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Looking for Darwin in all the wrong places:
the misguided quest for positive selection
at the nucleotide sequence level
AL Hughes
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Recent years have seen an explosion of interest in evidence
for positive Darwinian selection at the molecular level. This
quest has been hampered by the use of statistical methods
that fail adequately to rule out alternative hypotheses,
particularly the relaxation of purifying selection and the
effects of population bottlenecks, during which the
effectiveness of purifying selection is reduced. A further
problem has been the assumption that positive selection will
generally involve repeated amino-acid changes to a single
protein. This model was derived from the case of the
vertebrate major histocompatibility complex (MHC), but

the MHC proteins are unusual in being involved in protein–
protein recognition and in a co-evolutionary process of
pathogens. There is no reason to suppose that repeated
amino-acid changes to a single protein are involved in
selectively advantageous phenotypes in general. Rather
adaptive phenotypes are much more likely to result from
other causes, including single amino-acid changes; deletion
or silencing of genes or changes in the pattern of gene
expression.
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Introduction
Natural selection has long been one of the central
organizing principles of biology; and in recent decades,
it has become possible to study natural selection at the
most fundamental level, that of the genome (Hughes,
1999). Evolutionary biologists typically distinguish two
main types of natural selection: (1) purifying selection,
which acts to eliminate deleterious mutations and (2)
positive (Darwinian) selection, which favors advantageous mutations. Positive selection can, in turn, be further
subdivided into directional selection, which tends toward
fixation of an advantageous allele, and balancing selection,
which maintains a polymorphism. The neutral theory of
molecular evolution (Kimura, 1983) predicts that purifying selection is ubiquitous, but that both forms of positive
selection are rare, whereas not denying the importance of
positive selection in the origin of adaptations.
By means of nucleotide sequencing, we now have
access to new kinds of evidence regarding the past and
ongoing action of natural selection. Unfortunately, the
task of deciphering this evidence has been hampered by
the widespread use of inappropriate statistical methods
and by a flawed philosophical framework, inherited
from the past, which inhibits a true understanding of the
nature and action of natural selection. The purpose of
this paper is to provide a review of the current state of
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research on natural selection at the molecular level with
emphasis on the faulty methods and unwarranted
assumptions that currently impede progress in our
understanding of evolution.
In particular, I examine the recent emphasis on
positive Darwinian selection favoring repeated aminoacid changes at a limited set of sites in a given protein.
This type of selection at the molecular level is the most
easily studied statistically, because one can make use of
comparisons between synonymous and nonsynonymous
substitutions; and there are a few well-studied examples
of this type of selection, notably the genes of the
vertebrate major histocompatibility complex (MHC;
Hughes and Nei, 1988, 1989). However, I argue that this
type of selection is likely to be very rare. Moreover,
because this type of selection occurs mainly in molecules
involved in protein–protein recognition and typically
involves a co-evolutionary process, it is unlikely to be
involved in the evolution of major morphological and
developmental adaptations.

Historical background
Neo-Darwinism
The modern concept of natural selection dates from the
Neo-Darwinian synthesis of the 1920–1930’s, when the
original insight of Darwin and Wallace was combined
with Mendelian genetics to model evolution as the
change in gene frequencies in populations. The importance of these pioneering studies to evolutionary
biology should not be minimized, but at the same
time, it is necessary to realize that there were limitations
to the original Neo-Darwinists’ understanding of the
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evolutionary process. The original Neo-Darwinists knew
nothing about the physical nature of the gene and little of
how genes actually affect phenotypic traits. Also, at that
time, there was little knowledge regarding such simple
matters as the census numbers of natural populations
and the frequency of population bottlenecks.
As a result of these gaps in knowledge, certain
unrealistic views became part and parcel of the NeoDarwinist account of natural selection, and unfortunately, many of these are still with us, at least implicitly.
The following are three major areas of misconception
among the Neo-Darwinists:
(1) It was assumed that most natural populations are
very large. Because of this assumption, when Sewall
Wright first proposed an important role for genetic
drift (that is, changes in allele frequency due to
chance effects in a finite population), his models were
dismissed as rarely applicable to the real world
(Fisher and Ford, 1950). Neo-Darwinist population
genetics relied on deterministic models that assumed
infinite population sizes; and this assumption was
justified by the claim (supported by no real evidence)
that most natural populations are very large. Dismissing the importance of genetic drift, the NeoDarwinists argued that most polymorphisms are
maintained by balancing selection. Moreover, it was
believed that any beneficial mutation, no matter how
slight the selective advantage it conferred, would
eventually reach fixation.
(2) Artificial selection on quantitative traits was taken as
a model of the evolutionary process. It was easily
shown, in agriculture or in the laboratory, that
populations of most organisms contain sufficient
additive genetic variance to obtain a response to
selection on quantitative traits, such as measures of
body size or increased yield of agriculturally valuable products such as milk in dairy cattle or grain
size in food plants. Generalizing from this experience, it was assumed that natural populations are
endowed with essentially unlimited additive genetic
variance, implying that any sort of selection imposed
by environmental changes will encounter abundant
genetic variation on which to act. Moreover, this
model was extended to evolutionary time as well as
ecological time. This way of thinking ignored the
substantial evidence from selection experiments that
the response to selection on any trait essentially
comes to a halt after a number of generations as the
genetic variance for the trait in question is depleted;
thereafter, further progress depends on the introduction of new variants either through outcrossing or
new mutations (Falconer, 1981).
(3) There was a tendency to denigrate the importance of
mutation in the evolutionary process. Darwin himself was aware of ‘sports,’ in domestic animals,
which we would call mutations. But in his later
works, Darwin dismissed the importance of ‘sports’
in the evolutionary process in favor of his bizarre,
essentially Lamarkian theory of pangenesis (Larson,
2004). According to Darwin’s theory, the environment itself caused changes to the germ plasm,
ensuring that the appropriate selectable variation
would always be present. Although the NeoDarwinists rejected the Lamarkian aspects of Darwin’s

theory, certain presuppositions lingered, the most
obvious being the assumption mentioned above that
the selectable variation in natural populations is
essentially unlimited. In addition, evolutionary biologists retained Darwin’s ‘gradualism’. Thus, it was
imagined that phenotypes change in a continuous
fashion over evolutionary time, by small almost
imperceptible increments rather than in a saltational
fashion.
The neutral theory of molecular evolution
The dawn of the molecular era in biology also saw the
first serious challenges to the Neo-Darwinist worldview,
in Motoo Kimura’s neutral theory of molecular evolution
(Kimura, 1968, 1983). Before proposing the neutral
theory, Kimura had devoted over a decade to the study
of evolutionary dynamics in finite populations, a study
for which he adapted mathematical tools (such as the
diffusion approximation) that were new to population
genetics (Kimura, 1955, 1957, 1964). In developing a
sophisticated understanding of the role of population
size in the evolutionary change of gene frequencies,
Kimura made a contribution to evolutionary biology that
is arguably second only to Darwin’s. However, many
population geneticists viewed Kimura’s work (if they
understood it at all) as a mere mathematical curiosity,
since they were wedded to the Neo-Darwinist assumption of infinite population size.
In the neutral theory, Kimura (1968) advanced the
radical hypothesis that most evolutionary changes at the
molecular level are due to the chance fixation of
selectively neutral mutations. This hypothesis stimulated
vigorous debates in the 1970s between ‘selectionists’ and
‘neutralists.’ In these debates, the selectionist camp often
seriously misunderstood Kimura’s theory and thus
aimed their rhetorical fire at straw men. Many of these
misunderstandings persist in the biological literature to
this day.
The neutral theory predicts both (1) that most
polymorphisms are selectively neutral and are maintained by genetic drift; and (2) that most changes at the
molecular level that are fixed over evolutionary time are
selectively neutral and are fixed by drift. Thus, the
neutral theory provides a conceptual framework uniting
ecological and evolutionary time frames. It is often stated
even today that the neutral theory predicts that most
mutations are selectively neutral. But this is not a
prediction of the neutral theory. The neutral theory
predicts that the majority of mutations that are fixed over
evolutionary time are selectively neutral. When the
neutral theory was first proposed, the extent of noncoding DNA in the genomes of eukaryotes was not known.
Now, given the evidence that a substantial majority of
the nucleotides in a typical mammalian genome may be
nonfunctional, we may hypothesize that most mutations
occurring in nonfunctional regions are selectively neutral. And, given the abundance of nonfunctional regions,
it follows that a majority of mutations in such genomes
are probably selectively neutral. But this is not a
consequence of the neutral theory per se.
In fact, as regard to the coding regions, the neutral
theory predicts that most mutations are not selectively
neutral. Rather, because most mutations in coding
regions are nonsynonymous (amino-acid-altering) and
Heredity
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thus disrupt protein structure, most mutations in coding
regions are selectively deleterious. One of the most
important predictions of the neutral theory is thus that
purifying selection will predominate in coding regions
(and in other functionally important regions as well).
It is by now such a truism of molecular biology that
functionally important sequences are ‘conserved’ or
‘functionally constrained’ (that is, evolve slowly), that
many biologists probably do not realize that this
generalization is a prediction of the neutral theory.
Moreover, few remember that the selectionists made
the opposite prediction; that the most functionally
important regions of proteins should evolve rapidly.
Some of the most basic techniques of bioinformatics
depend on the fact that the neutralists were right in this
case. Homology searches and sequence alignments
depend on the fact that functionally important sequences
are conserved over evolutionary time. If the selectionists
had been right, these everyday tools of modern biology
would be impossible.
Kimura’s associate, Tomoko Ohta, developed certain
aspects of the neutral theory in the so-called ‘nearly
neutral theory’ (Ohta, 1973, 1976). It is worth emphasizing that the nearly neutral theory is not an alternative
theory, competing with the neutral theory. Rather, the
nearly neutral theory is really a corollary of the neutral
theory that focuses on the issue of slightly deleterious
mutations. An important prediction of the neutral theory
is that, when the selection coefficient in favor of an
advantageous mutant or against a deleterious mutant is
less than the reciprocal of twice the effective population
size, that mutant becomes effectively neutral and is not
exposed to selection. Thus, in a species with small
effective population size, slightly deleterious mutations
can increase in frequency as a result of genetic drift. The
same would of course be true of slightly advantageous
mutations, but the latter are expected to be less common
than slightly deleterious mutations. Thus, one characteristic of a species that undergoes an extended population
bottleneck will be an increase in frequency of slightly
deleterious alleles, leading to fixation of some such
alleles. If the effective population size increases after a
population bottleneck, natural selection again becomes
efficient in removing slightly deleterious alleles.
There is evidence that such a process has occurred in
the human species, which is known to have undergone a
bottleneck (Harpending et al., 1998). The human genome
includes numerous nonsynonymous single-nucleotide
polymorphisms (SNPs) that show lower gene diversities
than either synonymous SNPs or intronic SNPs in the
same loci (Freudenberg-Hua et al., 2003; Hughes et al.,
2003; Zhao et al., 2003). The reduction in gene diversity is
particularly striking in the case of nonsynonymous
mutations that cause radical amino-acid changes
(Hughes et al., 2003). The reduced frequency of these
nonsynonymous mutations is evidence that they are
subject to ongoing purifying selection. A similar pattern
is seen at many bacterial and viral protein-coding loci
(Hughes, 2005, 2007; Hughes et al., 2007). These results
provide strong support for the nearly neutral theory and
evidence against theories that positive selection on
protein-coding genes is widespread.
As mentioned, nearly neutral mutations include
slightly advantageous as well as slightly deleterious
mutations (Ohta, 2002). Sawyer et al. (2007) argue that
Heredity

slightly advantageous mutations are likely to be as
frequent as slightly deleterious mutations, using an
argument from Fisher (1930), based on analogy with
the process of adjusting a mechanical contrivance such as
a microscope. This analogy appears reasonable if applied
to continuously varying phenotypic traits such as body
size. For example, in a population variants that increase
body size above the population mean may be roughly as
common as those that decrease body size below the
population mean, as assumed in standard models of
quantitative genetics (Falconer, 1981). But the analogy
seems less certain when applied to changes at the aminoacid sequence level. For instance, there is evidence that
the strength of selection against a given amino-acid
replacement increases as a function of the chemical
distance from the amino acid replaced (Yampolsky et al.,
2005); yet, for any amino acid, the possible replacements
causing substantial chemical dissimilarity far outnumber
those with similar chemical properties.
Testing for positive selection: the MHC example
Just as nucleotide sequence data were starting to become
available, Kimura (1977) pointed out that the neutral
theory predicts that, in protein-coding genes, the number
of synonymous nucleotide substitutions per synonymous site (dS) typically exceeds the number of nonsynonymous substitutions per nonsynonymous site (dN).
This pattern is predicted because the neutral theory
predicts that most nonsynonymous mutations are harmful to protein function and thus will tend to be
eliminated by purifying selection, whereas synonymous
mutations are much more likely to be selectively neutral
or nearly so. The fact that the vast majority of genes show
this pattern provides strong support for the neutral
theory (Li et al., 1985; Endo et al., 1996; Hughes and
Friedman, 2005; Hughes and French, 2007).
In fact, the mere comparison of dS and dN may
underestimate the extent of purifying selection on coding
sequences. Subramanian and Kumar (2006) point out
that the highly mutable CpG positions occur at a much
higher frequency in replacement sites in codons than
they do in introns. As a consequence, the intensity of
purifying selection on coding sequences is probably
greater than previously inferred.
The logic behind the comparison of dS and dN led to
another prediction: if natural selection acts to favor
repeated changes at the amino-acid level, we would
expect to see a pattern of dN4dS. This prediction has
been supported in a small number of cases. One of the
first such cases involved the genes of the vertebrate
MHC, and it is instructive to review briefly the
distinctive features of the MHC that may be unfamiliar
to many biologists.
The MHC is a multi-gene family encoding cell-surface
glycoproteins that present peptides to T cells (Klein,
1987). All jawed vertebrates possess two subfamilies of
MHC molecules known, respectively, as the class I MHC
(which present peptides to CD8 þ or cytotoxic T cells)
and the class II MHC (which present peptides to CD4 þ
or helper T cells). The class I MHC genes were the first to
be discovered, and their discovery was due to the role
that the class I molecules (also known as ‘major
transplantation antigens’) play in controlling transplant
rejection. By transplantation experiments in mice, it was
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discovered that the class I MHC loci are highly
polymorphic; and the same high level of polymorphism
was discovered in the MHC genes of humans and other
vertebrate species. This polymorphism was mysterious
because, at this time, the natural function of the MHC
genes was not known.
Zinkernagel and Doherty (1974) discovered that the
class I MHC molecules present foreign antigens to
cytotoxic T cells (CTL), thereby triggering the killing of
cells infected by intracellular pathogens. The same
authors also had data indicating that different class I
allelic products present different antigens; and this fact
suggested a mechanism to explain the maintenance of
MHC polymorphism. Doherty and Zinkernagel (1975)
argued that, in a population exposed to a variety of
pathogens, a heterozygote at class I MHC loci will have
an advantage, because the ability to present a broader
array of foreign antigens than a homozygote will confer
broader immune surveillance.
Doherty and Zinkernagel’s (1975) hypothesis was the
first to explain MHC polymorphism with reference to the
actual biological function of these molecules, but it
proved very difficult to test. The usual way of testing a
hypothesis about heterozygote advantage would be to
compare fitnesses of homozygotes and heterozygotes in
natural populations—a daunting task in the case of the
MHC. Statistical analysis of DNA sequences provided an
alternative approach. A crucial step was the availability
of the first crystal structure of a class I MHC molecule
(Bjorkman et al., 1987). This structure showed revealed
the region of the molecule (the peptide-binding region or
PBR) where peptides are bound by the class I MHC,
thereby suggesting a testable prediction: if MHC polymorphism is maintained by a form of balancing selection
that relates to peptide-binding (and therefore to disease
resistance), this selection should be focused on the
codons encoding the PBR (Hughes and Nei, 1988).
In the late 1980’s, only a few class I MHC sequences
were available to test this prediction. But even with a
small number of sequences, comparison of synonymous
and nonsynonymous substitutions provided a powerful
method of testing Doherty and Zinkernagel’s (1975)
hypothesis. Hughes and Nei (1988) reasoned that, if class
I MHC polymorphism is maintained by balancing
selection focused on the PBR, then we should observe
dN4dS in the PBR codons, whereas the rest of the gene
should show the pattern (dS4dN) seen in most proteincoding genes. This pattern is exactly what was observed
(Hughes and Nei, 1988). A similar pattern was later
observed in the case of class II MHC molecules as well
(Hughes et al., 1994).
It is worthwhile to emphasize several points in which
the MHC case differs from a number of subsequent
studies. First, in the case of the MHC, the work of
Doherty and Zinkernagel (1975) and the availability of
a crystal structure (Bjorkman et al., 1987) provided an
a priori hypothesis, based on biological reasoning,
regarding the codons upon which we expect positive
selection to be focused. This is in marked contrast with
numerous recent studies where it is claimed that positive
selection acts on a given gene or certain codons within a
given gene, but no biological hypothesis for the nature of
this selection is provided (Hughes et al., 2006).
Another important aspect of the MHC case is that the
comparison of dS and dN revealed positive selection in

this case because a limited set of codons encoding the
PBR residues have been subject over time to recurring
positive selection favoring one amino-acid change after
another (Hughes and Hughes, 1995). This occurs because
these codons are involved in a co-evolutionary process
with pathogens that exposes them to continuing
selection. However, there is no reason to suppose
that such selection—favoring continued amino-acid
change at a limited set of codons—is characteristic of
positive selection in general. Yet biologists continue
to expect that the pattern seen in the MHC is a ‘signature
of positive selection’ that will be seen in other genes
as well.

Flawed statistical approaches
Reasoning that evidence for positive selection can be
obtained from the relative numbers of synonymous and
nonsynonymous substitutions, biologists developed a
number of new tests for positive selection. Unfortunately,
the most widely used such approaches are fundamentally flawed as tests for positive selection, because they
do not effectively rule out alternative interpretations
(Hughes et al., 2006). Here, I briefly discuss the
conceptual flaws underlying some widely used methods.
The McDonald–Kreitman test
The McDonald–Kreitman (MK) test compares polymorphism and divergence at synonymous sites in a
protein-coding gene (McDonald and Kreitman, 1991).
Two species are compared, which are ideally so closely
related that ‘multiple hits’ (unobserved nucleotide
changes) are not a problem, but not so closely related
that there is a chance of shared (‘trans-species’) polymorphism at the locus under study (Graur and Li, 1991;
Whittam and Nei, 1991). The results are in the form of a
contingency table: counts of polymorphic synonymous
(Ps) and nonsynonymous (Pn) sites vs counts of
synonymous (Ds) and nonsynonymous (Dn) divergence;
that is, sites at which a change has occurred between the
two species. The test is based on the expectation that
Pn:Ps will equal Dn:Ds under conditions of strict
neutrality. This expectation can be tested by a simple
2  2 test of independence.
Several problems with the MK test have been noted.
For example, changes over time in the rate of synonymous substitution (for exapmple, through changes in
mutation rate) can cause changes in the ratio of Pn:Ps to
Dn:Ds independent of selection on amino-acid sequences
(Gerber et al., 2001). Moreover, problems may arise when,
as a result of recombination within the gene or set of
genes analyzed, all sites do not share the same evolutionary history (Shapiro et al., 2007).
A perhaps more serious problem with the MK test is
that it cannot distinguish between positive Darwinian
selection and any factor that causes purifying selection to
become relaxed or to become less efficient. For example,
the nearly neutral theory predicts that during a population bottleneck, slightly deleterious mutations may no
longer be effectively removed by purifying selection, and
thus a certain number of such mutations may drift to
fixation (Ohta, 1993; Eyre-Walker, 2002; Hughes et al.,
2006). As a result, Dn:Ds will exceed Pn:Ps. Since the MK
test compares species and bottlenecks are a frequent
occurrence in speciation, this phenomenon is likely to
Heredity
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lead to a high rate of false detection of positive selection
by this test.
McDonald and Kreitman’s (1991) original paper
applied the MK test to the alcohol dehydrogenase
(Adh) gene of Drosophila melanogaster and found greater
Dn:Ds than Pn:Ps. They considered the hypothesis that
this result might be explained by the fixation of slightly
deleterious alleles during a bottleneck, but they preferred
the hypothesis of adaptive evolution as a ‘simpler’
explanation. However, Ohta (1993) showed that Dn:Ds
is much greater in Adh of Hawaiian Drosophila than in
either the melanogaster or obscura species groups. Because
the Hawaiian species are known to have undergone
population bottlenecks in speciation (DeSalle and Templeton, 1988), this observation strongly supports the
‘nearly neutral’ hypothesis of fixation of slightly deleterious alleles during population bottlenecks, rather than
the hypothesis of positive selection (Ohta, 1993). In spite
of this result, numerous subsequent studies have been
published which have failed to consider the alternative
‘nearly neutral’ explanation of a positive result of the
MK test.
A further problem with the MK test relates to the way
that deals with polymorphism within species. The MK
test simply counts the numbers of synonymous and
nonsynonymous polymorphism sites within a species.
However, as noted by Tajima (1989), there are two
aspects to polymorphism in DNA sequence data: (1) the
mean number of pairwise difference between sequences;
and (2) the number of polymorphic (or ‘segregating’)
sites. The former will tend to be relatively high when
most polymorphisms are at intermediate frequencies,
while the latter will tend to be high when there is an
excess of rare polymorphisms. Because the MK test only
incorporates the latter aspect of within-species polymorphism (in the counts of Ps and Pn), the test is unduly
influenced by rare polymorphisms, many of which are
likely to be slightly deleterious nonsynonymous polymorphisms in the process of being eliminated by
ongoing purifying selection (Hughes et al., 2003; Hughes,
2005, 2007).
The way the MK test handles within-species polymorphism can explain some anomalous results of recent
studies using this method, results that are not easily
explained in a selectionist framework (Eyre-Walker,
2006). Several studies using the MK test show a high
level of ‘positive selection’ on between-species aminoacid differences in comparisons between D. melanogaster
and other Drosophila species (Smith and Eyre-Walker,
2002; Sawyer et al., 2007; Shapiro et al., 2007), whereas in
human–chimpanzee comparisons, a much lower proportion of genes show evidence of ‘positive selection’
(Bustamante et al., 2005; Gojobori et al., 2007).
The high rate of ‘positive selection’ detected by the MK
test in Drosophila can be explained by fixation of slightly
deleterious mutations during a bottleneck in the process
of speciation (Ohta, 1993). The level of nucleotide
diversity in D. melanogaster is at least five times as great
as that in the human species, indicating a much larger
long-term effective population size in the former than in
the latter (Li and Sadler, 1991). With an origin in SubSaharan Africa, this species was largely unaffected by
Pleistocene glaciation, a major cause of bottlenecks in
species of the North Temperate zones (Hughes and
Hughes, 2007). Given a large effective population size for
Heredity

a long time, the nearly neutral theory predicts that
slightly deleterious mutations will have a good chance of
being purged by purifying selection. Thus, the highly
effective purifying selection within D. melanogaster, by
lowering Pn, causes Dn to appear large by comparison.
The human species, by contrast, underwent a bottleneck of long duration early in the origin of modern
humans (Harpending et al., 1998). As mentioned previously, the human population shows evidence of an
excess of rare nonsynonymous polymorphisms, as
expected if many of these polymorphisms represent
slightly deleterious mutations that increased in frequency during the bottleneck and now are in the process
of being eliminated by purifying selection (Hughes et al.,
2003). Consistent with this interpretation, Bustamante
et al. (2005) reported a genome-wide Dn:Ds ratio of 0.60
in human–chimpanzee comparisons, but a Pn:Ps ratio of
0.91 within the human species. By contrast, a recent
analysis of data from D. melanogaster showed a Dn:Ds
ratio of 0.37 and a Pn:Ps ratio of 0.31 (Shapiro et al., 2007).
Thus, the explanation for the lack of evidence of ‘positive
selection’ in humans is evidently that numerous slightly
deleterious polymorphisms serve to increase the relative
value of Pn. Similar reasoning can also explain why the
MK test fails to find evidence of positive selection in
Arabidopsis thaliana (Bustamante et al., 2002). The reduced
recombination due to a mating system based on partial
self-fertilization in this plant species causes a reduced
efficiency of purifying selection against slightly deleterious mutations, resulting in a relatively high value
of Pn.
Andolfatto (2005) used a modification of the MK test in
a study that claimed evidence of positive selection on
noncoding regions in Drosophila species. In this case,
noncoding sites, rather than nonsynonymous sites, were
compared with synonymous sitesand a greater relative
abundance of divergence than of polymorphism was
reported at noncoding sites. These results may reflect
fixation of slightly deleterious mutations in certain
noncoding regions, including regulatory sequences and
micro-RNA sequences. On the other hand, the results of
this study may be simply an artifact of the greater
difficulty of aligning noncoding regions between species
than within species, leading to an overestimate of the
rate of divergence between species in noncoding regions.
Positive selection at individual codons
A number of methods make use of phylogenies to
reconstruct the pattern of nucleotide change at individual codons; according to the developers of these
methods, codons with a pattern of dN4dS can be
considered subject to positive selection (Suzuki and
Gojobori, 1999; Yang et al., 2000). One problem with these
methods is that they assume that the phylogeny is
known with 100% accuracy. This may be true in some
cases, but in the case of genes subject to positive
selection, the phylogeny is often difficult or impossible
to reconstruct. Positive selection often leads to parallel/
convergent sequence changes, as similar amino-acid
substitutions are favored in phylogenetically distant
lineages; and abundance parallel/convergent change
(‘homoplasy’) misleads phylogenetic reconstruction.
Moreover, genes subject to positive selection are often
subject to a high rate of recombination, which renders
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meaningless the very idea of a phylogeny of the gene,
since different parts of the same cistronic sequence have
different phylogenies.
The MHC genes provide a number of striking
examples of parallel/convergent amino-acid changes
(Yeager and Hughes, 1999). Parallel/convergent change
is particularly well documented in the case of experimental SIV infections in rhesus monkeys, where the same
CTL escape mutants independently occurred in virus
infecting different monkeys bearing the same class I
MHC molecules (Hughes et al., 2001). Certain loci in both
the class I and class II MHC are known for very high
levels of interallelic recombination; such recombination
includes both recombination of exons from different
alleles as well as exchange of short sequence motifs
(‘cassettes’), presumably by a gene conversion-like
mechanism (Yeager and Hughes, 1999). These examples
suggest that parallel/convergent evolution and recombination are of frequent occurrence in genes subject to
positive selection, rendering the real-world applicability
of phylogeny-based methods questionable.
Another problem with these methods is the assumption that a codon at which dN4dS must be subject to
positive selection. Given the stochastic nature of mutation, it is to be expected that dN4dS will frequently occur
at certain codons just by chance (Hughes and Friedman,
2005). In fact, when nucleotide substitutions are relatively rare, synonymous and nonsynonymous will tend
to be negatively correlated (Hughes and Friedman, 2005).
Codon-based tests for positive selection thus fail adequately to rule out alternatives to the hypothesis of
positive selection (Hughes et al., 2006). This leads to an
overly nonconservative test, particularly when likelihood
methods are used (Suzuki and Nei, 2004; Friedman and
Hughes, 2007).
A final problem with codon-based methods is that they
are applied in the absence of any a priori hypothesis. This
situation is very different from the MHC case, in which
Hughes and Nei (1988, 1989) tested a prediction of
Doherty and Zinkernagel’s (1975) hypothesis regarding
natural selection on MHC loci. The output of a study
using codon-based methods includes a list of codons
at which positive selection is alleged to operate. But
the analysis itself provides no information regarding the
biological factors that might be responsible for the
alleged selection. This situation is particularly problematic in the case of likelihood methods, which are prone
to false positives, because the set of codons at which
positive selection is said to operate is likely to include
codons at which purifying selection is relaxed and/or
codons at which synonymous substitutions are absent
simply by chance.
Positive selection or relaxation of purifying selection?
In addition to the statistical tests described above, a
number of recent studies comparing dS and dN have
assumed that positive selection is occurring if dN exceeds
dS even by a small amount. However, in such cases, it is
difficult to distinguish between, on the one hand,
positive selection and, on the other hand, relaxation of
purifying selection. For reasons described above, the MK
test and the codon-based methods also fail to distinguish
clearly between positive selection and the relaxation of
purifying selection (or population factors that render

purifying selection less efficient). Thus, we are faced
with the paradoxical situation where a large proportion
of cases in which positive selection has been claimed
may really be cases in which purifying selection either
is relaxed or has experienced a period of reduced
efficiency.
This is important because authors have frequently
used statistical evidence of positive selection to support
the argument that a specific gene has played a role in
adaptive evolution. For example, it has been claimed that
changes to the microcephalin protein in the primate
lineage have played some role in the evolution of
increased brain size of hominids (Wang and Su, 2004).
But the fact that the methods used do not clearly
differentiate positive selection from the relaxation of
purifying selection means that the same data might just
as plausibly be interpreted as evidence of a reduction in
the importance of microcephalin in the higher primates.
Relaxation of purifying selection on microcephalin in
higher primates might have occurred because changes in
the pattern of brain development in the primates have
rendered some previously important role of microcephalin no longer essential. Of course, it is not possible at the
present time to decide between these two hypotheses.
But the prevalence of a selectionist mentality and the use
of nonconservative methods places biologists in a very
undesirable position, where there are no clear-cut criteria
for deciding whether a given protein is particularly
important or particularly unimportant for a given
biological process.

An inappropriate model of selection
Even aside from the methodological problems described
above, there is a further conceptual difficulty with many
recent studies of positive selection at the molecular level;
namely, the assumption that selection will act as it does
on the PBR of MHC molecules to favor repeated aminoacid changes in a limited set of codons within a given
gene. There is no biological reason to suppose that
selection will show this pattern in molecules that are
neither involved in a co-evolutionary process nor in
protein–protein recognition.
In fact, there is good reason to believe that natural
selection favoring major phenotypic adaptations generally follows a very different pattern. For example, a
single amino-acid replacement, rather than a series of
amino-acid replacements, may often give rise to a new
phenotype that is adaptive. A striking example is
provided by a single amino-acid replacement in the
melanocortin-1 receptor that plays a major role in a
change in coat color in Florida beach mice Peromyscus
polionotus, believed to be adaptive because it enhances
concealment in the beach environment (Hoekstra et al.,
2006).
Note that comparisons of dS and dN; the MK test; and
codon-based tests would all be powerless to detect
selection in a case like that of the beach mouse, involving
a single nonsynonymous change at a single codon. But
there is reason to expect that many adaptive phenotypes
must involve single amino-acid replacements. One
reason for this expectation is that, if a phenotypic change
required a series of amino-acid replacements in a given
gene, natural selection alone could not produce it. Unless
each of the amino-acid replacements in the series is at
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least slightly advantageous, there would be no reason for
natural selection to favor the intermediate stages of such
a series.
Whole or partial gene deletions provide another
example of a kind of mutational event that may also
contribute to important phenotypic adaptations yet is not
detected by methods concentrating on synonymous and
nonsynonymous substitutions. For example, in cavefish
(genus Astyanax), different deletions that knocked out a
pigmentation gene have occurred independently in
different populations (Protas et al., 2006). Comparison
of complete genome sequences suggests that gene loss is
an important factor in evolution (Hughes and Friedman,
2004), and patterns of selective gene loss may be
responsible for many phenotypic adaptations.
Moreover, many important changes at the phenotypic
level are not caused by changes in protein sequences but
by changes in the patterns of gene expression. Examples
include the loss of eyes in cavefish (Jeffrey, 2005) and the
changes in bill morphology in Galápagos finches
(Abzhanov et al., 2004). Over three decades ago, King
and Wilson (1975) hypothesized that the major phenotypic differences between human and chimpanzee are
likely to have arisen from differences in gene expression.
This hypothesis is plausible given that a more prolonged
period of brain growth in human than in chimpanzee is
likely to underlie several of the major phenotypic
differences between the two species. Yet curiously,
numerous studies have searched for genes with accelerated rates of amino-acid replacement between human
and chimpanzee as candidates for playing a major
role in the evolution of uniquely human adaptations.
Studies that expect to find the basis for unique human
adaptations in repeated amino-acid replacements in a set
of proteins are almost certain to uncover nothing of
interest.
One might ask why an biologists have persisted in
applying the model of repeated amino-acid replacements
as a hallmark of positive selection even it is unlikely to be
applicable in most cases. One possibility is that this is a
case of what Atlan (1999) has called l’effet réverbère
(named for the proverbial drunk who searches for his
lost keys under a streetlamp, not because that is where he
lost them but because the light is better there); in other
words, researchers test for this particular type of positive
selection because of the availability of statistical methods
that will allegedly detect this type of selection. By
contrast, there are no generally applicable statistical tests
that can be used to search for adaptive evolution
involving a single nonsynonymous substitution or a
change in expression pattern. Another possibility is that
the fondness of biologists for the model of repeated
amino-acid changes represents an atavistic holdover of
‘Darwinian’ gradualism.
Whether or not phenotypic change over evolutionary
time is saltational (‘punctuated’) or gradual has been
much debated (Gould, 2002). However, it is worth
remarking that even when phenotypic change is gradual
(or at least proceeds by relatively modest saltations),
gradual accumulation of amino-acid changes in one or
more proteins will not in most cases give rise to gradual
change at the phenotypic level. Rather, the example of
beak size and shape in birds suggests that gradual
morphological change is likely to be caused by gradual
changes in the timing and level of expression of major
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developmental switch genes (Abzhanov et al., 2004; Wu
et al., 2004).
Hoekstra and Coyne (2007) have recently reviewed the
literature on the genetic basis of phenotypic adaptations
and found relatively few reported cases where changes
in cis-regulatory elements are responsible for phenotypic
changes. These authors did not discuss certain known
cases (such as that of avian bill shape Abzhanov et al.,
2004) where change in the expression pattern of a
transcription factor causes morphological change, presumably because the role of cis-regulatory elements was
not determined in these cases. On the other hand,
Hoekstra and Coyne (2007) cited 16 cases where
mutations in protein-coding genes are associated with
morphological change. Is worth noting that all but one of
these cases involved pigmentation, and 10 cases involved
independent mutations in different lineages to a single
gene: the Mc1r gene encoding the melanocortin-1
receptor. Moreover, many of the mutations to proteincoding genes involved loss of function, including loss of
phosphorylation sites (1 case) and deletions or frameshifts (5 cases). In fact, most or all of the changes to the
Mc1r gene probably involve some degree of loss of
functionality. For example, in the beach mouse case cited
above, there is evidence that the amino-acid replacement
responsible for coat color change causes reduced ligand
binding (Hoekstra et al., 2006).
In addition to examples of morphological change,
Hoekstra and Coyne (2007) list 16 cases involving plant
life history traits, altitudinal physiology, insecticide
resistance, and visual pigments. These 16 cases included
5 where loss of protein function was clearly implicated.
In all categories of phenotypic change, there were 20
cases where amino-acid replacements were implicated in
the functional change. In 14 of these 20 cases (70%), the
phenotypic change could be attributed to a single aminoacid replacement. Where there were multiple amino-acid
replacements, the role of the individual replacements in
the phenotypic change was not clear.
Thus, the survey of Hoekstra and Coyne (2007)
suggests that phenotypic changes caused by changes in
protein-coding genes often involve losses of function and
may be particularly likely to involve aspects of morphology such as pigmentation where a loss of function in one
component of a complex pathway will produce a marked
phenotypic difference. Moreover, in most cases where
amino-acid replacements are involved, the phenotypic
change can be explained by a single mutation.
Hoekstra and Coyne’s (2007) data may include a few
cases in which a series of amino-acid changes has given
rise to a new phenotype in a gradual fashion, but such
cases are most likely to involve ligand binding. For
example, there are four amino-acid changes in the
melanocortin-1 receptor that are associated with melanism in lava-dwelling pocket mice Chaetodipus intermedius,
and these amino-acid replacements probably involved in
interactions with other proteins (Nachman et al., 2003).
Consider a case where decreased binding of a given
ligand by a given receptor gives rise to a selectively
favored phenotype (such as cryptic coloration). In those
circumstances, a single amino-acid replacement causing
a slight decrease in binding would be selectively favored,
as would additional replacements further decreasing
binding. However, once binding is effectively eliminated,
no further changes will be favored. A similar process
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would occur if increased binding between a given ligand
and receptor were favored; once the appropriate degree
of binding is achieved, further amino-acid replacements
would not be favored.
Thus, selection favoring either decreased or increased
ligand binding will ordinarily result in a pattern very
unlike that seen in the PBR of MHC genes, where
repeated nonsynonymous changes are favored in the
same set of codons over a long period of time. Yet, the
latter is the type of selection that widely used tests
(including both MK and codon-based methods) are
designed to detect. We are faced with a paradoxical
situation indeed where the most commonly used
statistical methods are designed to detect a form of
selection that is almost never is of importance in context
to which the methods are applied. The fact that these
methods are overly nonconservative and fail adequately
to rule out alternative hypotheses (Hughes et al., 2006)
only aggravates the situation.
In the effort to understand the molecular basis of
adaptations, comparison of gene expression patterns is
likely to provide important insights that are lacking if we
focus on coding sequence changes alone (Khaitovich
et al., 2006). Some authors have attempted to formulate
models of neutral changes in gene expression pattern
over evolutionary time with the goal of providing a null
hypothesis against which the hypothesis of adaptive
change in gene expression might be tested (Khaitovich
et al., 2005). However, if such tests are to be done, it will
be important to consider that a sudden acceleration in
the rate of change of gene expression pattern may be
caused by the relaxation of purifying selection as well as
by positive selection (Gilad et al., 2006). Developing
statistical methods that can decide between these two
alternative hypotheses will be a formidable challenge.
Indeed, biologists need to consider whether the
statistical analysis of sequence or expression data alone
really provides an adequate test of the hypothesis of
adaptive evolution in most cases. Consider again the
example of coat color in beach mice mentioned previously. Hoekstra et al. (2006) used sequence analysis to
uncover the major mutational change underlying the
coat color change in beach mice. But, in follow-up
studies, the most straightforward way to test the
hypothesis that this change is adaptive would be to
conduct experiments in behavioral ecology, to test the
prediction that the color change reduces detection of the
mice by predators in their natural habitat. Likewise,
when the genetic basis of other possibly adaptive traits is
discovered, the next logical step will often be to conduct
appropriate biochemical, physiological or ecological
experiments to test of the hypothesis that the trait
confers a fitness advantage. Such empirical testing
provides far more convincing evidence of a trait’s
adaptive value than can any statistical argument.
The same reasoning applies in the case of gene
expression data. Given experimental evidence that
a particular change in gene expression underlies a
particular phenotype, follow-up studies should be
designed to test experimentally the hypothesis that
the phenotype in question confers an adaptive advantage
in a natural setting. Such an experimental approach
is much more likely to yield insights of value than
any statistical analysis of the patterns of variation in gene
expression.

Conclusion: does it matter?
For the past 20 years, there has been a tendency on the
part of journal editors and reviewers to assume that
every case of alleged statistical evidence for positive
selection is worthy of publication, even in the absence of
a plausible biological mechanism underlying the alleged
selection. One unintentionally beneficial effect of the
widespread use of overly nonconservative tests for
positive selection has been a saturation of the literature
with such claims. It is to be hoped that this saturation
will in turn lead editors and reviewers to question the
value of yet another statistically based claim of evidence
for positive selection divorced from any biological
mechanism.
Indeed, it is worth asking what can be learned from
the conclusion that positive selection has acted—even if
that conclusion is true—in cases where we have no
knowledge of the biological basis of that selection. In
some cases, reporting evidence of positive selection,
especially when the evidence is based on conservative
tests, may serve to stimulate further studies that will
examine the function of the gene involved and suggest
possible mechanisms for the apparent positive selection
(Hughes and French, 2007). On the other hand, it may
prove difficult to test certain claims of positive selection
that have been proposed on the basis of statistical
arguments alone. For example, a recent paper by
Mustonen and Lässig (2007) applied a model of fluctuating selection to noncoding regions of the Drosophila
genome. Even if the authors’ hypothesis is correct, it
will not be easy to reconstruct the environmental factors
that might have given rise to this kind of selection.
It has sometimes been argued that searching for
positive selection on the human genome can be justified,
because such studies yield insights into the basis of
human complex diseases (Kelley et al., 2007). The
rationale behind such an expectation is rarely clarified.
There may be a few cases where positive selection is
associated with genetic disease, but surely there is no
reason to expect a relationship to hold in general. Sicklecell anemia represents the one well-established case
where a genetic disease results from adaptive evolution.
But this is an isolated example; indeed, one might
characterize the sickle-cell gene as a very poor sort of
adaptation, since it imposes such a severe cost in the loss
of homozygotes. It seems reasonable to predict that such
costly adaptations will be few, since, were a new mutant
to arise that provides an equivalent benefit without the
high cost, it would spread quickly at the expense of the
costly adaptation.
On the other hand, there is strong evidence for the
presence of abundant slightly deleterious variants in the
human population. Given that many of these variants are
known to be subject to ongoing purifying selection, it
seems much more plausible to examine these variants as
candidates for a role in complex disease than to search
for positively selected variants (Hughes et al., 2003;
Yampolsky et al., 2005).
As regard to the infectious disease, the detection of
positive selection at the molecular level has been a
powerful tool for examining the role of host immune
recognition in shaping the evolution of pathogens (for
example, Allen et al., 2000). But the use of nonconservative methods has sometimes suggested the occurrence of
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positive selection on pathogen proteins not known
to interact with the host immune system or indeed to
play a direct role in the process of infection (for example,
Perez-Losada et al., 2005). Of course in some cases
positive selection may indeed be occurring as a result of
previously unknown processes, but there is a real danger
that the reporting of false positives will obscure our
understanding of host–pathogen interactions, overwhelming the genuine cases of immune-driven selection
in an avalanche of ill-founded claims. In our ongoing
efforts to understand the biology of major human
pathogens, the unsupported assumption that positive
selection is ubiquitous can cause real mischief, providing
a false picture of the nature of the host–parasite
interaction that can retard progress toward effective
therapies.
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