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Searching the Genome for Our Adaptations

EUGENE E. HARRIS

The current genomic revolution represents a turning point in our understanding
of human evolution. For the first time, we are able to begin to investigate human
evolutionary adaptations by comparing our entire genome with the genomes of
other animal species with which we are related by descent. We are also able to
begin fully investigating the genetic differences within and among human popu-
lations to understand exactly how human populations have evolved and adapted

over time.

One principal aim of biological an-
thropology and human evolutionary
genetics is to develop a full under-
standing of human genetic adapta-
tions. Our species has acquired
genetic adaptations at two levels. At
the first level are adaptations that
are common to all human individuals,
which we can call species-wide adap-
tations. Such adaptations evolved
along our lineage after we diverged
from the lineage that led to chimpan-
zees and before our species differenti-
ated into geographic populations
(Fig. 1). At the second level are adap-
tations that arose as our species dif-
ferentiated into geographic popula-
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tions and adapted to local environ-
mental conditions. These are referred
to as population-level adaptations. At
both levels, the process of genetic ad-
aptation happened via the same evo-
lutionary mechanism of positive
selection. In this process, an advanta-
geous DNA variant is driven to higher
frequencies in a population because
of the increased reproductive fitness it
confers on individuals bearing the
variant compared to individuals that
do not bear the variant. An important
consequence of this process is the tell-
tale footprint or signature left in the
genomic region surrounding the
selected variant."? For researchers,
the accurate recognition of a signa-
ture of positive selection provides a
crucial clue for understanding exactly
what our adaptations are and their
genetic basis. One aim of this paper is
to describe methods employed to find
evidence of positive selection in com-
parisons of DNA sequences between
species and between individuals
within species.

Until recently, our ability to dissect
the nature of human adaptations has
been limited because the needed
level and magnitude of data have
been wanting. However, within the
past five years or so, this has all
changed. A once rather dry terrain is
now inundated with DNA data of
two major types. The DNA sequence
of the full genomes of humans,
chimpanzees, and rhesus macaques,
as well as the mouse and rat, are

available to researchers and are ideal
for examining species-wide adapta-
tions. In addition, endeavors such as
the International HapMap and Perle-
gen Sciences projects (see glossary)
are genotyping single nucleotide
polymorphisms (SNPs) within and
among different human populations
on a genome-wide scale, providing
the data necessary to examine popu-
lation-level adaptations. In the near
future, we can look forward to com-
parative analyses of the complete
genomes of different human individ-
uals, an approach called population
genomics. Already, analyses have
compared complete coding regions
obtained for 20 European Americans
and 15 African Americans.>*

Studies of human adaptation using
these data have adopted one of two
general approaches. In the first
approach, called the candidate-gene
approach, specific genes or sets of
genes are scrutinized for evidence of
positive selection based on their
known or presumed function or
association with a phenotype of med-
ical or anthropological interest.
Using this approach, several human
traits such as lactase persistence, re-
sistance to vivax malaria, and bitter-
taste sensation have been found to
show strong evidence of having been
positively selected (reviewed in Har-
ris and Meyer*®). Another approach,
known as the genome-scan ap-
proach, has become increasingly
popular with the availability of large-
scale datasets. This approach is
aimed at identifying the subsets of
positively selected genes (PSGs)
within our genome. In only a short
time, a relatively large number of ge-
nome-scan studies have been under-
taken. A second aim of this paper,
therefore, is to review and discuss
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Figure 1. A free representing the divergence of humans from chimpanzees and the differ-
entiation of human populations. Signatures of positive selection (numbered 1-4 and
described in Box 1) are shown according to the windows in the evolutionary past within
which they can reveal positive selection. Also shown is the divergence of Neanderthals

from the human lineage based on estimated dates.*®
gene flow, if any, occurred between early modern humans and Neanderthals.

the many exciting discoveries that
are emerging from these studies.

A central challenge faced by
researchers in all such studies is to
identify a signature of selection accu-
rately when it is present. The prob-
lem stems from the fact that factors
other than natural selection have
also shaped our genome and its vari-
ation. These factors can make it diffi-
cult to detect a signature of selection.
The persistent bugbear is the imprint
that past demography has left on our
genome. Demography can have ei-
ther of two effects: it can make a sig-
nature of selection difficult to detect
because it acts to conceal it or it can
mimic the signature of selection
itself and thereby lead to spurious
inferences of positive selection. Sev-
eral different ways have been devised
to disentangle the effects of demog-
raphy from positive selection. One
important advance is made possible
through the availability of genome-
wide data. Because of the general
problem that demography presents,

At present, it is unclear how much
45,47

a recurring theme in this paper
involves a description of how demog-
raphy can confound the detection of
positive selection. In addition, T will
discuss various approaches research-
ers have devised to help overcome
demography’s confounding effects.

POSITIVE SELECTION ALONG THE
HUMAN LINEAGE

Analytical Methods for Detecting
Selection

One way to discover adaptations
along the human lineage is to analyze
the DNA differences, or substitutions,
between chimpanzees and humans.
Such analyses typically focus on the
amino acid coding regions of genes.
DNA substitutions that accrue within
coding regions will either produce
amino-acid changes or will have no
effect in changing amino acids. The
first type of DNA substitution is called
a nonsynonymous substitution; the
second type is referred to as a synony-
mous substitution. About three-quar-

ters of the mutations that arise within
populations are nonsynonymous.’
However, most of these mutations are
deleterious and are usually quickly
removed through purifying selection.’
As a consequence of the degenerate
nature of the genetic code, only
approximately one-quarter of muta-
tions arising in a population are of the
synonymous type.5 Due to genetic
drift, these DNA mutations can even-
tually become fixed in the population.
The expected rate at which this occurs
can be estimated using the neutral
theory of molecular evolution.® As a
result, synonymous  substitutions
rather than nonsynonymous substitu-
tions are expected to make up the ma-
jority of DNA differences between spe-
cies. For example, when we compare
the coding genomes of chimpanzees
and humans, using the mouse or mac-
aque as an outgroup, the rate of nonsy-
nonymous changes that became fixed
along the human lineage is estimated
to be less than 25% of the rate of syn-
onymous changes.”® This implies that
purifying selection has prevented more
than 75% of the amino-acid altering
mutations from becoming fixed along
the human lineage. This is not a sur-
prising result, however, because most
proteins play vital roles in the biology
of organisms and are therefore gener-
ally conserved through the action of
purifying selection.

The Between-Species dN/dS Test

Positive selection may be inferred
when the rate of nonsynonymous
substitutions (dN) supersedes the
rate of synonymous substitutions
(dS). This signature points to the
accelerated functional evolution of a
gene and can be detected by employ-
ing the so-called dN/dS test.® This test
estimates the ratio between dN and
dS obtained by comparing the DNA
sequences of two different species.
(Note that the test makes a correction
for the fact mentioned previously,
that synonymous mutations arise at
only a fraction of the rate at which
nonsynonymous mutations arise.”)
There are three possibilities: dN/dS =
1, indicating no selection or neutral-
ity; dN/dS < 1, indicating purifying
selection, or selection against delete-
rious amino acid changes (expected
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Glossary
dN—the number of nonsynony- International HapMap Project McDonald-Kreitman (MK)
mous substitutions per nonsynony- (http://www.hapmap.org/)—an in- test—comparison of the ratio

mous site (also the nonsynonymous
substitution rate).

dS—the number of synonymous
substitutions per synonymous site
(also the synonymous substitution
rate).

dN/dS ratio—the ratio of nonsy-
nonymous substitutions per nonsy-
nonymous site to synonymous sub-
stitutions per synonymous site (or
the ratio of the nonsynonymous
substitution rate to the synonymous
substitution rate).

Haplotype—a copy of DNA that
bears a unique set of linked DNA
variants.

Hitchhiking—the  phenomenon
whereby neutral variants occurring
on the same chromosome as advan-
tageous variants are driven to higher
frequency by positive selection along
with the advantageous variant.

ternational effort to identify the
genetic differences in the form of sin-
gle nucleotide polymorphisms (SNPs)
across the entire human genome by
screening four different populations:
Yoruban, Japanese, Chinese, and Eu-
ropean. To date, 3.1 million SNPs
have been genotyped.”®

Perlegen Science SNP Project
(http://lwww.perlegen.com)—a pro-
ject that has genotyped more than
1.58 million SNPs in 23 African
Americans, 24 Han Chinese, and 24
European Americans. The SNPs
were initially discovered through a
genome-chip array-based method
on a subset of individuals from dif-
ferent geographic origins.””

Single nucleotide polymor-
phism (SNP)—a DNA difference
between different individuals at a
single nucleotide position.

between the number of nonsynony-
mous to synonymous substitutions
between two species to the ratio
between the number of nonsynony-
mous to synonymous polymor-
phisms within a species.

Positive selection—selection that
drives an advantageous variant to
higher frequencies within a popula-
tion.'®

Purifying selection—selection against
deleterious mutations arising in a
population (also called negative
selection).

Selective sweep—the phenom-
enon whereby genetic variation is
eliminated at neutral sites linked
to a selectively favored variant as
that variant is driven to higher
frequencies by positive selection
(Fig. 2).

for important functional genes); and
dN/dS > 1, often interpreted as indi-
cating positive selection.

The dN/dS test has been widely
applied as a means to detect positive
selection. An oft-cited advantage of
the dN/dS test is that it is robust to
past demographic fluctuations. The
reason is that both nonsynonymous
and synonymous substitutions are
drawn from the same genomic
region and both substitutions are
assumed to have been equally
affected by past demographic events.
Therefore, demographic effects will
be canceled out in the ratio.'
Another commonly cited advantage
of the dN/dS test is that, being based
directly on the functional differences
between DNA sequences, it has the
potential to reveal the site or sites
under positive selection. That said,
the test is restrictive in a sense
because it can only detect selection
within amino-acid coding regions of
the genome; any cases of positive
selection in functionally important
noncoding regions, such as gene reg-
ulatory regions, will go undetected.

The between-species dN/dS test is
known to be conservative, meaning

that multiple nonsynonymous substi-
tutions are required within a coding
region before the test can yield signifi-
cant results. Therefore, when positive
selection acts on a “one-time basis” in
the past and produces a substitution
at a single nonsynonymous site, it is
probable that this change will go
undetected by the test. For this rea-
son, the method is best suited to
detect positive selection that acted
recurrently over extended periods of
time, producing multiple nonsynony-
mous substitutions within a gene.'!
Furthermore, the test is most effective
when it is applied to specific func-
tional regions of a gene. This is
because a gene as a whole is likely to
be under purifying selection acting to
conserve its function over evolution-
ary time. Yet, if positive selection has
been confined to a particular func-
tional domain of a protein, the signal
may go undetected if the dN/dS test is
applied over the entire gene. The test,
therefore, is most powerful when
detailed functional information about
the protein is known and when the
researcher has an a priori hypothesis
concerning where the effect of posi-
tive selection was localized.'?

The following are several examples
of human genes studied through a
candidate-gene approach where use
of the dN/dS test has been successful
at revealing positive selection. When
the test is applied to genes in the
major histocompatability (MHC) sys-
tem and genes involved in male
reproduction, large excesses of non-
synonymous substitutions over syn-
onymous substitutions are revealed,
undoubtedly pointing to the action
of positive selection. In MHC genes,
excesses are localized within binding
domains that determine antigen spec-
iﬁcity.9 In some sperm-specific genes
(PRM1, PRM2, and others), large
excesses of nonsynonymous substitu-
tions drive dN/dS ratios considerably
over 1.0 (ranging from 1.35-2.89) and
point to strong positive selection,
probably due to sperm-competition.'?
Additional examples include the
human genes encoding the candidate
sperm-receptor protein on the surface
of eggs in females (PKDREJ) and
the zonadhesion protein (ZAN) on the
heads of sperm in males. In these
examples, excesses of mnonsynony-
mous substitutions are localized
within functional domains where
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male and female gametes inter-
act.!*1> Later, I will further discuss
selection on gametes.

Genome Scans for Positively
Selected Genes (PSGs) Between
Humans and Chimpanzees

Genome-scan approaches aim to
discover genes within our genome
that have experienced positive selec-
tion. Most studies have applied the
dN/dS test or the related McDonald-
Kreitman method,'® which includes
polymorphism data, over large sets
of orthologous human and chimpan-
zee genes. Hundreds of PSGs are
usually found, but the number often
decreases considerably when statisti-
cal corrections for significance are
applied. Since the evolutionary pro-
cess is stochastic, a certain number
of genes will show test results sug-
gestive of positive selection merely
by chance.'! Such results are known
as false positives. The rate of their
occurrence can be quite high in ge-
nome-scanning studies.'” For humans
and chimpanzees, the problem partly
stems from the fact that the overall
number of nucleotide differences is
exceedingly small (1.5%), which
decreases the power of statistical
tests.'''® For example, the median
number of nonsynonymous differen-
ces per gene is two, whereas the me-
dian number of synonymous differ-
ences is three.”

The results of different scanning
studies (about five studies so
far)>710:1920 have overlapped consid-
erably in terms of the biological cate-
gories into which putative PSGs fall.
PSGs tend to be involved in functions
of immunity and pathogen-resistance,
sensory perception (olfactory and
chemosensation), reproduction (fer-
tilization and gametogenesis), and ap-
optosis. Several studies also found a
“transcription factor” category of
genes (that is, genes coding for pro-
teins involved in gene regulation)
being enriched for PSGs.>”'!° These
genes include homeotic, forkhead and
other genes involved in early develop-
ment, and could indicate that altera-
tions in gene regulation played an im-
portant role in human adaptation.

When the exact sets of putative
PSGs in humans are compared with
PSGs in chimpanzees, they fall largely
into separate functional categories.
This seems to point to unique sets of
adaptations in these two closely
related species. Furthermore, com-
paring the overall number of putative
PSGs in chimpanzees with the overall
number in humans indicates that
humans have about 50% fewer PSGs
than do chimpanzees.® This finding is
likely to be a consequence of the fact
that the effective population size for
humans has been estimated to be sev-
eral fold smaller relative to the value
estimated for chimpanzees and also
relative to the effective population
size estimated for their last common
ancestor.”® The result is not unex-
pected since the neutral theory pre-
dicts that natural selection will be rel-
atively less efficient at fixing advanta-
geous mutations in smaller rather
than larger populations because the
effects of random genetic drift are
increasingly dominant in smaller pop-
ulations.® Using the same reasoning,
the neutral model predicts that purify-
ing selection will be less efficient at
removing deleterious mutations in
populations of small size. Not unex-
pectedly, the dN/dS ratio averaged
over the coding region of the genome
is significantly greater in humans
(0.259) than in chimpanzees (0.245),
indicating that significantly fewer
nonsynonymous mutations — were
removed in human evolution than in
chimpanzee evolution.® T will return
to this point in the coda section when
I comment on the nonadaptive evolu-
tion of our genome.

Caveats of Human-Chimpanzee
Genome-Scan Studies

It is not surprising that genome-
scan studies have detected positive
selection in genes involved in immu-
nological defense, reproduction, and
apoptosis. These genes encode pro-
teins that are involved in coevolution-
ary interactions or instances of inter-
nal genomic conflict. For example,
immune defense genes are involved
in a molecular arms race between
pathogens and host cells. For the
spermatogenesis genes, the exact

cause of positive selection is
unknown, but could be related to sev-
eral factors, including competition
among sperm to be the first to fertil-
ize the egg, pathogen-driven selection
in the female reproductive tract,
selection to distort segregation, or
some other factor.'*!'® (For an in-
depth discussion of rapid evolution in
reproductive proteins, see Swanson
and Vacquier.?!) The category of apop-
tosis may also be partially related to
spermatogenesis since there is natu-
rally a high rate of apoptosis in sperm
production and there would be
intense competition to avoid destruc-
tion.'® As a consequence of such
interactions such as those described,
above, genes in these categories are
characterized by recurrent bouts of
positive selection, producing multiple
nonsynonymous substitutions and
yielding relatively high dN/dS ratios.
Thus, it is specifically recurrent posi-
tive selection that is being detected
through this method.

While studies using the dN/dS
method are best suited to detecting
recurrent positive selection, we need
to consider some important issues.
For example, just how common is
the mode of recurrent positive selec-
tion? Was recurrent positive selec-
tion responsible for producing
human  phenotypic  adaptations?
Recently, Hughes'' has raised two
quite relevant points of caution here.
One is that recurrent natural selec-
tion is likely to be rare overall and
that many phenotypic adaptations
probably result from small numbers
of nonsynonymous changes within
coding regions. The other is the pos-
sibility that important adaptive sub-
stitutions have occurred in elements
controlling gene expression (that is,
regulatory elements) and that fewer
have occurred within protein-coding
regions, a point originally raised by
King and Wilson.??

A second problem is that a high
dN/dS ratio may point to a spurious
case of positive selection. For exam-
ple, a relative increase in the rate of
nonsynonymous substitution com-
pared to synonymous substitution
can result from a scenario in which
purifying selection has been relaxed.
One example is the unusual finding
in some scanning studies that a rela-
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tively large number of human olfac-
tory-receptor genes show evidence of
positive selection.’” An alternative
explanation is that a large fraction of
these genes experienced relaxed puri-
fying selection. Interestingly, detailed
studies of the olfactory gene reper-
toire revealed that many of these
genes have become pseudogenes
(that is, nonfunctional genes).?>
Under relaxed selective constraints,
multiple nonsynonymous mutations
can reach fixation within a species
via the effects of random genetic
drift, with no role played by positive
selection. Another example may be
seen in the 25 or more genes within
the gene repertoire (TAS2R) involved
in detecting bitter substances. Some
of these genes have relatively high
dN/dS ratios in primates, but there is
disagreement about whether this is
due to positive selection or general
relaxation of purifying selection in
these genes.24_26 Nevertheless, it is
clear that two bitter-taste genes,
TAS2R38 and TAS2R16, show rela-
tively unambiguous signs of positive
selection in humans, possibly due to
selection favoring the ability to
detect certain bitter-tasting foods so
as to avoid ingesting them.?”®

INTEGRATED FUNCTIONAL
MORPHOLOGICAL
ADAPTATIONS: BIPEDALISM AND
OTHER TRAITS

How do we find the sets of genes that
underwent positive selection and pro-
duced the major morphological and
behavioral adaptations of human evo-
lution? How can we ascertain the
types of genetic changes that were re-
sponsible for these adaptations?

Many unique human adaptations
involve complex sets of functionally
interrelated morphological features.
These include bipedalism, increased
hand and finger dexterity, reduced
prognathism, reduced size of the
dentition, and development of a non-
honing canine-premolar complex
with reduced canines. Studies of
complex traits in model organisms
such as fruit flies, fish, and mice can
provide a basis for understanding
the evolution of complex features in
humans. Findings from such studies

suggest that complex traits are likely
to be polygenic and that critical
mutations underlying these traits will
probably lie within elements regulat-
ing the expression of genes, such as
transcription  factors and signal
transduction pathways, as well as
promoters and enhancers.?>2

If the complex traits of humans are
due to mutations in noncoding
regions, this raises a problem because
traditional methods for detecting
selection between species, such as the
dN/dS ratio and the McDonald-Kreit-
man test,'® are based on properties of
coding regions. These methods will

How do we find the sets
of genes that underwent
positive selection and
produced the major
morphological and
behavioral adaptations
of human evolution?
How can we ascertain
the types of genetic
changes that were
responsible for these
adaptations?

therefore be unable to detect adaptive
changes in noncoding regions. For
this reason, new analytical techni-
ques are being developed that are ap-
plicable to detecting adaptation in
noncoding regions.>*3¢

Brain Adaptations

Scanning studies using the dN/dS
test have compared large sets of genes
associated with brain and nervous
system functions and compared rates
of change between the chimpanzee
and human lineages. Initial studies
suggested that the rate of nonsynony-
mous change in these sets of genes
was, on average, significantly greater
along the human lineage than along
the chimpanzee lineage.”'38 However,
one limitation of these studies was

that the set of brain and nervous sys-
tem genes was only compared against
a limited set of genes across the ge-
nome, making it difficult to determine
if the brain genes truly represent an
unusually fast evolving set of genes.

In more recent analyses, in which
brain genes have been compared
against a more comprehensive set of
genes across the genome,>**° these
genes have been found to show no
special acceleration along the human
lineage. In fact, some studies show
that rates may have been even slower
along the human lineage than along
the chimpanzee lineage. Such an
approach highlights the necessity of
placing findings in a genome-wide
context. Furthermore, it suggests the
possibility that adaptations in the
human brain and nervous system
may have evolved less through selec-
tion on favorable amino-acid variants
and more through advantageous
mutations in elements outside the
coding portions of genes. Interest-
ingly, comparisons of gene expres-
sion profiles between human and
chimpanzee brains find extensive dif-
ferences between the two spe-
cies.*!"*? This suggests that changes
in gene regulation may indeed have
been significant in the evolution of
the human brain.

Language

Language is a major human adap-
tation marking our species’ ability to
develop complex social relationships
and culture. A study of the evolution
of the FOXP2 gene, encoding a fork-
head transcription factor, was per-
formed because mutations in this
gene are associated with defects in
the articulation of speech and cogni-
tive deficiencies in processing lan-
guage.**** The gene shows very little
change when compared across mam-
malian species, including primates,
indicating it is under strong evolu-
tionary constraint. Nevertheless, it
shows two nonsynonymous substitu-
tions on the human lineage that
occurred after our divergence from
chimpanzees, which produce two
amino acid changes in exon seven of
the gene (although a dN/dS test was
not significant). This finding leads to
the tantalizing hypothesis that the



ARTICLES

Searching the Genome for Our Adaptations 151

It may be inferred that a particular
genomic region has experienced
positive selection when that region
shows any of the following patterns
of polymorphism.

1. Reduced genetic diversity with an
excess of rare variants
e Signature can reveal positive
selection since the emer-
gence of modern humans
about 200,000 years ago.*°
The signature will appear
subsequent to a selective
sweep (Fig. 2).
e Signature can be confounded
by rapid population growth.®’
e Detected using the test statis-
tic known as Tajima’s D.%?

Box 1. Signatures of Positive Selection in DNA Polymorphism Data

2. Excess of derived variants at
high frequencies

e Signature will persist for a
shorter time than signature 1
because high-frequency var-
iants will quickly rise to 100%
frequency (Fig. 1).

e Signature can be confounded
by population subdivision and
population bottlenecks.®’

e Detected using the Fay and
Wu H test.%®

3. Large differences in the frequen-
cies of DNA variants between
populations

e Signature can indicate posi-
tive selection unique to differ-
ent populations. Informative

back to roughly 75,000 years
ago.?

e Detected using the Fsr co-
efficient applied between geo-
graphic populations.®

4. Unexpectedly long haplotypes
unbroken by recombination

e Signature will persist for only rel-
atively recent evolutionary peri-
ods on the order of the past sev-
eral tens of thousands of years.?

e Signature can be confounded
by population bottlenecks.®"

e Detected using the Long-Range
Haplotype test®® and related
approaches (for example, Voight
and coworkers®® and Tang,
Thornton, and Stoneking.®’

amino acid changes in FOXP2 are
linked to the evolutionary innovation
of human speech.

However, recent analyses have
shown that the Neanderthal FOXP2
gene also has these two amino acid
changes, indicating that the origins
of these substitutions likely predates
the divergence between Neanderthals
and modern humans, which is esti-
mated to have occurred somewhere
between 300,000 and 400,000 years
ago.” This could indicate that Nean-
derthals were capable of a form of
speech similar to that possessed by
early modern humans. Such a find-
ing would be consistent with the evi-
dence that Neanderthals had a rela-
tively complex culture, including
intricate tool-making capacity (the
Mousterian tradition), cultural tradi-
tions like ritual burials, and symbolic
representation (body adornment and
geometric representations).46 How-
ever, before this conclusion can be
made, and before we can say for cer-
tain whether FOXP2 partly underlies
human speech, more detailed
research is needed to work out the
precise functional significance of
the amino acid substitutions in the
FOXP2 gene.

Interestingly, our increasing knowl-
edge of the genome of Neander-
thals,*>*7 the extinct hominid group

most closely related to us, will allow
us to be more precise in narrowing
down the set of traits that uniquely

... our increasing
knowledge of the
genome of
Neanderthals, the
extinct hominid group
most closely related to
us, will allow us to be
more precise in
narrowing down the set
of traits that uniquely
evolved in anatomically
modern humans, such
as adaptations to
climate and diet as well
as details of brain
function, cognition, and
in behavior.

evolved in anatomically modern
humans, such as adaptations to cli-
mate and diet as well as details of

brain function, cognition, and in
behavior. Conversely, as the FOXP2
gene potentially suggests, for some
traits it will lead us to enlarge our
concept of what it meant to be a Ne-
anderthal.

SEARCHING FOR HUMAN
ADAPTATIONS AT THE
POPULATION LEVEL

Researchers can search for genetic
adaptations that have occurred since
the emergence of modern humans
(Homo sapiens sapiens) around
200,000 years ago by analyzing DNA
differences or polymorphisms among
different human individuals and
between different human popula-
tions. The various methods used for
detecting selection using polymor-
phism data can be described as indi-
rect methods because they explore the
effect that positive selection has on
neutral variants linked to an advanta-
geous variant (that is, a neutral vari-
ant found nearby on the same chro-
mosome). Therefore, these methods
have the advantage that they can be
applied to both coding and noncoding
regions, potentially revealing selec-
tion in both regions. On the other
hand, these methods have the disad-
vantage that the actual DNA variant
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1 AGGACGAATAATAAGACATA
2 AGCACCAAAMATAAGACATA,
3 AGCACGAAAAATAAGACATA
4 AGCACGAAAAATAAGACATA
5 AGGACGACTAATAAGAGATA

DMA copy 5 rises in frequency replacing all
previous DNA copies and any neutral vanants
present on these copies inibally. The remowval
of neutral variants is known as a selectve
sweep. The neutral vanant “C", linked to the
advantageous vanant, also nseés in frequency
through genetic hitchhiking

1 AGGACGACTATTAAGAGATA

In the oniginal sample, some
wvanants (in bold) are at low
frequencies, others are at
intermediate frequencies. An

advantageous vanant "G"
onginates in the DMA copy
belonging to individual 5

"

1 AGGACGACTAATAAGAGATA
2AGGACGACTAATAAGAGATA
3 AGGACGACTAATAAGAGATA
4 AGGACGACTAATAAGAGATA
5 AGGACGACTAATAAGAGATA

deems eaN29|es

After a selectve sweep, the
mutation process produces
new vanants, which intially
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Figure 2. The effects of a positive selective sweep on the variants within a set of DNA

sequences drawn from a population.

under selection is usually difficult to
pinpoint since a signature may extend
over a broad genomic region (for
example, >100,000 base pairs).

Box 1 provides short descriptions
of the four main signatures of posi-
tive selection in polymorphism data
and gives the population genetic sta-
tistics commonly used to detect
them. These signatures will be local-
ized to the region of the genome sur-
rounding the genetic change that has
been positively selected. Several
recent papers provide thorough and
accessible descriptions of signatures
of positive selection (Bamshad and
Woodingl . Sabeti and coworkers?;
Nielsen*®; and Harris and Meyer*?).
One important property of these sig-
natures is that they only endure for
limited evolutionary time spans
before they dissipate. This is because
subsequent to positive selection the
processes of mutation, recombina-
tion, and genetic drift will restore
patterns of polymorphism to neutral
levels. As a result, the various signa-
tures can only tell us about selection
within specific time frames of human
evolution (Fig. 1).

Separating the Effects of
Demography From Selection

As described previously, demo-
graphic events can potentially con-
found the signature of positive selec-
tion in polymorphism data because
past population events can leave pat-
terns in polymorphism data that are
closely similar to patterns left by
selection (Box 1). This is particularly
important since it is likely that
human evolutionary history has been
demographically complex, with pop-
ulations having experienced such
varied events as bottlenecks, range
expansions, population size
increases, subdivisions, local extinc-
tions and recolonization events.>°
Therefore, a major challenge has
been to verify that positive selection,
rather than some possible demo-
graphic process, accounts for a par-
ticular pattern of polymorphism.

Traditionally, positive selection is
inferred for a gene when the observed
level and pattern of polymorphism at
that gene are significantly different
from the pattern expected under an
evolutionary model in which selection

is not posited. Such an evolutionary
model, which serves as the null model
in tests of selection, is based on The
Neutral Model of Molecular Evolution,
first described by Motoo Kimura in
1963.° Using the neutral model,
researchers can make explicit theoreti-
cal predictions about levels and
patterns of between- and within-species
variation, then compare empirical data
with the expected pattern. A determina-
tion can then be made about whether
the observed data are or are not con-
sistent with neutrality and, if not,
whether the deviation is in the direc-
tion expected for positive selection.

However, an inference of positive
selection is not without complica-
tion. While deviations from neutral-
ity may suggest positive selection,
this interpretation is not always cor-
rect. To understand why, it is crucial
to realize that the neutral model
makes various simplifying assump-
tions about population dynamics.
(Because of these assumptions, the
neutral model is often referred to as
the neutral-equilibrium model.) Sig-
nificantly, violation of these assump-
tions can produce deviations from
neutrality that can be in the same
direction as deviations caused by pos-
itive selection. This problem can lead
to spurious inferences of selection.

What are some of the assumptions
made by the neutral model? One
assumption is that populations have
remained constant in size over evolu-
tionary time. Other assumptions are
that there has been no splitting or
combining events among different re-
gional subpopulations or groups.
However, as mentioned earlier, it is
undoubtedly true that human popula-
tion history has been extremely com-
plex that and such assumptions have
been violated. Therefore, it is widely
recognized that great care is needed
to disentangle the effects of demogra-
phy from those of selection.

Controlling for Demography
Through Whole-Genome
Analyses

At present, our knowledge of pat-
terns of polymorphism across the ge-
nome is improving through projects
such as the International HapMap
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and Perlegen Sciences projects (see
Glossary). Using genome-wide data,
researchers have taken one of two
basic approaches in attempting to
deal with the problem of demogra-
phy. One approach uses the genome
pattern of DNA polymorphism to
construct a new and human-specific
null model against which patterns
observed at specific genes can be
compared.’’ The other approach is
empirical. It orders specific regions
across the genome according to cer-
tain summary statistics that describe
patterns and levels of polymorphism
in these regions.> For example, sum-
mary statistics might include the fre-
quencies of derived variants within a
specific region (signature 2, Box 1),
or the length of haplotypes in a spe-
cific region (signature 4). The
approach then identifies regions of
the genome that fall within the tails
of the genome-wide distribution as
potential candidates for PSGs. These
genes are referred to as outlier genes.
Using this approach, researchers
have shown that some previously
claimed PSGs in the European popu-
lation, such as CCR5, the chemokine
receptor gene,>> and ASPM, the gene
associated with cerebral cortex
size,>* do, in fact, fit within the ge-
nome-distribution.>>>%®  Thus, it
appears that instead of having been
subject to positive selection in recent
human populations, the pattern at
these genes can be explained either
by neutrality or demography,®’
though debate exists. On the other
hand, a relatively high dN/dS ratio
for ASPM in comparisons between
humans and chimpanzees does indi-
cate that positive selection at this
gene occurred earlier along the
human lineage.>®

Whole-Genome Scans for
Adaptations at the Population
Level

Considering the short time that the
needed data have been available, a
considerable number of studies have
already scanned the genome in
search of PSGs.!®31:5259-6% GQeyeral
common themes emerge from these
studies. For example, the functional
categories of immunity and pathogen

defense, olfaction, reproduction and
chemosensation are found in many,
but not all,®' as being enriched for
genes with signals of positive selec-
tion in human populations. Since
these categories overlap with the cat-
egories found in genome compari-
sons with the chimpanzee, as
described earlier, this finding seems
to indicate that selection pressures
were continuous over time, at least
for genes with these functions. In
fact, genes in these categories appear
to have undergone positive selection
throughout mammalian evolution.®®
New categories to emerge in scans of
human populations include genes
involved in vitamin and co-enzyme
transport and in the metabolism of
lipids and carbohydrates.®! Selection
on these genes may point to shifts to
new diets as human populations
moved into new environments.
Another category specific to popu-
lation scans includes multiple genes
associated with pigmentation that
bear strong signatures of selection,
especially in European populations.
Some of these genes, including
SLC24A5, SLC45A2, MATP, and
OCA2, have previously been identi-
fied in candidate-gene studies.®®®’
This not only further supports the
concept that skin color is a trait
influenced by multiple genes, but
also gives researchers confidence
that scanning methods can identify
signatures initially detected in single-
gene studies. One newly detected
PSG (DCT) shows a strong signature
of positive selection that is not found
in Europeans and is, in fact, re-
stricted to the Chinese.®® (Certain
variants in DCT in mice are known
to produce lightness of coat colora-
tion.®®) Interestingly, scans restricted
to pigmentation genes have found lit-
tle or no evidence of shared signa-
tures of selection between Asians
and Europeans.®® This finding chal-
lenges the assumption that non-Afri-
can populations, both Asian and Eu-
ropean, owe their lighter skin color
to a common genetic basis and
instead appears to support the hy-

pothesis that similarities in skin
color between the populations
68,69

evolved through convergence.
Another finding in several scan-
ning studies is that non-African pop-

ulations have greater numbers of
PSGs than do African popula-
tions.>'>?7%72  This finding could
indicate that positive selection played
larger roles in human groups as they
colonized new environments after
leaving Africa. Conversely, some
studies, for example, by Voight and
coworkers®® and Kelley and col-
leagues,> found equivalent or
greater numbers of PSGs in Africans
as compared to non-Africans. There-
fore, it is possible that findings of
fewer PSGs in Africans are due to
some biasing factor. For example, it
may be that signatures of selection
are harder to detect in Africans than
in non-Africans due to differences in
their demographic histories. Carlson
and coworkers® suggested that
because non-Africans apparently
experienced a recent bottleneck as
they left Africa, their frequency spec-
trum of polymorphisms is shifted to-
ward intermediate-frequency var-
iants. This shift would make it easier
to detect PSGs because such genes
show shifts in the frequency spec-
trum toward low-frequency variants.
Another bias may stem from the fact
that several studies analyzed African-
American populations rather than
pure Africans.”®> Admixture may
weaken the signature of positive
selection. Interestingly, Voight and
colleagues,®® who found greater
numbers of PSGs in Africans, based
their analysis on the nonadmixed
Yoruban samples of the Interna-
tional HapMap project. We can
expect to better understand this issue
in the future through increased sam-
pling of nonadmixed Africans and
increased control for differences in
demography.

An additional finding in scanning
studies is that signatures can cover
large genomic regions (for example,
>100,000 bases) within which multi-
ple genes may be found. Identifying
which genes have been positively
selected is one of the challenges of
these studies. Signatures of positive
selection may also be encountered in
regions in which no genes are
known.'”%®3 The functional basis
for these signatures remains unclear.
However, it is conceivable that some
fraction of these signatures is due to
positive  selection on regulatory
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regions positioned far away from the
genes they influence (for example,
trans-acting regulatory elements).
Currently, only a modest degree of
overlap exists among different popu-
lation-level scanning studies in terms
of PSGs identified. Roughly, only
about one-third or less of the genes
identified in one study were also
identified in another study.!” Never-
theless, genes showing strong signa-
tures in one study frequently are also
identified in other studies. Also,
genes shown in candidate studies to
have experienced positive selection,
such as Duffy (vivax malaria), LCT
(lactase persistence), HBB, and MHC
genes frequently stand out in ge-
nome scans and are clear outliers in
an empirical genome distribution.?
Nevertheless, the considerable differ-
ences in results could stem from sev-
eral factors, such as low power of
the particular tests employed,® the
stochastic nature of the neutral evo-
lutionary process,'” or the fact that
most studies scan the genome using
only a single summary statistic. For
example, studies might assess only
the relative sizes of haplotypes (sig-
nature 4 above) or the frequency-
spectrum of DNA variants (signature
1 above). It is known that different
summary statistics are better at
detecting positive selection of differ-
ent types and at different times. For
example, scans for reduced diversity
and an excess of rare variants (signa-
ture 1) are better able to detect com-
pleted selective sweeps that occurred
deeper in the evolutionary past. In
contrast, scans for long haplotypes
(signature 4) are better at detecting
incomplete or partial selective
sweeps occurring more recently in
evolution. Therefore, to some degree,
results from different studies are
complementary to each other.

LOOKING AHEAD

There is concern about whether
methodological approaches relying
on multiple recurrent nonsynony-
mous changes within coding regions
are able to detect the genetic basis of
phenotypic  adaptations.  Several
examples suffice to show that large
effects on phenotype can be pro-
duced by one or a few amino acid

changes. For example, marked pig-
mentation differences within the
Rock pocket mouse (Chaetodipus
intermedius)™ and the Beach mouse
(Peromyscus polionatus),” are pro-
duced by one or several amino acid
mutations in the MICR gene. For
humans, examples include the thick
or thin hair phenotype difference
between Asians and non-Asians and
the dry or wet earwax phenotype dif-
ference between Asians and non-
Asians, which result from single cod-
ing polymorphisms in, respectively,
the EDAR76 and ABCC11 genes.”®"’

There is concern about
whether methodological
approaches relying on
multiple recurrent
nonsynonymous
changes within coding
regions are able to
detect the genetic basis
of phenotypic
adaptations. Several
examples suffice to
show that large effects
on phenotype can be
produced by one or a
few amino acid
changes.

These examples support the idea that
one or a few amino acid changes can
have large effects (Nei’s’® major gene
effect model).

There is also the general question of
whether regulatory and coding
changes are more important as the
basis of phenotypic adaptations. In
1975, King and Wilson?? proposed
that regulatory changes were likely to
be more important in explaining the
adaptive differences between chim-
panzees and humans. This issue,
though not necessarily specific to
humans and chimpanzees, has been
resurrected in the genome age and is

being debated in the context of new
molecular data. Some argue, based on
findings in model organisms, for the
fundamental importance of cis-acting
regulatory elements in producing
morphological adaptations.®!3>7°
(Cis-acting elements are sequence
motifs proximal to coding regions
that serve as activators or repressors
of gene expression). Others argue that
while present evidence seems to favor
a more important role for coding sub-
stitutions, the debate appears rather
premature.®® Even in the midst of
increased data, there are many adap-
tations we still have little or no infor-
mation about. Therefore, it is not pos-
sible to make definitive judgments on
this issue. Nevertheless, as we come
to understand better how genetic
changes interface with phenotypic di-
versity, it is likely we will find that
mutations of both types play signifi-
cant roles.”®8°

I have raised two issues regarding
phenotypic adaptation: the impor-
tance of single or several amino acid
substitutions and the importance of
regulatory versus coding changes. To
further address these issues, new
tools and methods will be needed to
discover adaptive substitutions or
variants in either coding or noncod-
ing parts of our genome. If single
or several substitutions have large
effects in producing adaptations,
then current statistical methods that
rely on multiple amino acid substitu-
tions to reject neutrality (i.e., the
dN/dS test) will be unable to detect
these adaptations. For these adapta-
tions, experimental studies that
investigate the functional effects of
particular nonsynonymous substitu-
tions will become increasingly im-
portant. Also, if many important
adaptations occur in regulatory ele-
ments, then increasing focus should
be placed on developing methods to
detect selection in these regions. In
this regard, encouraging signs are
emerging. For example, one new
approach uses a method similar in
design to methods comparing non-
syonymous to synonymous changes.
However, instead of focusing on
increased nonsynonymous change as
an indicator of adaptive evolution,
this method monitors increased
change within regulatory elements of
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genes, and compares these to synon-
ymous changes.®! Interestingly, when
the method was applied to humans
and chimpanzees, little or no evi-
dence of adaptive change was
found.®' Nevertheless, other studies
have identified sets of noncoding
regions in the genome that are pre-
sumed to have important functions
because they are conserved across
phylogenetic groups. Significantly,
some of these regions appear to have
experienced  accelerated  change
along the human lineage,**%* with
one study finding accelerated regions
to be positioned near genes associ-
ated with brain function and brain
development.?*

Differences in genomic architecture
are also likely to have produced im-
portant adaptations. One area being
investigated is differences in gene
copy number between humans and
chimpanzees and between different
individuals and human populations.
For example, it is estimated that over
6.0% of genes in our genome are not
found in the chimpanzee genome.®
These genes, which likely arose
through gene duplication, have been
found in gene families related to
brain function, development, autoim-
mune disorders, and immunity.®
Even within our species, substantial
variation in gene copy number
exists.®® These differences might be
associated with phenotypic differen-
ces among individuals and could
underlie population-level adaptations.
One example has already been found
and appears to represent an adapta-
tion to differences in diet. The gene
encoding the salivary enzyme amy-
lase, which hydrolyzes starch, shows
increased copy number in popula-
tions that have historically relied on
high-starch diets, such as European
Americans, Japanese, and Hadza. In
contrast, populations that have low-
starch diets, such as Yakut and Biaki,
have fewer copies of the gene.®¢

CODA

The emphasis on adaptive evolu-
tion in this review should not be
taken to indicate that nonadaptive
evolutionary processes such as muta-
tion, genetic drift, and recombina-
tion have not played important roles

in human evolution. (The process of
genomic drift, which produces ran-
dom fluctuations in the numbers of
genes within multi-gene families by
random duplication and deletion
events,’” can be added to these.) As
we gain a better understanding of
the details of the human genome and
variation within it, it is becoming
clear that many aspects can only be
explained by nonadaptive evolution-
ary forces.®” Humans have a long-
term effective population size esti-
mated to be relatively small (on the
order of 10,000) and, as discussed
earlier, such a small population size
would have increased the relative
influence that random genetic drift
exerted over past genetic variation in
our species. Thus, for much of our
history, the effectiveness of natural
selection (both purifying and positive
selection) has been relatively dimin-
ished. As explained earlier, this phe-
nomenon helps to explain why there
are considerably fewer PSGs in
humans than in chimpanzees, which,
over evolutionary time, had larger
effective populations. It also helps to
explain why there exists a large class
of low-frequency nonsynonymous
variants within human populations,
variants that likely contribute to
genetic disease.>*38

Importantly, the effects of non-
adaptive evolution have consequen-
ces with regard to detecting positive
selection in humans. For example,
based on principles of the nearly neu-
tral theory (a subfeature of the neu-
tral theory worked out by Ohta®® and
others), Hughes'' has described how
any reductions in population size
during human evolutionary history
(e.g., bottleneck events) since we
diverged from chimpanzees would
have led to increased fixation of non-
synonymous variants via random
genetic drift. (The effects would be
greatest for the class of nonsynony-
mous variants that are weakly delete-
rious, which, in large populations,
would normally be removed by puri-
fying selection.) The effect of this
nonadaptive process operating dur-
ing population size reductions would
be to augment the ratio of nonsynon-
ymous change relative to synony-
mous change. The effect would have
serious consequences for tests that

compare the ratio of nonsynonymous
to synonymous substitutions, partic-
ularly the McDonald-Kreitman test.
These consequences would occur
because adaptive evolution would be
inferred from test results even
though, in actuality, no adaptive evo-
lution took place. Despite this limita-
tion, it is undoubtedly true that the
process of adaptation has occurred in
our divergence from chimpanzees.
Furthermore, with the field of evolu-
tionary genetics advancing so rapidly
on all fronts, we can look forward
optimistically to new methods that
can better control for the effects of
nonadaptive evolution and help reveal
actual adaptations.
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