefore, we might expect there to be less time for the
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evolution of compensatory changes. Kulathinal et al.
(2004) raised the hypothesis that compensatory evolution
may be independent of population size, though the idea
needs rigorous testing.
If, in human evolution, there has been an increase in

compensatory evolution in response to a relative increase
in the fixation of slightly deleterious mutations, there
are implications for studies aimed at identifying genes
that have experienced positive selection in human evolu-
tion. In recent years, many studies have scanned the
human genome for putative PSGs turning up relatively
large sets of candidate genes (Clark et al., 2003; Busta-
mante et al., 2005; Nielsen et al., 2005; Arbiza et al.,
2006; Bakewell et al., 2007). In many of these studies,
positive selection is inferred when there is evidence that
the rate of substitution at nonsynonymous sites has been
greater than the rate of substitution at synonymous sites
(e.g., dN/dS tests). Hughes (2007) has pointed out, how-
ever, that such a signature may result through the fixa-
tion by genetic drift of one or several slightly deleterious
mutations followed by the fixation of several compensa-
tory mutations. The fact that compensatory mutations in
proteins tend to be physically close to the deleterious
mutation with which they interact (Kondrashov et al.,
2002; Poon et al., 2005; Camps et al., 2007; Davis et al.,
2009) makes encountering such a signature more proba-
ble. Therefore, it is possible that some genes detected in
studies of positive selection (using the method described
above) could be cases whereby a protein is merely evolv-
ing to attain functional equivalency to an initial condi-
tion, a situation Hartl and Taubes (1996) has described
as ‘‘selection without adaptation.’’ Note that compensa-
tory substitutions in regulatory regions could also con-
found tests of selection that use methods similar to the
dN/dS method but modified for use in regulatory regions
(e.g., Wong and Nielsen, 2004; Haygood et al., 2007).
Furthermore, Hughes (2007, p 175) observed that

‘‘identifying such a mixture of deleterious and compensa-
tory changes as positive selection contributes little to our
understanding of the molecular basis of evolutionary nov-
elties.’’ An important question is: how many signatures of
positive selection detected in human genes are actually
signatures of compensatory evolution? A challenge for the
future will be to tease apart the fractions of substitutions
that are slightly deleterious, compensatory, and those
that actually underlie new evolutionary phenotypes.

Slightly deleterious substitutions in regulatory
regions: Less-selective constraint in regulatory
regions compared with protein-coding regions. King
and Wilson (1975) noted that the relatively small num-
ber of differences in the proteins between chimpanzees
and humans seemed to be too small to account for the
large phenotypic differences between the species. There-
fore, they proposed that the phenotypic differences
between the species are caused by evolutionary changes
within regulatory regions of genes. Recently, increased
attention has been given to evolution within regulatory
regions for generating new phenotypes (Carroll, 2003;
Prud’homme et al., 2007; Wray, 2007).
As described earlier, evidence suggests that selective

constraint in both regulatory regions and protein-coding
regions have been relaxed in hominids (humans and
chimpanzees) compared with levels of constraint in mur-
ids. However, regulatory regions may have experienced
considerably greater reduction in selective constraint com-
pared with protein-coding regions (Bush and Lahn, 2005;

Keightley et al., 2005b; Kryukov et al., 2005; Keightley et
al., 2006; Eyre-Walker and Keightley, 2007). In a detailed
comparison of selective constraints in protein-coding
regions versus conserved non-coding (CNC) regions that
are potentially regulatory in two species-pairs (chimpan-
zee versus humans and rat versus mouse), Kryukov et al.
(2005) found that although protein regions showed 12%
less constraint in the hominids compared with the mur-
ids, CNC regions in hominids showed around 50% less-
selective constraint compared with murids. Why is there
considerably less-selective constraint in CNC regions (pre-
sumably regulatory) compared with protein-coding
regions in hominids? One explanation is that mutations
in CNC regions have smaller negative effects on fitness
compared with mutations in protein-coding regions (see
Eyre-Walker and Keightley, 2007; Kryukov et al., 2005).

The role of compensatory mutations
in regulatory regions

Ohta (2002) discussed the impact of nearly neutral
substitutions (slightly deleterious substitutions) in gene
regulatory regions and how these might affect morpho-
logical evolution. She considered the possibility that regu-
latory regions could accumulate slightly deleterious muta-
tions that could then be compensated for by nearby regu-
latory mutations that were able to stabilize the gene’s
expression. Experiments by Ludwig et al. (2000) show
this to be possible. Ludwig et al. (2000) found that
although phenotypic expression of the gene even-skipped
stripe 2 (a gene contributing to proper segmentation dur-
ing embryogenesis) is conserved across different Drosoph-
ila species, cis regulatory elements involved in regulating
the gene’s expression are not conserved across species but
have accumulated numerous substitutions. This raises
the question of whether cis regulatory substitutions are
inconsequential. To examine this question, Ludwig et al.
(2000) constructed a chimera between the Stripe 2 regula-
tory elements from two different Drosophila species. They
then compared the expression pattern of the chimeric ele-
ment to the expression pattern of each of the two undis-
turbed or ‘‘native’’ elements. The two native elements
gave normal expression patterns, whereas the chimeric
element gave a defective expression. As an explanation,
Ludwig et al. (2000) proposed that stabilizing selection
has acted to maintain phenotypic conservation despite
allowing mutations to accumulate at functionally impor-
tant sites. Nucleotide substitutions between species in
regulatory regions are thought to accumulate by random
genetic drift because of their extremely weak selective
effects. To preserve gene expression across species, Lud-
wig et al. (2000) hypothesized that different sets of com-
pensatory mutations have evolved within the regulatory
regions of each species, a phenomenon they hypothesize
as being common in the evolution of regulatory regions.
One implication of the Ludwig et al. (2000) study is

that there seems to be a considerable amount of cryptic
variation that accumulates within regulatory regions
because individual point mutations may have very small
fitness effects and because compensatory mutations may
hide any possible phenotypic effects. Of greater signifi-
cance for evolution is that such cryptic variation may
evolve by nonadaptive processes and may subsequently
become advantageous in a changed environmental con-
text and/or within a changed population genetic context
(e.g., increased population size) when positive selection
becomes more effective. On this point, Ludwig et al.
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(2000) note that variation in regulatory regions may sub-
sequently come under selection to produce important phe-
notypic differences between species. As examples, they
note that for two traits that show phenotypic differences
between Drosophila species, abdominal bristle-number
and wing morphology, that quantitative genetics research
has determined strong associations with nucleotide differ-
ences in noncoding presumably regulatory regions. Thus,
the cumulative effect of slightly deleterious and compen-
satory changes in regulatory regions may be substantial
and some phenotypes may have evolved because of the
fixation of a large number of simultaneously acting non-
coding variants (see Kryukov et al., 2005).

Effective population size and differences
in adaptive evolution

Compared with other animal species, primates seem to
have experienced less overall positive selection in driving
amino acid change within genes. The difference is espe-
cially remarkable when comparisons are made with dis-
tant species that have much large effective population
sizes. In bacteria, Drosophila, and mice, estimates of the
fraction of amino acids driven to fixation by positive
selection are 40%, or considerably greater (Table 3), com-
pared with estimates of adaptive evolution in the diver-
gence of humans and chimpanzees (between �0.0% and
20%; Table 2). Smith and Eyre-Walker (2002) estimated
that approximately 45% of the total number of amino acid
substitutions between Drosophila simulans and D.
yakuba were adaptive. Thus, they estimated that over the
6 Myr divergence of the two species, about 270,000 amino
acids were driven to fixation by positively selection.
To compare, we can make a rough estimate of the

overall number of amino acids that have been positively
selected in the divergence of humans and chimpanzees.
Between chimpanzee and humans, Mikkelsen et al.
(2005) found 38,773 amino acid differences in 13,454
genes, indicating that there is an average of 2.88 amino
acid substitutions per gene. Dividing 2.88 by 443 (the av-
erage number of codons per gene; see Lander, 2001),
there are 0.0064 substitutions per codon. The total num-
ber of amino acids in the human genome is obtained by
multiplying 443 3 25,000, the estimated total number of
genes in the genome (see International Human Genome
Consortium, 2004), to give 11,075,000. If we then divide it
by 0.0064, we get the total number of amino acid substi-
tutions between humans and chimpanzees (70,880). For
an estimate of the percentage of amino acids positively
selected between these two species, we can take an aver-
age of the estimated fraction of positively selected genes
in Table 2 (6.0%). Six percent of 70,880 yields 4,252
amino acid substitutions, and this is the number of amino
acids estimated to be adaptive in the divergence of
humans and chimpanzees. Thus, the estimated number of
adaptive substitutions between humans and chimpanzees
is merely 2% of the number thought to be adaptive in the
divergence of the two Drosophila species.
This large difference is likely to be attributable to

their vast differences in population size. The Ne for Dro-
sophila is near 1 million, and, for the hominids
(including both humans and chimpanzees), it is roughly
100,000. In large populations, the efficacy of positive
selection is augmented, therefore, allowing variants with
a wider range of fitness effects to be positively selected.
Also, as mentioned previously, in large populations the
probability of advantageous variants arising via muta-

tion is augmented because there are more targets on
which variants can arise. On the other hand, the differ-
ence in estimates of Ne between chimpanzees (�21K)
and humans (�10,000) is much smaller than between
hominids and Drosophila. However, even for smaller dif-
ferences in Ne, similar population genetics effects may
be apparent. As described earlier, Bakewell et al. (2007)
estimated that chimpanzees have 50% more PSGs com-
pared with humans. If this is true, then it indicates how
natural selection can be sensitive to even relatively
small changes in population size.
What do these differences tell us about evolution by adap-

tation in populations of different sizes? The answers are
unclear at present, but Eyre-Walker (2006a) suggests two
possibilities. It might indicate that small populations are
less able to adapt to their environments than are large popu-
lations. On the other hand, it could be that most of the im-
portant adaptations are underlain by mutations that have
strong selective effects and these are positively selected
across a very large range of population sizes. Thus, the
increased efficacy of positive selection in large populations
may be merely ‘‘fine tuning’’ in which variants that have
extremely small benefits are fixed by positive selection.
What is the biological significance of the considerably

larger fraction of adaptive amino acids in Drosophila
compared with hominids? If adaptive amino acid differen-
ces give rise to adaptive differences at the morphological
level, then there seems to be a disconnect because the
magnitude of phenotypic differences between humans and
chimpanzees on the face of it seems much greater than
between Drosophila species (although morphological dif-
ferences do exist between Drosophila species). Eyre-
Walker (2006a) has suggested that the differences in Dro-
sophila may relate more to the physiological and ecologi-
cal behavior of these species than to morphological
aspects. For example, a lot of adaptive divergence may be
related to the physiological aspects of host–plant interac-
tions, reproductive interactions, and other phenomena for
which we know little about (and flies ‘‘know’’ a lot about!).
The fact that chimpanzees are hypothesized to have

more PSGs than humans is also counterintuitive because
in terms of morphology humans seemed to have diverged
to a larger extent than have chimpanzees (e.g., in brain
size and structure, in traits related to bipedalism, and in
hand anatomy). However, it may be that these morpholog-
ical traits derive less from substitutions coded within pro-
teins and more from subtle changes within regulatory
regions. The larger numbers of PSGs in chimpanzees
compared with the number in humans may point to the
existence of a relatively large set of physiological traits in
which chimpanzees differ from us. In support of this idea,
genome-wide scans of selection (Mikkelsen et al., 2005;
Nielsen et al., 2005; Arbiza et al., 2006; Bakewell et al.,
2007; Kosiol et al., 2008) have usually found that the bio-
logical categories most enriched for PSGs are related to
physiological processes such as reproduction, immune
defense, and chemosensory functions. Furthermore, Bake-
well et al. (2007) found that humans and chimpanzees
differ significantly in the exact sets of genes distributed
to these biological categories, indicating substantial spe-
cies-specific differences in adaptation.

Possible consequences of gene surfing
in the human evolution

The spatial dynamics of populations and species can
have consequences for evolutionary processes (Burton
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and Travis, 2008; Excoffier et al., 2009). With respect to
human evolution, Eswaran and coworkers (Eswaran,
2002; Eswaran et al., 2005) showed that a coadapted
combination of genes carrying a complex advantage
could spread out of Africa on a wave front of diffusion.
Recently, Burton and Travis (2008), using simulations,
found that populations undergoing range expansions
have an increased likelihood (compared with stationary
populations) for fitness peak shifts, moving from one
peak to a higher fitness peak by passing through a low-
fitness valley. The model incorporates the idea of sign
epistasis in which the fitness effects of a mutation at one
locus is dependent on the genetic background provided
by another locus. This is similar to the epistasis modeled
by Kimura (1991), described above, but with the added
dimension of how population expansion affects the shift
between fitness peaks across a valley. Figure 5 shows a
two-locus haploid system consisting of locus A (with al-
leles a and A) and locus B (with alleles b and B). Geno-
type ab has an intermediate fitness and AB has the
highest fitness; however, the intermediate genotypes, aB
and Ab, have the lowest fitnesses. Results of forward
simulations of population growth, dispersal, and muta-
tion showed an increase in the probability of fitness
peak shifts during periods of range expansion (Burton
and Travis, 2008). They showed that the lower fitness
genotypes (aB and Ab) can accumulate on a wave front
via mutation surfing, which leads to increased probabil-
ity that a new mutation leads to a shift to a higher peak
through epistasis. In the evolution of modern humans,
there is genetic evidence of successive founder effects as
populations spread out of Africa (Prugnolle et al., 2005;
Ramachandran et al., 2005; Liu et al., 2006; Handley et
al., 2007; Li et al., 2008; DeGiorgio et al., 2009; Desh-
pande et al., 2009; Hunley et al., 2009). The research by
Burton and Travis (2008) suggests that frequent founder
effects of this type could have facilitated the evolution
and geographic spread of advantageous genotypes in
humans.
Such dynamic demographic history including succes-

sive founder effects and spatial expansions are examples
of nonadaptive processes that, in theory, are capable of
impacting considerably the evolution of species and may
have had a special impact on the evolution of modern
humans. Such processes may have also acted at earlier

times in human evolution. Recent studies of African
lakes has indicated that climate in East Africa during
the Plio-Pleistocene has been punctuated by periods of
extreme climate variability particularly between 2.7 and
2.5 Ma, 1.9 and 1.7 Ma, and 1.1 and 0.9 Ma (Trauth et
al., 2005, 2007, 2009; Maslin and Christensen, 2007).
During these periods, stratigraphic transitions in East
African paleo lakes suggest that they underwent rapid
oscillations—appearing rapidly, persisting for thousands of
years, and then rapidly disappearing (Maslin and Christi-
ansen, 2007). Extreme climatic variability might have led
to the expansion and contraction of hominin populations in
East Africa. These demographic dynamics could have facili-
tated peak shifts in fitness by mutation surfing that
enabled the evolution of novel hominin phenotypes.

Preservation of gene duplicates and
potential functional effects

As described above, relaxed purifying selection in pri-
mates and humans concomitant with reductions in popu-
lation size may have been responsible for the passive
accumulation of various features of genomic architecture.
However, it must be reiterated that although relaxed puri-
fying selection because of reductions in Ne may have been
an important contributing factor, it was probably not the
only factor in allowing the accumulation of genomic fea-
tures. Below, I consider the possible evolutionary and func-
tional consequences that the accumulation of genomic fea-
tures potentially had on primate and human evolution.
Population genetics theory predicts that a functionally

redundant duplicate gene copy will not persist long in a
population because deleterious mutations will accumu-
late and cause the gene to become nonfunctional (He
and Zhang, 2005). Yet, gene duplication is believed to be
the principal font of new genes (Ohno, 1970; see Taylor
and Raes, 2004 for a historical treatment). Essentially
two major hypotheses have been put forward to explain
how duplicates become fixed within populations. The
neofunctionalization (NF) hypothesis describes that,
after duplication, one of the duplicates retains the ances-
tral function, and the other copy gains a new and differ-
ent function and is subsequently fixed by positive natural
selection (Ohno, 1970). An alternative hypothesis, known
as SF (see Hughes, 1994; Force et al., 1999) proposes that
duplicates are fixed in populations via the reciprocal loss
of different subfunctions between the original gene and
its descendent copy making each copy biologically requi-
site. Lynch and Force (2000) showed that the probability
of fixation of duplicate genes by SF is thwarted by strong
purifying selection in larger populations but enhanced in
small populations with reduced levels of purifying selec-
tion (Lynch and Force, 2000). He and Zhang (2005) tested
both models (i.e., NF versus SF models) using experimen-
tally determined genome-wide patterns of protein interac-
tions in yeast and human gene expression and found that
a joint model is more likely whereby duplicates are ini-
tially fixed and stably preserved in a population by SF af-
ter which NF has ample time to occur.
More recently, it has been proposed that positive selec-

tion might act immediately after duplication to drive
duplicates to fixation because of the general benefit
offered by the dosage increase in gene product (see Kon-
drashov and Koonin, 2004; Kondrashov and Kondrashov,
2006). Qian and Zhang (2008) tested this idea by com-
paring sets of known haploinsufficient genes in the ge-
nome (i.e., genes for which the gene product is halved

Fig. 5. Graph of the relative fitnesses for the four different
genotypes for two biallelic loci (A and B). The A locus has alleles
a and A and the B locus has alleles b and B. The ab genotype
has intermediate fitness and AB has the highest fitness. How-
ever, genotypes Ab and aB have the lowest fitness and represent
fitness valleys (Redrawn from Burton and Travis, 2008).
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when one copy of a homologous pair is defective) and
found that the former set of genes do not duplicate more
frequently than latter genes, as might be expected if the
dosage-effect hypothesis were true. On this basis, they
argued that the gene dosage hypothesis is unlikely to be
an explanation for gene duplicate preservation. Further-
more, they point out that the initial assumption, that an
increase in gene product is generally advantageous, is
likely to be false for two reasons. First, increased gene
product may generally be deleterious and second,
increased production of gene product may have an
energy cost associated with it that lowers fitness (Qian
and Zhang, 2008).
The initial nonadapative preservation and fixation of

duplicates does not exclude the possibility that positive
selection acts subsequently on duplicates to promote new
and divergent functions. The duplication of the RNASE1
gene to produce the daughter copy RNASE1B in at least
two Colobine primates (Colobus guereza and Pygathrix
nemaeus) seems to be an example whereby SF was fol-
lowed (probably relatively rapidly) by NF (see Zhang
et al., 2002; Zhang, 2006). RNASE1 is expressed in the
pancreas and also in other widespread tissues of the
body. It is known to have at least two different functions,
the digestion of single-stranded RNA in the small intes-
tine and a nondigestive function (of which little is
known) in the degradation of double-stranded RNA, pre-
sumably of viral RNA (see Sorrentino and Libonati,
1997). After duplication, the two functions seem to have
been partitioned between the duplicates whereby
RNASE1 retained the nondigestive function of degrading
dsRNA and RNASE1B lost the ability to degrade dsRNA
and became restricted to degrading ssRNA. Subse-
quently, because of the accumulation of multiple amino
acid substitutions in RNASE1B, this gene gained a new
function, the capacity to work in low pH conditions as
exist in the small intestine of foregut-fermenters like the
two Colobine species. In this example, the gain of a new
function in RNASE1B would have been impossible with-
out relaxation of selective constraints on the gene (Zhang
et al., 2002), although it may have been due to functional
redundancy rather than a decrease in population size.
Otherwise, the amino acid alterations (that inhibit dsRNA
degradation) would not have been accepted. Duplication
of RNASE1, therefore, seems to be explained by an initial
nonadaptive phase followed by an adaptive phase.
Are the initial phases of gene duplication generally

governed by relaxed selective constraints? At present,
we do not have the answer to this question. Too few
duplicate genes have been studied at the level of detail
necessary to make such inferences. Some studies have
tested specifically for positive selection and hypothesize
that a considerable fraction of duplicate genes in prima-
tes (10%) have experienced positive selection (Han et al.,
2009). Others have presented suggestive evidence of
adaptive duplicates in humans and other primates (e.g.,
Dumas et al., 2007). Yet, from the data, it is impossible
to tell whether positive selection was indeed the evolu-
tionary force responsible for the initial maintenance and/
or fixation of the duplicated copy(ies). Another problem
is that precise nucleotide sequence is unavailable at
present for many individual duplicate copies of genes,
making it impossible to tell whether some gene copies
have been degraded by stop codons, frameshifts, or
splice-site mutations. Even in the case of duplicated cop-
ies of the salivary-amylase gene, which seems to be a
case in which increased dosage was positively selected in

human populations with high starch diets (Perry et al.,
2007), it is impossible to tell whether copies were ini-
tially maintained and fixed by nonadaptive processes.
For example, it is known that a wide range of copies of
the salivary amylase gene (from two to 13 copies) are
segregating within populations with low-starch diets,
making it possible that the gene’s copy numbers fluctu-
ate by random genetic drift (see Perry et al., 2007). In
fact, Nei and colleagues have hypothesized that a large
fraction of the copy number variation observed within
populations (Redon et al., 2006; Nguyen et al., 2008;
Perry et al., 2008) and between species (especially nota-
ble in the expansive differences within chemosensory
gene families) is governed by a neutral process they call
genomic drift, the random fluctuation in numbers of
gene copies between different individuals (Nei and Roo-
ney, 2005; Nozawa et al., 2007; Nozawa and Nei, 2008;
Nei et al., 2008; also see Zhang, 2007). In the future,
only with more comprehensive nucleotide sequence from
each individual gene copy, as well as more detailed study
of their molecular function and evolution, will the issue
of the timing and significance of nonadaptive versus
adaptive evolution in gene duplication be better under-
stood.

Nonadaptive accumulation of TEs and
evolutionary implication

About half of the human genome is comprised of mo-
bile genetic elements (Lynch, 2007). As reviewed previ-
ously, evidence suggests that reduced selective con-
straints as a result of smaller population sizes may have
been a contributing factor in permitting the accumula-
tion of mobile genetic elements in primates and humans.
What are the evolutionary and functional consequences
of these TEs?
Some TEs are known to be associated with known

genetic diseases such as autoimmune lymphoprolifera-
tive syndrome, glycerol kinase deficiency, Apert syn-
drome, neurofibromatosis Type 1, and hemophilia A (see
Lev-Maor et al., 2008). Despite this, there is evidence
that some mobile genetic elements can have important
functional and even adaptive importance (Brosius, 1991;
Brosius and Gould, 1992; Makalowski, 2003). Functional
effects can result through several mechanisms: through
TEs contributing regulatory sites to genes situated near
their insertion points (Thornburg et al., 2006), TEs con-
tributing to the alternative splicing of proteins (Lev-
Maor et al., 2003), and TEs causing chromosomal inver-
sions that become potentially important for speciation
(Lee et al., 2008). In brief, mobile genetic elements that
accumulated by nonadaptive processes can provide raw
material for future functions that may subsequently be
promoted by positive selection because they become ben-
eficial.
With respect to a regulatory role, Thornburg et al.

(2006) showed that TEs often carry functional regulatory
motifs such as polyadenylation sites, promoters,
enhancers, and silencers that, when inserted near genes,
have the potential of giving rise to new species-specific
expression patterns. They found that SINEs (e.g., Alus)
were found most commonly within regulatory regions of
genes. Hamdi et al. (2000) gave examples of four genes
(PTH, nicotinic acetylcholine receptor alpha 3 gene, CD8
alpha gene, and hematopoietic cell-specific receptor
gene) that were differentially regulated in higher prima-
tes because of the presence or absence of Alu elements
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in their upstream regulatory regions. Clarimon et al.
(2004) found that the APP gene, which is up-regulated
in Alzheimer’s disease, seems to be differentially affected
in higher primates because of the presence/absence of
regulatory sites from nearby Alu elements.
Lev-Maor et al. (2003) described one mechanism by

which TEs (Alus) inserted into genes can lead to the for-
mation of new exons (a general process called exoniza-
tion) that can lead to alternatively-spliced variants of pro-
teins. They showed that more than 5% of human alterna-
tively spliced proteins are due to Alus and that most
exons derived from Alus are alternatively spliced. Alter-
native splicing can lead to expression complexity whereby
different isoforms of the protein can be expressed in dif-
ferent tissues. Krull et al. (2005) reconstructed the evolu-
tionary steps presumed to lead to the exonization or non-
exonization of Alu elements in four primate genes. They
showed that exonization is not instant after Alu insertion
into a gene but proceeds by steps over evolutionary time
whereby Alu elements acquire internal mutations (e.g.,
alternative splice sites and additional mutations) that
eventually allow them to become functional.
Two genes that seem to have become exonized via TE

incorporation during primate evolution and that seem to
have become differently expressed in humans and chim-
panzees are TTLL6 (tubulin tyrosine ligase-like family,
member 6) and SEPN1 (selenoprotein N) (Lin et al.,
2008, 2009). TTLL6 is an apoptosis-related gene with
preferential expression in testis (Chen et al., 2006). It
gained a splice site in the human lineage that led to a
new isoform that shows considerable expression in the
testis. Interestingly, Chen et al. (2006) found evidence of
positive selection on TTLL6 in humans and postulate
that it plays an important function in human male
reproduction. The second gene, SEPN1, plays an impor-
tant protective function against oxidative damage in
skeletal muscle (Lin et al., 2008). The isoform of SEPN1
that contains the Alu-derived exon shows considerable
expression in skeletal muscle in humans and, therefore,
would seem to contribute to species physiological differ-
ences. This difference may relate to Bramble and Lieber-
man’s (2004) hypothesis that endurance running was an
important adaptation in the genus Homo about 2 million
years ago, although it is unclear whether SEPN1 has a
signature of positive selection. Evidence indicates that
intense and prolonged exercise can produce oxidative
damage to biological molecules and can negatively affect
cell signaling pathways and the expression of genes
(Powers and Jackson, 2008). Therefore, the expression of
SEPN1 in human skeletal muscle during human evolu-
tion may have been important for reducing oxidative
damage resulting from long distance running.
Modrek and Lee (2003) proposed that relaxed purify-

ing selection plays an important role in the evolution of
alternative splicing. They made the observation that
most newly created exons (whether Alu-derived or not)
are alternatively spliced and that most new exons are
included only as minor-form transcripts. Because new
isoforms are only expressed at low levels whereas the
original gene product is still expressed at high levels,
the new isoform experiences reduced purifying selection
(i.e., it is less likely to be selected out of the population)
and can potentially lead to new gene functions. Smaller
effective population size would also contribute to reduced
selective constraints and enable new exon formation as
well as allow the accumulation of nearly neutral var-
iants within these new exons.

The accumulation of mobile genetic elements (because
of either relaxed selective constraints or other factors)
might also have played a role in speciation in primates
by causing chromosomal rearrangements. Lee et al.
(2008) found that Alu and L1 elements are responsible
for 44% of the inversion differences between humans
and chimpanzees. Inversions were found to be associated
with reduced recombination rates in surrounding chro-
mosomal regions, and many inversions were found
within genes and, thus, could have a variety of possible
consequences on genes by either disrupting their func-
tion, causing alternative splicing, or modifying regula-
tory control. Beyond potential roles in the speciation pro-
cess, these TE-derived inversions could potentially pro-
duce species phenotypic differences.

Nonadaptive evolution and morphology

It seems reasonable to assume that an increase in the
rate of fixation of slightly deleterious mutations due to
relaxed purifying selection would have recognizable
effects on morphological evolution. However, few studies
have explicitly tested whether populations or species for
which there is evidence of widespread relaxed con-
straints display higher rates of morphological change.
Nevertheless, based on the neutral molecular theory
(Kimura, 1968, 1969), several methods were developed
for studying morphological evolution. A popular
approach has been the so-called ‘‘rate test’’ that com-
pares the observed rate of phenotypic change between
populations with the rate expected under neutrality
(Lande, 1976, 1979; Chakroborty and Nei, 1982; Lynch
and Hill, 1986; Lynch, 1990). More explicitly, if popula-
tions have differentiated largely through random genetic
drift, population genetic theory predicts that levels of
between-species divergence should be proportional to lev-
els of within species levels of variation.
Lynch (1990) applied the rate test to data sets of met-

ric variation for craniofacial traits in 10 different mam-
malian groups using both fossil and extant morphologi-
cal specimens. Similar to molecular evolution, where
widespread selective constraints dominate, the observed
rate of morphological evolution in the majority of mam-
malian groups was found to be markedly below the rate
expected under neutral evolution. A recent study of
numerous well-documented and diverse fossil lineages
also found that stabilizing selection (selective constraint)
plays a dominant role (Hunt, 2007). Although both stud-
ies found that selective constraint was true for lineages
over long-term evolution, more rapid divergence was
detected in initial phases (Lynch, 1990; Hunt, 2007).
Whether this is related to smaller Ne or increased adapt-
ive evolution in populations in the early phases of line-
ages is unknown. An exception to the generally con-
strained rates of change among mammals was found
when morphological variation between human popula-
tions was analyzed. The observed rate of differences was
similar to the neutral rate (Lynch, 1990). Additionally,
although intergeneric comparisons among the great ape
species generally showed rates well below neutrality,
humans were exceptional and showed rates 10 times
higher. Lynch (1990) suggested that the higher rates of
morphological evolution (i.e., close to neutral expecta-
tions) were generally due to relaxed purifying selection,
with the suggestion that this was due to increased cul-
tural evolution. More recently, Lynch (2007) has related
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the increased rates to reduced effective population size
in humans.
Ackermann and Cheverud (2004) applied similar popu-

lation genetic methods to metric data from hominin cra-
niofacial fossils, finding evidence for considerable posi-
tive selection driving the divergence of Pliocene homi-
nins (particularly Paranthropines). In contrast, genetic
drift was found to dominate in the Homo lineage. Varia-
tion in cranial morphology among human geographic
populations, and between humans and Neanderthal fos-
sils, is also found to be most consistent with models of
genetic drift (Relethford, 1994, 2002; Roseman, 2004;
Roseman and Weaver, 2007; Weaver et al., 2007; Betti et
al., 2009; Weaver, 2009). In contrast, when Marroig and
Cheverud (2004) applied similar methods as used by
Ackermann and Cheverud (2004) to Neotropical mon-
keys, they found that positive selection accounts for
much of the divergence in cranial morphology (especially
among genera and higher taxa). They did, however, find
that genetic drift may be more important in divergence
between species. It is possible that increased evidence of
drift in hominins is related to their reduced population
sizes compared with nonhuman primates, although this
was not specifically tested. Extensive morphological evo-
lutionary rate tests between species with different effec-
tive population sizes and different quantified levels of
molecular constraint (e.g., using the dN/dS method)
have not yet been carried out but will address the issue
of the relative importance of drift versus selection in
morphological evolution.
Island species and their mainland ancestors (or other

known founder events) represent special cases where
hypotheses about the effects of reduced Ne can be tested
using both molecular and morphological data sets (see
Bromham and Woolfit, 2004). Woolfit and Bromham
(2005) analyzed molecular data for 70 different island–
mainland (descendent-ancestor) pairs using diverse ver-
tebrate species (including lemurid primates), inverte-
brates, and plants and found that the rates of nonsynon-
ymous to synonymous substitutions were significantly
greater in island species compared with their mainland
relatives. They concluded that the effect stemmed from
an accumulation of slightly deleterious (nearly neutral)
substitutions in the island forms and that, because the
effect was observed over such a diverse group of organ-
isms, it was likely due to the founder event and smaller
sizes of populations on islands.
If genetic drift becomes a relatively more predominant

force in the molecular divergence of island forms, we
might then expect to observe patterns of drift in their
morphological divergence. Only a few studies have ex-
plicitly studied whether drift or selection predominates
in morphological divergence of island forms, and several
have indicated that adaptation may have a more impor-
tant role than drift, though clearly more studies are
needed. Clegg et al. (2002) studied the avian species-
complex Zosterops lateralis, which represents one of the
most successful island-colonizing bird groups repeatedly
colonizing islands in the southwestern Pacific from a
mainland origin in Australia. Three pieces of evidence
were interpreted to favor positive selection over drift as
the primary explanation for island diversification (a per-
sistent shift to larger body size in island forms, little
association between morphological and presumed neutral
molecular divergence, and a rate of morphological
change that seemed too high to be accounted for by drift
alone). Although a repeated directional size shift is

taken as evidence of general positive selection in diver-
gence, Hunt (2007), in a broad analysis of fossil lineages,
found that body size may be more labile to positive selec-
tion than shape changes.
Morphological divergence between a large set of island

and mainland mammal populations based on both fossil
and extant material (mostly rodents, but also sloths and
the fossil primate Cantius) were analyzed by Millien
(2006). She concluded that morphological evolution was
accelerated in island forms particularly over short time
periods but not longer ones (though see Pérez-Claros
and Aledo, 2007 for an alternative view). She surmised
that this was the result of rapid adaptation of popula-
tions to new island environments. The effects of reduced
Ne and increased rates of drift as drivers of the acceler-
ated short-term rates, though possible, were not dis-
cussed as explanations.
In sum, there is evidence that purifying selection (i.e.,

stabilizing selection) has operated over the long-term
evolution of many animal lineages. Evidence does sup-
port episodes of accelerated evolution in the initial phase
of lineages that could be associated with divergence.
However, long adaptive trends in lineages are not sup-
ported (see Lynch, 1990; Hunt, 2007). In the human line-
age, there seems to be an increased rate of morphological
change that is consistent with a neutral rate. This shift
toward neutrality is especially prominent in more recent
hominins within the Homo lineage. The few studies that
have explicitly tested hypotheses of selection versus
genetic drift have focused largely on craniodental mate-
rial, and there is need to broaden studies to include gen-
eral features of the postcranium. Genome-level effects
resulting from relaxed selective constraints because of
reduced Ne should have widespread effects on the skele-
ton. Additionally, although there are some studies on
nonhuman primates, including apes (Lynch, 1990) and
New World primates (Marroig and Cheverud, 2004),
there is need to widen studies to include more diverse
nonhuman primates, as well as closely related mammals.
Cases of the evolution of populations on islands, where
Ne is generally and considerably reduced, represent
opportunities to test the effects of relaxed selection on
animal species. To date, however, studies of island ver-
sus mainland relatives, although perhaps pointing to an
important role for adaptive evolution in island popula-
tion divergence, are too few in number and have not ex-
plicitly tested hypotheses of genetic drift versus positive
selection.

Genetic draft: the effect of selection
on linked variants

Thus far, our discussion has focused on genetic drift as
one of the most important stochastic forces in popula-
tions. Yet, recently, the evolutionary force ‘‘genetic draft’’
has been suggested as perhaps a more important sto-
chastic force in natural populations than is genetic drift
(Gillespie, 2000a,b, 2001). According to the genetic draft
model, selected substitutions at one locus can induce dy-
namics that resemble genetic drift at linked neutral loci
even when populations are large. Linked loci are two loci
that experience little or no recombination between them.
This leads to some unusual consequences that are the op-
posite of the expectations under neutral theory. For exam-
ple, with increasing population size, genetic variation at
linked neutral loci will be insensitive to population size.
Also, with increasing population size, the rate of substitu-
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tion of deleterious variants is expected to increase; yet, at
the same time, the rate of substitutions of selected advan-
tageous variants is expected to decrease.
The curious dynamics of genetic draft are due to the

effects of selection on linked variants. To understand
these effects it is useful to think of three types of linked
selection (for review see Williford and Comeron, 2010).
The first, termed ‘‘hitchhiking,’’ was first described by
Maynard Smith and Haigh (1974). It describes how neu-
tral variation linked to a strongly advantageous variant
is reduced as the advantageous variant spreads and fixes
within the population. The magnitude and size of the
genomic region affected by the hitchhiking event
depends on the strength of selection, the frequency at
which advantageous mutations arise, and the rate of
recombination. The second, termed ‘‘background selec-
tion,’’ was first described by Charlesworth and colleagues
(Charlesworth et al., 1993; Charlesworth, 1994). Back-
ground selection can cause a reduction in neutral varia-
tion linked to a strongly deleterious variant. That is,
when a neutral variant arises in a low recombination
region of a chromosome containing a deleterious variant,
it has an increased chance of being eliminated by purify-
ing selection relative to a neutral mutation arising in a
region of high recombination. Neutral variants arising
on a chromosome not containing a deleterious variant
have an increased chance of persisting in the population.
The effects of hitchhiking and background selection in
knocking down neutral variation linked to selected sites
are very similar. However, it should be pointed out that
hitchhiking is due to positive selection, whereas back-
ground selection is due to purifying (negative) selection.
Another type of selection of importance for linked var-

iants may be called ‘‘interference selection.’’ With inter-
ference selection, there is a reduction in the effectiveness
of selection because of the linkage of two variants that
are both under natural selection (Hill and Robertson,
1966; Birky and Walsh, 1988). Theoretical studies have
shown that the fixation probability of a beneficial variant
is reduced in the presence of a second beneficial variant
at a linked locus. Consider a pair of linked beneficial
variants. When these variants arise on different chromo-
somes, and provided they cannot recombine onto the
same chromosome, they compete or ‘‘interfere’’ with each
other so that only one of them can become fixed. How-
ever, if recombination was able to bring both variants
onto the same background, then both could be brought
to fixation in the population. Thus, recombination can
decrease the interference between linked beneficial var-
iants and lead to an overall increase in adaptation. Now,
consider a slightly deleterious variant that arises near a
beneficial variant within a genomic region of reduced or
no recombination. In this case, the unit of selection is the
entire genomic region of strong linkage. The overall posi-
tive selection coefficient of the region will increase the
chance that both the beneficial variant and slightly delete-
rious variant will go to fixation (Birky and Walsh, 1988).
Of course, if the slightly deleterious variant were able to
recombine onto a chromosome without the beneficial vari-
ant, then there would be an increased chance it would be
eliminated by purifying selection. Thus, when linked to a
beneficial variant, a slightly deleterious variant has an
increased probability of becoming fixed (Felsenstein, 1974;
Birky and Walsh, 1988).
Interestingly, the ultimate effects of linked selection

(encapsulated in Gillespie’s draft model) are very similar
to the effects of genetic drift; both will lead to the loss of

variation in a population either by fixation or loss of var-
iants. It is important to note that both forces are sto-
chastic rather than deterministic forces and, therefore,
are nonadaptive processes. One important difference is
the influence of population size. The influence of genetic
drift is directly dependent on population size. It is a
powerful force in small populations and a weaker force
in larger populations. As a result, under neutral theory,
the amount of genetic variation within a species should
be directly proportional to its effective population size.
For example, the expected variation (or heterozygosity)
in a population is given by

Ĥ ¼ 4Nel=1þ 4Nel

where Ne is the effective population size and l is the
mutation rate. Observe that Ĥ is extremely sensitive to
population size. If 4Nel is small, then one expects little
heterozygosity, but if 4Nel is large, then one expects
very high heterozygosity. However, and unlike with drift,
the effects of genetic draft are only weakly dependent on
population size. In fact, with increasing population size,
the effects of genetic draft become more influential,
exactly the reverse of the case with drift. One way to
explain this is that as population size increases, draft
causes a decrease in the effective population size (Ne),
especially for genomic regions that show stronger link-
age (i.e., in regions with reduced recombination rates).
In these regions, the effects of draft such as a decrease
in neutral variation, reduction in fixation of advanta-
geous variants, and an increased fixation of deleterious
variants, are expected to become more pronounced.
Gillespie (2000a,b, 2001) has proposed that genetic

draft can resolve a long standing paradox first pointed
out by Lewontin (1974). This paradox lies in the observa-
tion that levels of variation within species are remark-
ably similar even when compared among species having
vastly different population numbers (e.g., between bacte-
ria and humans). The explanation is that draft becomes
more effective at knocking down genetic variation as
species’ population sizes become larger (because of an
increase in the effectiveness of selection in large popula-
tions), and this process helps to maintain homogeneity
in variation even between species with very different
population sizes. Recent studies of mitochondrial DNA
variation across a large array of species showed a re-
markable homogeneity in levels of genetic variation
(Bazin et al., 2006). Thus, mtDNA variation in inverte-
brates (7.67%) was found to be closely similar to that in
vertebrates (7.99%), even though they have vastly differ-
ent population sizes. This result is expected under the
draft model because the mitochondrial genome experien-
ces essentially no recombination and is compact and
gene-dense, all factors that contribute to linked selection.
Interestingly, nuclear variation conforms closer to expect-
ations based on neutral theory (i.e., increased diversity in
species with presumed larger population sizes); however,
the differences are surprisingly small given that popula-
tion sizes are vastly different (Bazin et al., 2006). The
lack of a strong correlation between nuclear diversity and
population size could also be due to the effects of genetic
hitchhiking and the draft model (see Eyre-Walker, 2006b).

Empirical evidence for draft in human evolution.
Gillespie (2000a,b, 2001) believes that genetic draft is
more important than drift, especially for genomes and
regions of genomes that have reduced recombination
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rates. What is the empirical evidence? There seems to be
strong supporting evidence. There are a number of stud-
ies that have shown that levels of variation are signifi-
cantly reduced in areas of low recombination in Drosoph-
ila (Aguade et al., 1989; Begun and Aquadro, 1992;
Begun et al., 2007). The positive correlation between lev-
els of variation and rates of recombination is now known
to characterize a variety of organisms, including humans
(Nachman et al., 1998; Przeworski et al., 2000; Cai
et al., 2009; McVicker et al., 2009). Although these regions
show reduced diversity, they show normal rates of inter-
species divergence (Hellmann et al., 2008), which is not
expected under the neutral theory. Neutral theory predicts
a strong positive correlation between polymorphism and
divergence. A strong possibility is that the pattern is a
result of natural selection reducing levels of neutral varia-
tion linked to selected sites (Begun et al., 2007; Cai et al.,
2009; McVicker et al., 2009). Further evidence that selec-
tion is the cause of the correlation is that variation within
regions of lower recombination tends to be more reduced
in functional regions as well as in regions where there is
increased nonsynonymous divergence between species (Cai
et al., 2009). Functional regions might be expected to have
experienced greater amounts of selection and regions of
increased nonsynonymous divergence may have experi-
enced recurrent selective sweeps through evolutionary
time (Cai et al., 2009). Indeed, Hellmann et al. (2008)
found that regions of low diversity were strongly corre-
lated with gene regions identified in previous studies as
candidates for recent positive selection (e.g., Bustamante
et al., 2005; Mikkelsen et al., 2005; Nielsen et al., 2005;
Gibbs et al., 2007; Tang et al., 2007).
What type of selection is responsible for reducing lev-

els of variation in regions of low recombination? Two
major types of selection (described previously) may be
involved: 1) hitchhiking because of recurrent positive
selective sweeps or 2) background selection because of
the repeated removal of deleterious variants. The major
problem in discerning between these two explanations is
that both leave a similar signature of variation in the ge-
nome: a reduction in variation and a skew toward rare
alleles, although the skew may not be as marked for
background selection as for hitchhiking (see Charles-
worth, 1994; Fu, 1997; Nachman et al., 1998; Sella et al.,
2009). Recent studies on genomic variation in humans
have not been able to discern between the two forms of
selection (Cai et al., 2009; McVicker et al., 2009). Never-
theless, it is possible that both types of selection operate
simultaneously or operate to different extents in various
regions of the genome. Indeed, a challenge for the future
will be to discern the relative importance of adaptive or
deleterious mutations in causing the correlation between
reduction in variation and decreased recombination. In
addition, the relative importance of background selection
and hitchhiking will also likely vary between different
animal lineages. For example, the much higher estimated
fraction of adaptive substitutions in Drosophila compared
with the estimate of adaptive substitutions in humans
could suggest that background selection has been more
prevalent than hitchhiking in human evolution. Indeed,
some researchers (Hellmann et al., 2005; Reed et al.,
2005) have found that models of background selection
(negative selection) explain human genetic variation data
slightly better than models of hitchhiking (positive selec-
tion), although a study by Hellmann et al. (2008) found
the reverse to be the case. In D. simulans, Begun et al.
(2007) found an excess of high-frequency variants, which

could indicate the prevalence of hitchhiking due to posi-
tive selection in this species.
Lastly, in terms of my focus on the influence of nona-

daptive forces in human evolution, it should be noted
that studies of linkage and selection on variation demon-
strate that much of human neutral variation across the
genome is affected by stochastic forces induced by selec-
tion and linkage (i.e., Gillespie’s genetic draft). Indeed,
Cai et al. (2009) estimated that genome-wide levels of
neutral variation have been reduced by 6% (and up to
11% in gene dense areas) because of the effects of linked
selection, and estimates by McVicker et al. (2009) suggest
that levels are even more reduced ([25%) by linked selec-
tion. However, the full details of draft’s effects on human
genomic variation are still largely unknown. Neverthe-
less, the assumption that neutral variation anywhere in
the genome can be used to accurately infer human demo-
graphic history is becoming increasingly problematic. For
example, estimates of effective population size in species
and even rates of divergence should be carried out in
regions of the genome far away from selected sites and in
regions where recombination rates are relatively high. It
will also be interesting in the future to examine how and
where interference selection has either limited adaptive
substitution or increased the fixation of deleterious var-
iants. Furthermore, many methods in population genetics
based on neutral theory as well as estimates that result
from the implementation of these methods (e.g., propor-
tion of adaptive change, etc.) may need to be adjusted to
take into consideration the effects of linked selection and
draft (see Hahn, 2008; Williford and Comeron, 2010).

SUMMARY AND FUTURE PROSPECTS

In this article, I review comparative genomic evidence
that indicates that there was an increase in nonadaptive
evolutionary forces (specifically, genetic drift) in primate
and human evolution. In particular, the primate lineage
leading to humans shows significantly relaxed selective
constraint (i.e., reduced purifying selection) and
decreased adaptive evolution compared with organisms
having much larger effective population sizes, like mice
and Drosophila. Almost all estimates of effective popula-
tion size over human evolution center about 10,000. This
is a 10- to 100-fold smaller effective population size com-
pared with the effective population sizes of murids or
Drosophila. Thus, in a general comparison between mice
and humans, humans seem to have experienced more
than a 10% reduction in selective constraint (i.e., purify-
ing selection) in protein-coding regions (Table 1; Mikkel-
sen et al., 2005; Bakewell et al., 2007; Kosiol et al.,
2008). The relaxation in selective constraint in humans
seems to have been even greater in regions of the non-
coding genome that regulate genes (Keightley et al.,
2005b; Kryukov et al., 2005). A recent finer-scaled analy-
sis (Eo†ry et al., 2010) has confirmed that selective con-
straints are generally reduced in humans, especially in
50 untranslated regions (presumably regulatory). How-
ever, the study also found some very surprising features
namely that fourfold degenerate sites in humans (i.e.,
sites at which any nucleotide at that site codes for the
same amino acid) experience two times greater con-
straint in humans compared with murids. This could
suggest more complex protein-coding gene structure in
humans compared with murids, and might also indicate
that fourfold degenerate sites play a role in alternative
splicing because alternatively spliced genes showed sig-
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nificantly greater constraint at these sites than did sin-
gle transcript genes.
At the same time that we see evidence of generally

reduced purifying selection in humans, adaptive evolu-

tion in human evolution (measured in terms of propor-

tion of amino acids fixed by positive selection) also seems
to be reduced. Estimates of adaptive evolution in human
proteins range from �0% to 20%, whereas estimates for
other organisms are quite considerably higher (e.g., mice
�57% Halligan et al., 2010; Drosophila [45%; see Table
3). There is also some evidence suggesting relatively
reduced adaptive evolution in humans compared with
chimpanzees (Bakewell et al., 2007), perhaps because of
reduced population size in humans, (although see Mal-
lick et al. (2009) for further discussion). The differences
in selective constraint and in adaptive evolution between
humans compared with Drosophila and mice are com-
monly interpreted as consistent with neutral and nearly
neutral predictions of increased genetic drift and the si-
multaneous decrease in efficacy of positive selection in
smaller populations compared with larger populations.
On the other hand, it is unclear whether the much
smaller differences in population size between humans
(�10,000) and chimpanzees (�20,000, estimated for the
chimpanzee-bonobo ancestor; Caswell et al., 2008) would
have had a significant impact on selection.
Relaxed selective constraint in human evolution would

have had the proximate effect of increasing the fixation
of effectively neutral substitutions (either slightly delete-
rious or slightly advantageous) throughout the genome.
To compensate for slightly deleterious substitutions, I
have suggested the possibility that humans have experi-
enced an increase in nearby substitutions that partially
compensate for (or suppress) deleterious substitutions
via epistatic interactions between the substitutions.
Although there are experimental studies of bacteria and
viruses, as well as comparative gene studies between
mammal species, that suggest that compensatory substi-
tutions occur, the possible role of compensatory substitu-
tion in human evolution remains to be investigated.
Recent population growth in humans is expected to

have led to concomitant increases in the effectiveness of
selection (see Hawks et al., 2007). Substitutions that
were effectively neutral when human populations were
relatively small would have come under the increasing
scrutiny of natural selection (both purifying and positive
selection). Thus, slightly deleterious variants would have
an increased chance of being purged by purifying selec-
tion, increasing the overall fitness in the population. On
the other hand, it is possible that some slightly deleteri-
ous substitutions, either through epistatic interaction
with nearby sites or through changed environments,
have become adaptive. In this view, the nonadaptive
accumulation of effectively neutral substitutions in past
human evolution may have provided the raw material
for recent human adaptations.
It is also expected that positive selection has been

more effective due to recent growth in human popula-
tions. Thus, slightly advantageous variants that were
effectively neutral in the past may have increased in fre-
quency or have been fixed by positive selection in recent
human evolution. Along with the expectation of a
greater efficacy of positive selection in larger human
populations is the expectation for an increase in the
overall number of adaptive variants in the population.
This is because, in larger populations, there is an
increased number of targets on which beneficial variants

can arise through the mutational process. Therefore,
there is the theoretical expectation that as population size
has increased, the rate of adaptive evolution has also
increased. Indeed, genome scans have found considerable
evidence of partial positive selective sweeps that are pre-
sumably ongoing in human populations (Tang et al.,
2007), and there exists evidence for an acceleration of
adaptive change that is correlated with increasing popula-
tion size over the past 50,000 years (Hawks et al., 2007).
One important link that has not been adequately

explored is that between evolution at the molecular level
and evolution at the morphological level with respect to
changes in population size. Thus, the effects of reduced
selective constraint (with concomitant accumulation of
slightly deleterious substitutions) and reduced adaptive
evolution during past human evolution should have had
measurable consequences on our morphological evolu-
tion. One way to possibly gain insight into this phenom-
enon is to study morphological variation in island species
(or populations of small population size) and compare
their levels of morphological constraint with that in their
mainland ancestors (presumably of larger population
size) (see Clegg et al., 2002; Bromham and Woolfit, 2004,
for examples). Within primates, many island populations
exist for which studies could be conducted. Also, explicit
tests of selective constraints (e.g., Lande, 1976; Lynch,
1990) can be made on morphological features in species
with lineages having different effective population sizes.
It is possible that species of smaller effective population
sizes show reduced selective constraints and less adapt-
ive change compared with species with larger effective
population sizes. It will be interesting to see in the
future to what extent human morphological features
(e.g., cranial shape, postcranial dimensions) have been
influenced by nonadaptive processes. Furthermore, we
might ask: to what extent have the unique features of
human evolution (i.e., in brain size and organization,
bipedal features, hand morphology, etc.) as well as differ-
ences in morphology among human population been
influenced by nonadaptive processes?
In the 20th Century, population genetics theory out-

paced the actual data that could affirm or refute it. In
the beginning of the 21st Century, the tables have
turned; data collection now outpaces theory. Population
genomic data will soon be providing us with detailed in-
formation concerning variation within populations (both
in humans and other species) and divergence between
species. These data will enable researchers to estimate
effective population size in a variety of nonhuman pri-
mate lineages and will permit the finer investigation of
the nature of evolutionary forces acting across the ge-
nome and in different lineages. It will also allow us to
examine genomic architectural differences between indi-
viduals and between species. These kinds of data will
drive the development of new theory (for informative dis-
cussions see Hahn, 2009; Siepel, 2009; Pool et al., 2010).
This review has largely focused on neutral and nearly

neutral theory. In part, recent data are consistent with
neutral theory in showing relaxed constraint and rela-
tively diminished adaptive evolution in species like
humans with evolutionarily small population sizes. How-
ever, some predictions based on neutral theory seem to
be inconsistent with new data (see Hahn, 2009; Sella et
al., 2009). For example, it is becoming clear that much of
human genetic variation, though nonfunctional in itself
and, therefore, not directly under selection, has been
influenced by selection acting on nearby linked variants
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(see preceding section). The theory of genetic draft (Gil-
lespie, 2000a,b, 2001) is one explanation that can be
applied to interpret such variation (see Cai et al., 2009;
McVicker et al., 2009). Although draft is dependent on
selection, its consequences are largely stochastic, and,
therefore, we may conclude that a considerable portion of
human genetic variation is nonadaptive. Once more, neu-
tral genetic variation effected by draft may prove to be of
limited value for demographic inference, and previous
estimates may need to be revised taking draft into
account. At present, however, the relative roles of natural
selection and neutral forces in shaping genetic diversity
(i.e., the classic selectionist versus neutralist debate dat-
ing from the late 1960s) is still not resolved, though still
of central importance (see Pool et al., 2010; Hahn, 2008).
In addition, new theory is being developed to try to

disentangle the effects that demographic history can
have on human genetic variation from those that selec-
tion can have. An exciting new area of research is on the
phenomenon of gene surfing (discussed in relation to
human colonization of Europe) whereby neutral or even
slightly deleterious variants can sweep to fixation over
large geographic areas simply because they were located
on the leading edge of advance of a population (Edmonds
et al., 2004; Klopfstein et al., 2006; Travis et al., 2007;
Excoffier et al., 2009; François et al., 2010). Therefore,
gene surfing is another nonadaptive evolutionary force
that could have impacted considerably the genetic diver-
sity of human populations, though at present we cannot
tell to what degree.
In the future, deeper insights into human evolution

will rest both on the collection of new genomic data and
through the development of new theory permitting us to
glean more accurate historical information. New data
and theory will inevitably help us to discern the adapt-
ive changes in human evolutionary history (for reviews
see Harris and Meyer, 2006; Nielsen et al., 2007; Akey,
2009). However, our eagerness to identify adaptations
should be tempered by the lessons of Gould and Lewon-
tin (1979) and, more recently, Lynch (2007a), which en-
courage the prior rejection of nonadaptive explanations
(however, for a contrary view see Hahn, 2009). Fortu-
nately, new data and theory should enable us to more
clearly appreciate the roles that nonadaptive processes
(and adaptive processes) played in our evolution.
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Chen F, Platt D, Pääbo S, Pritchard JK, Rubin EM. 2006.
Sequencing and analysis of Neanderthal genomic DNA. Sci-
ence 314:1113–1118.

Novembre J, DiRienzo A. 2009. Spatial patterns of variation due
to natural selection in humans. Nat Rev Genet 10:745–755.

Nozawa M, Kawahara Y, Nei M. 2007. Genomic drift and copy
number variation of sensory receptor genes in humans. Proc
Natl Acad Sci USA 140:20421–20426.

Nozawa M, Nei M. 2008. Genomic drift and copy number varia-
tion of chemosensory receptor genes in humans and mice.
Cytogenet Genome Res 123:263–269.

Ohno S. 1970. Evolution by gene duplication. Berlin: Springer-
Verlag.

Ohta T. 1973. Slightly deleterious mutant substitutions in evo-
lution. Nature 246:96–98.

Ohta T. 1974. Mutational pressure as the main cause of molecu-
lar evolution and polymorphism. Nature 246:96–98.

Ohta T. 2002. Near-neutrality in evolution of genes and gene
regulation. Proc Natl Acad Sci USA 99:16134–16137.

Ohta T. 2003. Origin of the neutral and nearly neutral theories
of evolution. J Biosci 28:371–377.

Patterson N, Richter DJ, Gnerre S, Lander ES, Reich D. 2006.
Genetic evidence for complex speciation of humans and chim-
panzees. Nature 441:1103–1108.
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