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Understanding the genetic basis of the physical and behavioural traits that distinguish humans from other primates presents one
of the great new challenges in biology. Of the millions of base-pair differences between humans and chimpanzees, which
particular changes contributed to the evolution of human features after the separation of the Pan and Homo lineages 5–7 million
years ago? How can we identify the ‘smoking guns’ of human genetic evolution from neutral ticks of the molecular evolutionary
clock? The magnitude and rate of morphological evolution in hominids suggests that many independent and incremental
developmental changes have occurred that, on the basis of recent findings in model animals, are expected to be polygenic and
regulatory in nature. Comparative genomics, population genetics, gene-expression analyses and medical genetics have begun to
make complementary inroads into the complex genetic architecture of human evolution.

What is a man,
If his chief good and market of his time
Be but to sleep and feed? a beast, no more.
Sure, he that made us with such large discourse,
Looking before and after, gave us not
That capability and god-like reason
To fust in us unused.

W. Shakespeare, Hamlet IV:iv

W
hat makes modern humans different from the great
apes and earlier hominids? In what hominids and
when in evolution did important physical traits and
behaviours appear? Where in our larger brains do
human-specific capabilities reside? These have been

long-standing questions in palaeoanthropology and comparative
anatomy, since the discovery of Neanderthal skulls and the first
studies of great apes in the nineteenth century. Now, the mystery of
human origins is expanding beyond the description and history of
human traits, towards the genetic mechanisms underlying their
formation and evolution. With the characterization of the human
genome, and that of our chimpanzee cousin on the way, the quest to
discover the genetic basis of the physical and behavioural traits that
distinguish us from other apes is rapidly gaining momentum.

Genomes diverge as a function of time, and most of the sequence
changes that accumulate between any two related species are selec-
tively neutral or nearly neutral in that they do not contribute to
functional or phenotypic differences. The great challenge is to
elucidate the number, identity and functions of genes, and the specific
changes within them, that have shaped the evolution of traits. This
has been accomplished for only a few traits in model systems, so it is a
difficult task for human features about which we know little, and an
enormous prospect to consider the whole arc of human evolution.

In this article, I will examine both the physical and genetic scope
of human evolution and the approaches being used to try to
understand it. I will first review the current state of our under-
standing of human evolution from the viewpoint of the fossil
record, comparative anatomy and development. These disciplines
point to many key traits to be considered, and define the magnitude
and nature of evolutionary change in the human lineage. I will
preview the picture of human evolution that we might expect to
emerge in view of our current knowledge of the genetic architecture
of trait evolution in model systems. I will then examine the variety of
methods being used on a genome-wide scale and at the level of
individual loci to identify genes that may have contributed to the
evolution of key traits. I will discuss some of the crucial methodo-
logical challenges in distinguishing causative from potentially large

numbers of candidate loci. Finally, I will address some of the
disciplines in which future advances are likely to have a central
role in furthering our knowledge of the genetic and developmental
basis of human evolution.

Hominid evolution
The hominid tree

To approach the origins of human traits at the genetic level, it is
essential to have as a framework a history of our lineage and the
characters that distinguish it. It is inadequate and misleading to
consider just the comparative anatomy and development (or
genomes) of extant humans, chimpanzees and other apes, and
then to attempt to infer how existing differences might be encoded
and realized. Each of these species has an independent lineage that
reaches back as far or further than hominins (‘hominins’ refers to
humans and our evolutionary ancestors back to the separation of
the human and ape lineages; ‘hominids’ to humans and the African
apes) (Fig. 1). The evolution of ‘modern’ traits was not a linear,
additive process, and ideas about the tempo, pattern and magnitude
of change can only be tested through fossil evidence, which is always
subject to revision by new finds. The fossil record continues to shape
views of three crucial issues in hominid evolution. First, what
distinguishes hominins from the apes? Second, what distinguishes
modern humans (Homo sapiens) from earlier hominins? And third,
what was the nature of the last common ancestor of hominins and
the Pan lineage?

Inferences about the chronological order and magnitude of the
evolution of hominin characters depend on a model of the hominin
evolutionary tree. This has always been a contentious issue and
remains unsettled, in part because of the pace of exciting new fossil
finds over the past two decades. An emerging view portrays
hominin evolution as a series of adaptive radiations in which
many different branches of the hominin lineage were formed, but
died out1,2 (Fig. 1). One prediction of this model is that various
anatomical features would be found in different combinations in
hominins through their independent acquisition, modification and
loss in different species. For example, the recent, stunning discovery
of a 6–7 million year (Myr)-old fossil cranium of Sahelanthropus
tchadensis that had a chimpanzee-sized brain but hominin-like
facial and dental features3 is the sort of morphology that would
be consistent with a radiation of ape-like animals from which the
stem of the hominin lineage emerged (although the interpretation
of this fossil’s affinities is controversial4).

What makes a human?

Evolutionary trends in fossil hominins. Ideally, if every possible
fossil human and ape species were identified and many fairly
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complete specimens were available, one could reconstruct the
emergence of human and chimpanzee features through time. But
that is not the case for most lineages; in fact, there are no identified
archaic chimpanzee fossils. We must make do with a partial and
often confusing picture of human trait evolution. From a rather
extensive list of qualitative and quantitative features that distinguish
humans from other apes5,6 (Box 1), our large brain, bipedalism,
small canine teeth, language and advanced tool-making capabili-
ties7,8 have been the focus of palaeoanthropology. The major
physical traits are generally not singular elements, but entail con-
comitant changes in skeletal features involved in locomotion (for
example, in the vertebral column, pelvis and feet, and in limb
proportions), grasping (hand morphology and an opposable,

elongated thumb) and chewing of food (the mandible and denti-
tion), as well as life-history traits such as lifespan. It is fortunate that
most of the skeletal features lend themselves to detailed quantitative
studies of the fossil record.

Some trends in the evolution of body size, brain size and
dentition are evident within the hominins. More recent species
are characterized by larger body mass, relatively larger brains, longer
legs relative to the trunk and small teeth, whereas earlier species had,
in general, smaller brains and bodies (Table 1), shorter legs relative
to the trunk and large teeth7,9,10. I highlight these traits to focus
attention on the magnitude and timescale of character evolution,
and on the (increasing) number of generally recognized hominin
taxa. Whatever the branching pattern in the hominin tree, sub-

Figure 1 The timescale and phylogeny of hominids. Ape relationships are shown in

grey for the chimpanzee (Pan troglodytes), bonobo (P. paniscus), gorilla and orangutan

(Pongo pygmaeus). The approximate times of divergence are derived from molecular

data (summarized in ref. 89). The phylogenetic relationships among hominins (shaded)

are uncertain. The solid red bars denote the time span of the fossil species and/or the

uncertainty of fossil ages. The identity of the last common ancestor of chimpanzees and

humans (LCA) is not known. Note that the estimated age of Sahelanthropus tchadensis

predates molecular estimates of the time of the chimpanzee–human divergence. This

species could pre- or postdate the LCA. Also note that Homo sapiens represent only the

last 3% of the time span of hominin evolution. Hominin distributions and nomenclature

are based primarily on refs 1, 90.
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stantial relative changes occurred over an extended time span and a
significant number of speciation events. There was a marked
increase in absolute brain size by the Early Pleistocene and again
in the Middle Pleistocene, with a long interval of perhaps 1 Myr
during which brain size did not change significantly9,11 (Table 1).
With regard to modern H. sapiens, it is interesting to note that body
and brain size were even greater in H. neanderthalensis; there is no
obvious physical explanation for the success of H. sapiens and the
demise of H. neanderthalensis11.
A beautiful mind: insights from comparative neuroanatomy. The
relative increase in brain size, although marked, is only a crude
index of a potential increase in cognitive abilities. Because it has long
been appreciated that there are discrete areas of the brain that
process various cognitive, motor and sensory functions, compara-
tive neuroanatomists have sought to identify areas that might be
central to the evolution of human capacities. There is a long-
standing notion that the frontal cortex (involved in planning,
organization, personality, behaviour and other ‘higher’ cognitive
functions) is disproportionately larger in humans12, but this now
seems not to be the case (it is larger, but not disproportionately
so13). As gross anatomical differences do not account for cognitive
capabilities, relative differences in the size, cellular composition,
detailed cytoarchitecture and/or connectivity of human and great
ape brain areas have been sought to explain the emergence of
human capabilities.

Of paramount interest is the production and understanding of
speech. Two areas in particular have commanded the greatest
attention. One is Broca’s area in the frontal lobe of the neocortex
(Fig. 2). This region is larger in the left hemisphere of the brain than
in the right, an asymmetry that has been correlated with language
ability. From magnetic resonance images of chimpanzees, bonobos
and gorillas, a similar left–right asymmetry has been found in these
great apes14 (Fig. 2). This indicates that the neuroanatomical
substrate of left-hemisphere dominance in speech production
preceded the origin of hominins. The left hemisphere also usually
controls right-handedness, so it is interesting to note that in captive
apes, manual gestures are right-hand biased, and this bias is
increased when vocalization is combined with gesturing15, indicating
a left-hemisphere-controlled communication process.

A second area of interest is Wernicke’s posterior receptive
language area in the temporal lobe (Fig. 2). A site within this
area, the planum temporale, is implicated in human communi-
cation (both spoken and gestural) and musical talent, and also
shows a left-hemisphere dominance. In most humans, the Sylvian
fissure associated with the left planum temporale extends more
posteriorly. Evidence for this asymmetry has been found in fossil

endocasts in H. habilis, H. erectus and H. neanderthalensis16. More
importantly, an asymmetrical planum temporale pattern has
recently been demonstrated in chimpanzees17,18 (Fig. 2).

Several hypotheses have been forwarded to explain the presence
of these two human-communication-associated neuroanatomical
landmarks in great apes14,17. Although it is possible that they arose
and acquired their functions independently in each lineage, the
most parsimonious explanation is that the common ancestor of
great apes and humans had asymmetrical centres that were involved
in communication, and that these structures underwent indepen-
dent evolutionary modifications in chimpanzees and hominins. If
this is the case, then the challenge to comparative neuroanatomy is
to identify more subtle differences in suborganization (that is,
‘microanatomy’) that affect the interconnections of cortical regions,
in local circuitry and/or cytoarchitecture19,20 that might be unique
to human brains. Recently, it has been found that the dimensions of
the vertical columns of neurons in the cortex, known as ‘mini-
columns’, differ between humans and chimpanzees in the planum
temporale21. In addition, area 10 of the prefrontal cortex, which is
involved in higher cognitive functions, has been shown to be
enlarged and specialized in humans relative to apes22. These obser-
vations suggest that human capacities are more a product of
quantitative changes in specialized areas than of neuroanatomical
novelties.

Development of hominid features

The morphological differences between modern humans, earlier
hominins and the great apes are, of course, the product of changes
during development. Comparative studies of human and chimpan-
zee skull development23, remarkably detailed examinations of
Neanderthal craniofacial ontogeny22,24–26, and early hominin denti-
tion formation27 have yielded crucial insights into a variety of
developmental shifts that underlie modern human cranial size
and morphology.

One of the long-appreciated, fundamental differences in chim-
panzee and human development is the relative rate of skull growth
and maturation. Human neonates have less mature skulls in terms
of shape in comparison to young chimpanzees, but much larger
skulls (and brains)23,28. These are classically described as hetero-
chronic changes, which produce neotenic features in which matu-
ration is retarded, size increases and shape resembles juvenile forms
of ancestors29. Chimpanzee and human skulls eventually grow to the
same size, reflecting further relative shifts in juvenile and adolescent
growth periods, and marked differences in face size and cerebral
volume. Importantly, all of the skeletal changes associated with
bipedalism are structural innovations independent of neoteny.
These observations suggest that the human brain is not a product
of simple shifts in growth relationships, but of multiple, indepen-
dent and superimposed modifications.

Box 1
Selected traits that distinguish humans from other apes5–7

Body shape and thorax
Cranial properties (brain case and face)
Relative brain size
Relative limb length
Long ontogeny and lifespan
Small canine teeth
Skull balanced upright on vertebral column
Reduced hair cover
Elongated thumb and shortened fingers
Dimensions of the pelvis
Presence of a chin
S-shaped spine
Language
Advanced tool making
Brain topology

Table 1 Evolution of brain and body size in hominids

Species Estimated age1,3,7,86–88 Body size7 Brain size3,7

(Myr ago) (kg) (cm3)
.....................................................................................................................................................................

Homo sapiens 0–0.2 53 1,355
H. neanderthalensis 0.03–0.25 76 1,512
H. heidelbergensis 0.3–1 62 1,198
H. erectus 0.2–1.9 57 1,016
H. ergaster 1.5–1.9 58 854
H. rudolfensis 1.8–2.4 - 752
H. habilis 1.6–2.3 34 552
Paranthropus boisei 1.2–2.2 44 510
Australopithecus africanus 2.6–3 36 457
Au. afarensis 3–3.6 - -
Au. anamensis 3.5–4.1 - -
Ardipithecis ramidus kadabba 5.2–5.8 - -
Sahelanthropus tchadensis 6–7 - ,320–380
.....................................................................................................................................................................

This list does not include all recognized species.
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With respect to more recent hominin species, modern human
craniofacial form appears to have been shaped by changes in
elements that influence the spatial position of the face, neurocra-
nium and cranial base. Modern humans are marked by greater
roundedness of the cranial vault and facial retraction (the antero-
posterior position of the face relative to the cranial base and
neurocranium)25. Comparisons with Neanderthal skull develop-
ment inferred from fossils of different aged individuals suggest that
the characteristic cranial differences between Neanderthal and
modern human features arise early in ontogeny24,26.

Our prolonged childhood, delayed sexual maturation and long
lifespan are life-history traits that shape important aspects of
human society. Insights into the evolution of these development
shifts in evolution are offered by detailed comparative analysis of
dental development, which is correlated with stages of primate
growth and development. Rates of enamel formation in fossil
hominins suggest that tooth-formation times were shorter in
australopiths and early members of the genus Homo than they are
in modern humans27. This indicates that the modern pattern of
dental formation and correlated developmental traits appeared late
in human evolution. When considered in the context of other traits,
such as brain size and body proportions, a mosaic pattern of
evolution emerges with different traits appearing at different
times and perhaps in different combinations in hominin history30.

Was human evolution special?

The magnitude, rate and pattern of change during hominin evolu-
tion, inferred from the fossil record, comparative neuroanatomy
and embryology, provide the essential foundation for approaching
the genetics of human evolution. From the studies discussed above,
five key points emerge that have a bearing on attempts to recon-
struct the genetic events that underlie the origin and modification of
human traits.

First, trait evolution was nonlinear. The ,1,000-cm3 increase in
brain size over 5–7 Myr did not occur at the same relative rate in
hominin phylogeny: it was static at times, faster in some intervals,
and reversed slightly more recently. Second, most trait evolution can
be characterized as simple quantitative changes (that is, traits are
continuous). Third, evolutionary rates were not at all exceptional
with respect to mammalian evolution. For example, fossil horse
lineages in the late Pliocene–Pleistocene show similar rates of body-
size and other character changes as do those of hominids31. Fourth,
much evolutionary change preceded the origin of the Homo genus
and of H. sapiens: the history of our species represents just the last
3% of the time span of hominin evolution (Fig. 1). And fifth, many
characters are present not only in humans, but also in apes. This
suggests that modification of existing structures and developmental
pathways, rather than the invention of new features, underlies much
of human evolution.

These observations indicate that morphological evolution in
hominins was not special, but the product of genetic and develop-
mental changes typical of other mammals and animals.

Genetics of human evolution
Genetic architecture of trait evolution

Given the dimensions of hominin evolution, inferred from the fossil
record and comparative anatomy, what can we expect in terms of
the genetic complexity underlying trait evolution? For example,
there is a long-standing tendency for events that are perceived to be
relatively ‘rapid’ in the fossil record to be ascribed to perhaps one or
a few radical mutations32, including recent human evolution33,34.
Could the relative increase in brain size over 5 Myr, or its expanded
cognitive function, be due to just one or a few genetic changes? The
best (and, at present, the only available) guides for this question are
detailed genetic studies in model organisms, which have achieved
success in dissecting the genetics of complex trait formation,
variation and evolution. Six essential general concepts have been
established in model systems that pertain to the potential genetic
architecture of human trait evolution:
(1) Variation in continuous, quantitative traits is usually polygenic.
Studies of variation in model species35–38 reveal that many genes of
small effect, and sometimes one or a few genes of large effect, control
trait parameters. In humans, a study of variation in 20 anthropo-
metric variables in two different ethnic human populations
suggested that more than 50% of variation was polygenic39.
(2) The rate of trait evolution tells us nothing about the number of
genes involved. Studies of artificial selection35,38,40 and of inter-
specific divergence41 indicate that the intensity of selection and
heritability are more important determinants of evolutionary rate
than is the genetic complexity of the traits under selection. There is
considerable standing variation in traits, including characters that
might be thought of as highly constrained, such as limb morphology
in tetrapods42. In general, the observed rates of evolution under
natural selection are far slower than is potentially possible43,44.
Genetic variation or genetic complexity is not the limiting factor32;
indeed, considerable genetic variation underlies even phenotypi-
cally invariant traits45–48. Because the rate at which a trait emerges in
the fossil record tells us nothing about genetic architecture, the
temptation to invoke macromutational models for ‘rapid
change’33,49 must be resisted in the absence of genetic evidence.
(3) Morphological variation and divergence are associated with

Figure 2 Comparative neuroanatomy of humans and chimpanzees. Lateral views of

the left hemispheres of a modern human and a chimpanzee brain. Although the overall

skull sizes are roughly comparable, the human cranial capacity and brain are much

larger. a, Two areas of the human brain that are associated with communication are

shown: Broca’s area in the frontal lobe and Wernicke’s area, which overlaps the

posterior temporal lobe and parts of the parietal lobe. In the left hemisphere, Broca’s

area is larger, as is the planum temporale, which lies below the surface in Wernicke’s

area. b, These asymmetries have been found in corresponding regions of chimpanzee

brains15,17, suggesting that the areas in humans might be elaborations of a pre-existing

communication centre in a common ancestor of apes and humans.
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genes that regulate development. Comparisons of the developmen-
tal basis of body-pattern evolution in animals suggest that mor-
phological evolution is a product of changes in the spatiotemporal
deployment of regulatory genes and the evolution of genetic
regulatory networks50–52. Developmental changes in the human
lineage are expected to be associated with genes that affect develop-
mental parameters, such as those that encode transcription factors
and members of signal-transduction pathways.
(4) Mutations responsible for trait variation are often in non-
coding, regulatory regions. When it has been possible to localize
variation in genes that underlie phenotypic variation or protein-
level differences, insertions or substitutions in regulatory regions
and non-coding regions are often responsible53–57.
(5) Multiple nucleotide replacements often differentiate alleles.
Fine-scale analysis of quantitative trait loci has often revealed that
functional differences between alleles are due to multiple nucleotide
differences55,56. It also indicates that non-additive interactions
between sites within a locus may be key to the differentiation of
alleles, and that the contribution of any individual site may be
modest (and difficult to detect).
(6) There is some concordance between genes responsible for
intraspecific variation and interspecies divergence. Genetic analyses
of interspecies divergence is only possible under certain circum-
stances, when laboratory breeding can overcome species barriers
and traits can be mapped. In some cases, it has been found that some
of the same loci are involved in both within-species variation and
between-species divergence35,58. This raises some hope that studies
of intraspecific variation in humans could lead to genes that have
been important in human history.

Since human trait evolution has followed a similar, incremental
course as traits studied in model systems, these six concepts suggest
that we should expect a highly polygenic basis for complex traits
such as brain size, craniofacial morphology and development,
cortical speech and language areas, hand and digit morphology,
dentition and post-cranial skeletal morphology. We should also
anticipate that multiple changes in non-coding regulatory regions
and in regulatory genes are of great importance. But how can we
find them?

The arithmetic of human sequence evolution

All genetic approaches to human origins are fundamentally com-
parative, and seek to identify genetic changes that occurred specifi-
cally in the human lineage and contributed to the differentiation of
humans from our last common ancestor with either apes or other
species of Homo. Our primary comparative reference is the genome
of the chimpanzee (Pan troglodytes), our closest living relative, with
whom we share a common ancestor that lived 5–7 Myr ago. The
arithmetic that sets the problem for human evolutionary genetics is
as follows: first, the most extensive comparison of chimpanzee and
human genomic sequences indicates an average substitution level of
,1.2% in single-copy DNA59; second, the human genome com-
prises ,3 £ 109 base pairs; third, it is reasonable to assume that
one-half of the total divergence between chimpanzees and humans
occurred in the human lineage (,0.6%); and fourth, this amounts
to ,18 £ 106 base-pair changes. In addition, there are an unknown
number of gene duplications and pseudogene, transposon and
repetitive element changes in each lineage. A recent small-scale
survey indicated that insertions and deletions (indels) might
account for another 3.4% of differences between chimpanzee and
human genomes, with the bulk of that figure contributed by larger
indels60. A good deal of genomic change might be the noise of
neutral substitutions and the gain and loss of repetitive elements
over long time spans (more than 46% of human DNA is composed
of interspersed repeats), but some small fraction of the changes in
genomic sequence is responsible for the hereditary differences
between species. The crux of the challenge is how to identify specific
changes that are biologically meaningful from the many that are not.

In the case of human evolution, there are three basic genetic issues
that we would like to grasp. First, how many genes were directly
involved in the origin of human anatomy, physiology and behaviour
(a few, dozens, hundreds or thousands)? Second, which specific
genes contributed to the emergence of particular human traits? And
third, what types of change in these genes contributed to evolution
(for example, gene duplications, amino-acid replacements or regu-
latory sequence evolution)? In the few pioneering studies that are
directly addressing the genetic basis of human–chimpanzee diver-
gence, different but somewhat complementary strategies are being
pursued that are beginning to reveal the scope of human genetic
evolution and, in some cases, specific genes that might have been
under selection in the course of recent human evolution.

Comparative genomics

The most readily detected differences between animal genomes are
expansions or contractions of gene families. Although the full
chimpanzee genome is not yet available, a partial comparative
map indicates that there are regions of the human genome that
might not be represented in chimpanzees or other apes61. Such
regions could be due to duplications or insertions that occurred in
the hominin lineage or to deletions in the chimpanzee lineage. One
gene family, dubbed morpheus, underwent expansion as part of a
segmental duplication on human chromosome 16 (ref. 62). This
expansion is shared by other great apes, but it seems that there were
human lineage-specific duplications as well.

On the basis of comparisons with other genomes, particularly the
recently reported draft mouse sequence63, such lineage-specific
duplications are expected. In the 75 Myr or more since the diver-
gence of the common ancestor of mice and humans, several dozen
clusters of mouse-specific genes arose that are generally represented
by a single gene in the human genome63. The shorter divergence
time between humans and apes suggests that the human-specific
gene set will be smaller. It is interesting to note that a significant
fraction of the mouse gene clusters encode proteins with roles in
reproduction, immunity and olfaction. This indicates that sexual
selection, pathogens and ecology can shape the main differences in
coding content between mammals. It should also be noted that 80%
of mouse genes have a 1:1 orthologue in the human genome, and
that more than 99% have some homologue63. These figures and
synteny data suggest that there is a gene repertoire that is qualita-
tively nearly identical among mammals. The presence or absence of
particular gene duplicates might reflect adaptively driven change,
but further evidence will be necessary to determine whether positive
selection has acted on genes.

Thousands of adaptive changes in the human proteome?

The first place that adaptive genetic changes have been looked for is
in the coding sequences for proteins. If the 18 £ 106 substitutions in
the human lineage are evenly distributed throughout the genome,
only a small fraction will be expected to fall within coding regions.
Assuming that the average protein is ,400 amino acids in length,
and that there are ,30,000 protein-coding genes, only ,3.5 £ 107

base pairs (or a little more than 1.5% of the genome) consists of
coding regions64,65. So, assuming neutrality and ignoring the selec-
tive removal of deleterious changes in protein sequences, ,1.5% of
these 18 £ 106 substitutions (or 270,000 sites) may contribute to
protein evolution. A fraction of these (roughly one-quarter) are
synonymous substitutions, so the total number of amino-acid
replacements in the human lineage could be of the order of
,200,000. This figure is in good agreement with observed average
rates of amino-acid replacement in mammals66.

Various methods have been developed to detect whether amino-
acid replacements could be the result of positive selection—that is,
adaptive evolution67,68. To estimate the extent of positive selection in
human protein evolution, Fay et al.69 surveyed sequence-divergence
data for 182 human and Old World monkey genes, and polymorph-
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ism data for a similar number of human genes. Taking into
consideration the frequency of common polymorphisms (ignoring
rare alleles), a greater-than-expected degree of amino-acid replace-
ments was observed, which is evidence of selection. When extrapo-
lated to the entire proteome, 35% of amino-acid substitutions
between human and Old World monkeys were estimated to have
been driven by positive selection. Applied to human–chimpanzee
divergence, this would extrapolate to ,70,000 adaptive substi-
tutions in the human lineage. This figure is substantially larger
than would be expected if most mutations were neutral or nearly
neutral70. If it is even the correct order of magnitude, it forecasts a
nightmare for the identification of key genes under selection,
because this figure suggests that, on average, two or more adaptive
substitutions have occurred in every human protein in the last
5 Myr.

It is possible that the figure, based on the study of less than 0.5%
of the human proteome, is an overestimate of the fraction or
distribution of adaptive replacements. It is clear that some proteins

are under strong pressure to remain constant, whereas others,
especially those involved in so-called ‘molecular arms races’, are
under pressure to change. For example, major histocompatibility
complex proteins, which interact with diverse and changing foreign
substances, show clear signatures of selection71. Proteins involved in
reproduction that play a part in sperm competition or gamete
recognition also appear to evolve faster and under some degree of
positive selection72. A host of human male reproductive proteins
have greater-than-average ratios of amino-acid replacements73.
Although accelerated protein evolution can also be the consequence
of relaxed constraints, the correlation of higher levels of amino-acid
replacements in proteins that have a role in reproduction and
immunity seems to be biologically and selectively driven.

The population genetics- and protein-sequence-based statistical
estimates of adaptive evolution require three caveats regarding how
much they tell us about human evolution. First, there are generally
no direct functional data that either test or demonstrate whether a
human protein is indeed functionally diverged from an ape ortho-
logue. Second, the proteins for which signatures of selection have
been detected generally do not affect development. And third, the
proteome is just part of the whole picture of genome evolution.
Non-coding sequences, including transcriptional cis-regulatory
elements, the untranslated regions of messenger RNAs, and RNA-
splicing signals, contribute considerably to evolution by affecting
the time, place and level of gene expression (see above). Ever since
the pioneering comparative analysis of ape and human protein-
sequence divergence nearly three decades ago74, it has generally been
anticipated that changes in gene regulation are a more important
force than coding-sequence evolution in the morphological and
behavioural evolution of hominins.

Evolution of human gene expression

How large is the functional compartment of non-coding
sequences—the other 98% of the genome? A recent estimate
suggests that perhaps twice as much non-coding DNA is under
selection than coding DNA63. So, we would also expect a large
number of substitutions in the human lineage, of the order of
several hundred thousand, with potential functional consequences
in non-coding DNA. Even if one applies a much smaller, more
conservative estimate of the fraction of adaptive substitutions in
non-coding DNA, such as 2% (ref. 75), one still reaches a figure of
more than 10,000 adaptive substitutions in human genes and their
regulatory regions. The problem is that regulatory sequences are
more difficult to analyse: we have no algorithms that can infer
biological function from tracts of intergenic or intronic sequence,
let alone to decipher how base-pair changes affect function. It is
therefore perhaps understandable why non-coding regions have
received little attention at the level of population genetics. However,
a growing body of work in quantitative genetics and on the
evolution of development has shown that regulatory sequences
are central to changes in gene expression and morphology. New
methodologies have been required to detect the evolution of gene
expression and regulatory sequences.

A first step towards the identification of human-specific gene-
expression patterns was recently taken by Enard et al.76, who used
genome microarrays to analyse within- and between-species differ-
ences in primate gene expression. Analysis of RNA expression
profiles from the left prefrontal lobe (Brodmann area 9, which is
thought to be involved in cognitive functions) of adult male
humans, chimpanzees and an orangutan, and from the neocortex
of humans, chimpanzees and macaques, indicated an apparent
acceleration of gene-expression differences in the human brain
relative to other primates and to other tissues. Protein-expression
analyses were also consistent with the idea that relative changes in
protein-expression levels were accelerated in the evolution of the
human brain, and could be detected for ,30% of the proteins
surveyed. The concordance between RNA and protein-level data

Box 2
Selective sweeps

If a change in a gene is favoured, then selection may drive the allele
bearing that change to fixation (left and centre of the figure). In the
process, neutral variation at linked sites ‘hitchhikes’ along with the
selected site; this is known as a ‘selective sweep’. The physical limits
of the sweep depend on the strength of the linkage between selected
and adjacent sites. After a sweep, variation may again begin to build
up, and initially there will be a relatively high frequency of rare
polymorphisms (right of the figure). Tajima91 proposed a statistic (D)
that tests for selective neutrality. If the frequencies of
polymorphisms are skewed, with an excess of rare types, this gives
a negative value (neutral value ¼ 0) and can be indicative of a
recent selective sweep. Tajima’s D is sensitive to other factors apart
from selection that can also yield a negative value. A recent
expansion in population size from a relatively small population will
produce similar patterns of genetic variation and D values. In
human populations, population history (for example, drift and
expansion) and population structure (ethnicity, migration and
immigration) will affect D values at all loci, whereas selection will
affect D values at selected and linked loci. The mean D values for
437 loci range from 20.69 to 21.25, depending on sampling
methods92, indicating that population structure and history has had
an effect. These negative values underscore a challenge in human
evolutionary genetics to distinguish selective sweeps at loci from
population-based effects. The D value obtained for the human
FOXP2 locus was 22.20, the second largest negative value among
all human genes surveyed so far84. Other methods have been
developed to detect positive selection: for example, by identifying
areas of extended haplotype homozygosity81. It is important to
emphasize that all of these methodologies detect signs of recent
selection in the Homo sapiens lineage. The preceding 5–6 Myr of
hominin genetic history, a period when we know from the fossil
record that many human features arose, is not addressed by these
methods.
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indicates that regulatory changes have occurred in a substantial
fraction of genes. Indeed, a recent survey of humans heterozygous
at 13 loci revealed allelic variation in gene-expression levels at 6
loci77. Both intraspecific variations and interspecific divergence in
gene expression are probably due to substitutions in non-coding
regions that influence transcript or protein abundance through
transcriptional or post-transcriptional mechanisms. These data
further suggest that quantitative changes in gene expression should
be expected as a general feature that accompanies species diver-
gence, and that the raw material for evolutionary changes in gene
expression appears to be widely available in non-coding DNA.

The microarray experiments raise many challenges for future
progress. Specifically, how can changes that contribute to human
anatomy, physiology or behaviour be sorted out from those that
don’t? Gene-expression data are correlative, not definitive in terms
of identifying cause and effect. Many developmental and genetic
mechanisms could contribute to the overall pattern observed. For
example, a change in the composition of a tissue (for example, the
relative proportions of cell types) will be accompanied by altered
expression profiles, but many of these changes will be an indirect
consequence of a developmental change, not the cause. Similarly,
changes in levels or activities of regulatory proteins may affect
batteries of downstream genes, but again are indirect and do not
necessarily involve substitutions at the loci whose expression
changes. Therefore, different approaches have to be taken to identify
primary changes in regulatory pathways.

Candidate genes in human evolution

The ultimate goal of microarray analyses, quantitative trait genetics,
population genetics or other comparative genetic methods is the
identification of genes that are candidates for being causally
associated with phenotypic divergence. Although genome-wide,
large-scale surveys provide an overview, rigorous tests of causality
demand a gene-by-gene approach. In choosing genes to be studied
in greater detail, molecular geneticists will be opportunistic, focus-
ing on those loci for which additional information from human or
model-animal biology suggests an association with a trait of greater
evolutionary interest, such as craniodental development78. There-
fore, it is unlikely that all traits will be pursued with equal vigour or
success.

To implicate a gene in human evolution, two types of data need to
be assessed. First, functional evidence that a gene is involved in a
developmental, behavioural or physiological trait is required to
formulate hypotheses about the role of an individual gene. This may
come from analysis of human mutations at a locus (see below).
Second, the molecular evolution and population genetics of the
locus need to be analysed for evidence of natural selection. Com-
parison of orthologues from chimpanzees and other primates and
mammals, and analyses of intraspecific variation in humans, can
reveal signs of positive selection at the sequence level or of a recent
‘selective sweep’ through a locus (Box 2). Evidence of positive
selection has been found at several human loci73,79–81. Although
these might be physiologically important (for example, in immun-
ity or reproduction), most genes studied so far are not expected to
contribute to the divergence of morphological or behavioural traits.
More recently, attention has turned to candidate genes identified
from human mutations that do affect such traits.
The evolution of a gene affecting speech. Human medical genetics
has made substantial progress, and sophisticated mapping tech-
niques for polymorphisms are accelerating the characterization of
genes involved in complex traits, particularly those of medical
interest. One of the most provocative reports of late was the
identification of the gene FOXP2 (forkhead box P2), mutations of
which are associated with a speech and language disorder82. The
gene encodes a transcription factor and is therefore expected to
control the expression of other genes. The excitement surrounding
FOXP2 stems from the observation that affected individuals appear

to have not an overt impairment, but a lesion in the neural circuitry
that affects language processes62,82,83.

Is this a novel human ‘language’ gene? No, the gene is found in
other species. In fact, the human FOXP2 protein differs from the
gorilla and chimpanzee sequence at just two residues, and from the
orangutan and mouse sequences at three and four residues, respect-
ively76. This history is typical of human and other species’ genes, in
that most genes have orthologues in other mammals and animals.
However, there is the possibility that the two replacements in the
FOXP2 protein that evolved in the human lineage are of functional
significance to the origin of language.

To examine whether the FOXP2 gene has been the target of
selection during human evolution, a detailed analysis was under-
taken of nucleotide variation over a 14-kilobase (kb) subregion of
the large FOXP2 locus, of amino-acid polymorphism in a segment
of the protein, and of chimpanzee and orangutan sequences84. An
unusual excess was found of rare alleles at the human FOXP2 locus,
and of high-frequency alleles. Reduced genetic variation in neutral
linked regions is a predicted consequence of a selective sweep
(Box 2), so these observations are consistent with natural selection
acting on the FOXP2 locus. Estimates of the time of fixation of the
two amino-acid replacements place them within the last 200,000 yr
of human evolution, an intriguing correlation with the estimated
age of H. sapiens.

However, it should be noted that there are no biological data to
support the hypothesis that these amino-acid replacements are
functionally important. In the 14-kb region surveyed, more than
100 fixed differences exist; the entire FOXP2 locus is large (267 kb),
and more than 2,000 differences would be expected to exist between
the FOXP2 genes of humans and chimpanzees. No assessment has
been made of potential non-coding regulatory sequences that might
have contributed to a divergence in the role of FOXP2 in hominids.
Trait differences are often due to changes in regulatory networks
that govern development, and need not be in coding regions
(although that would be much more convenient, given just two
changes in the human FOXP2 protein). Because FOXP2 is a
transcription factor, changes in FOXP2 expression could be of
functional and evolutionary significance.

The typical genetic architecture that underlies complex traits
makes it extremely unlikely that FOXP2 was the only gene under
selection in the evolution of our language capabilities. However, we
have no means of assessing the relative contribution of FOXP2 and
other candidate genes. The encouraging lesson of FOXP2 is that
medical genetics has provided an interesting lead into a regulatory
network that affects the development of speech ability. Further
study of FOXP2 should lead, at a minimum, to a better under-
standing of the neurodevelopmental biology of speech and
language, and perhaps to more genes with interesting evolutionary
histories.

The functions of selected genes

The three genome-scale approaches highlighted here—population
genetics, comparative genomics and gene-expression profiling—
have all succeeded in finding what each sought: thousands of
potential adaptive coding substitutions, regulatory differences in
gene expression, and gene duplications and rearrangements. Each
has yielded many candidates through which to sift and, interest-
ingly, because of the different search regimens used, there is virtually
no overlap in the sets of genetic changes that have been surveyed. It
is almost certain that, as in other lineages, all of these types of
genetic mechanism have contributed to hominid evolution. The
crucial challenge now is to obtain functional data for individual
genes and to scrutinize the molecular evolution of candidates for
signatures of selection.

To place any candidate gene into a functional context of human
trait evolution, advances in primate and human developmental
neurobiology will be essential. Non-primates are limited as models
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of the development and function of primate and hominid neo-
cortex, and thus as models of the function of proteins such as
FOXP2 in the development and elaboration of neural networks.
Direct empirical work on developing primates, which faces serious
methodological constraints as well as bona fide ethical questions,
will be necessary to advance beyond associations and correlations.
Testing the functional role of what may be subtle changes in human
orthologues of primate genes, a daunting task in the most techni-
cally developed model species, will be even more difficult.

There are two immediate avenues to increasing the power of
human evolutionary genetics. First, we would increase the value of
chimpanzee–human comparative genomics by sequencing the gor-
illa genome, which is the next earliest branching ape to humans and
chimpanzees. This would help us to determine the polarity of
genetic changes by distinguishing those changes in the human
lineage from those in the chimpanzee lineage. Second, 6 £ 109

interbreeding humans is a very large resource for identifying rare
mutations (for example, in FOXP2) with subtle behavioural or
developmental effects, and for mapping genetic variation that
underlies morphological variation, both of which could lead to
genes that govern the formation of human traits and that might
have played a part in hominid evolution.

The fine print below the headlines
It is easy to foresee the media headlines that will announce the
completion of the chimpanzee genome. One aim of this article
has been to anticipate both the excitement that accomplishment
warrants and the more sobering aspects of complex trait genetics
and genome-scale evolution. Despite our enhanced understanding
of functional genetic architecture, there remains a tendency to
associate the development, function or evolution of a trait with
single genes (genes ‘for’ speech, cancer and so on). The ghost of
‘hopeful monsters’ still haunts biology and is, unfortunately, a
prevalent misconception in the scientific and general press. Perhaps
wishful thinking is also an intrinsic part of human nature, but it
seems unlikely that the traits that interest us most—bipedalism,
skeletal morphology, craniofacial morphology, brain size and
speech—were the products of selection of just a few major genes.
Just as palaeoanthropology now recognizes a complex pattern of
hominin phylogeny and the uncertainties in identifying long-
sought common ancestors, and comparative neurobiology now
searches for more subtle explanations of human capabilities, the
lessons of model-system genetics and comparative genomics should
prepare us for the finding that the genetics of hominid trait
evolution are, in fact, subtle and complicated.

I underscore this point not just for its scientific relevance, but also
because of the larger issues at stake—the meaning of the pursuit of
the material basis of human evolution. Evolutionary biology has
always faced public resistance. It has been difficult enough to gain
acceptance of fundamental ideas using humble finches or fruitflies
as examples. We can anticipate even more hostile challenges to
human evolutionary genetics. Opponents will be sure to exploit any
instances where claims or hypotheses are founded on weak or
contradictory data. Witness how the recent scrutiny of data sup-
porting the classic paradigm of industrial melanism has been
hijacked by the anti-evolution agenda85. The sequencing of the
chimpanzee genome will reveal no more directly about the origin of
human traits than the sequence of the human genome tells us about
how to construct a healthy baby. Headlines may claim more, but we
would be well advised to describe this as just the beginning of a
large, complex and profoundly important story. A
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