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Dramatic progress has been made in the past ten years in the
development of statistical and experimental techniques for
investigating features of molecular evolution. Applied to coding
regions, these techniques have produced remarkable
advances in our understanding of selection for codon usage
but, ironically, have had little impact on our understanding of
protein evolution. That may be about to change. 
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Abbreviations
cSNP SNP in a coding region
IDH isocitrate dehydrogenase
IMDH isopropylmalate dehydrogenase
MSD Mutation-Selection-Drift
NAD nicotinamide adenine dinucleotide
NADP NAD phosphate
SNP single-nucleotide polymorphism

Introduction
The preponderance of the available data for analyzing DNA
sequence evolution is from coding regions, and so with the
exponential increase in data acquisition it should not be
unreasonable to expect a corresponding expansion in our
knowledge about the evolutionary forces governing the enti-
ties they encode — proteins. Unfortunately, this expectation
is far from the truth. Comparative analysis shows that proteins
are generally conserved entities, and therefore that selective
constraint on protein function must be the dominant mode of
natural selection acting on amino acid replacement mutations.
But beyond that, progress remains slow in understanding
adaptive evolution at the molecular level, that is positive nat-
ural selection, and how it contributes to evolutionary change
in proteins. That said, several research thrusts investigate the
role of selection in driving amino acid replacement change
and there are hints at more dramatic progress to come. 

Coding regions consist of DNA triplets or codons, which
each represent a specific amino acid. Degeneracy in the
triplet code allows for synonymous substitutions, which do
not change the protein. Despite this lack of effect on pro-
tein sequence, codon usage is, in some species, highly
nonrandom and is governed by natural selection.
Substantial progress has been made in the past few years
in understanding the nature of this selection. 

This article describes several statistical and empirical
methodologies that we believe are most useful ones for

exploring evolutionary forces governing the evolution of
coding regions. On the statistical side, we make no attempt
to offer an exhaustive compendium of all available
approaches, but rather focus on ones that consistently sug-
gest interesting non-neural patterns of evolution. These
techniques are highlighted in recent work on the adaptive
basis of protein evolution and on the nature of selection
governing biased codon usage.

Selection on proteins
Two relatively simple-minded statistical techniques are
available for asking whether adaptive evolution has driven
amino acid replacements in phyletic evolution. The first is
one was promulgated by Kimura [1] soon after the advent
of DNA sequencing: positive selection for replacement
changes must be operating when the number of amino acid
replacements per site (Ka) exceed the number of synony-
mous changes (Ks) in the same protein. This is an
extremely stringent criterion for inferring the action of pos-
itive selection, as most proteins are slow-evolving (relative
to the synonymous substitution rate) despite the fact that
many may be evolving entirely by positive selection. But
with large amounts of published data there are now numer-
ous reports of proteins that conform to this criterion for
inferring selection. 

A very interesting case of rapid protein evolution comes
from the work of Wu and colleagues [2•,3,4] on proteins
related to male reproduction. Wu studies the genetics of
male sterility in Drosophila species hybrids — a common
phenomenon known as Haldane’s Rule. They have
mapped many genes contributing to this sterility and have
even cloned one of them ([2•]; more about this ‘speciation’
gene later). The rapid evolution of male sterility (in
hybrids) and the large number of genes involved, led them
to hypothesize that the proteins encoding these genes
should also be evolving rapidly, possibly driven by sexual
selection. This apparently is the case, not only in the fruit-
fly [3–5] but also for the mammalian sex determining
protein SRY [6] and many other male reproductive pro-
teins in the human lineage [7].

Another useful application of the Ka > Ks test is in the
study of newly evolving genes. It has long been known
that there can be a speed-up in the rate of amino-acid
substitution following the origination of a novel gene
through gene duplication [8,9]. For novel genes that
arose sufficiently recently, this acceleration can be dra-
matic and can be shown to be significant by this test [10].
Odysseus, a Drosophila ‘speciation’ gene, has, upon
cloning and sequencing, turned out to be a newly
evolved homeobox gene with an extraordinary rate of
amino acid substitution — even in the homeobox portion
of the protein [2•].
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The second technique for detecting accelerated protein
evolution is the McDonald-Kreitman test, which compares
ratios of replacement : synonymous polymorphisms within
species to that between species [11]. This test is potential-
ly more powerful than the Ka > Ks test but is not without
it’s pitfalls (for example, difficulty in interpreting a signifi-
cant departure from the null hypothesis — neutrality).
This simple test has been widely applied and there is a
large list of genes whose polymorphism and divergence
depart from neutrality in the direction expected under an
alternative model of adaptive evolution. One biologically
interesting example is the G6pd gene in Drosophila
melanogaster and D. simulans, which shows a 10-fold relative
excess of replacement changes between species according
to this test, and which is likely to be an example of rapid
adaptive evolution of a gene in two species that have
undergone dramatic range expansions [12].

This test has also revealed many instances of significantly
non-neutral patterns of polymorphism and divergence that
are the inverse of that expected for adaptive evolution. In
these departures from neutrality, there is a relative excess
of amino acid polymorphism compared to divergence. This
phenomenon has been most extensively studied by
Nachman and by Rand, who have shown that this pattern
is common in the mitochondrial genes of rodents and pri-
mates [13–15], as well as many other species [16••,17••].
They each propose that a substantial number of deleteri-
ous amino acid mutations in mitochondrial proteins
contribute to polymorphism within a species but rarely
become fixed and contribute to divergence. 

There is recent evidence in support of mutation-selection
balance for nuclear genes as well, and the evidence has
come from one of the first reports of human coding region
polymorphism based on large-scale single-nucleotide poly-
morphism (SNP) hunts [18••]. In a survey of 106 coding
regions and averaging 114 independent alleles per gene,
these authors identified 392 cSNPs (SNPs in a coding
region). Most interestingly, amino acid replacement poly-
morphisms were skewed to lower frequencies than
synonymous polymorphisms, a strong indication that these
replacement polymorphisms are, on average, deleterious.
Perhaps this is a harbinger of things to come, as SNP sur-
veys become commonplace. More refined statistical
methods for detecting departures of observed nucleotide
frequencies from neutral expectations are possible and
these methods can have considerable statistical power to
detect even very weak selection (i.e. nearly neutral muta-
tions) [19]. But because some SNP surveys have strong
(and undocumented) ascertainment biases (for example, a
study that identifies polymorphisms only if they exceed a
certain minimum frequency in a sample) as well as sam-
pling biases, it may not be possible to use them in these
kinds of analyses. Careful attention needs to be paid to the
ascertainment bias problem if these SNP surveys are to be
used to address issues in population genetics.

The third thrust to detect selection compares rates of evo-
lution in different lineages. Ohta and Kimura [20] were the
first to show that the variance in the rate of protein evolu-
tion (for β hemoglobin and cytochrome c) exceeded that
predicted by the strictly neutral model, and this phenome-
non of an ‘overdispersed’ molecular clock has been further
documented for mammalian genes by Gillespie [21] and
Ohta [22] (see also [23]). One potential limitation of this
research thrust, however, is that it has been confined entire-
ly to mammalian gene evolution. The generality of the
overdispersed clock has been challenged by a recent study
of twenty-four Drosophila genes, which found no evidence
for an overdispersed molecular clock for replacement
changes [24•]. But all of the published estimates of the vari-
ance in rates of protein evolution are based on relatively
small numbers of genes. The advent of whole-genome
sequence comparisons of related species will undoubtedly
provide a fresh opportunity to investigate this vexing issue.
Further work on theoretical models of molecular evolution-
ary processes will be needed as well [25].

Finally, we would like to call attention to an entirely dif-
ferent approach to understanding protein adaptation that
we believe holds great promise: the integration of phylo-
genetics, site-directed mutagenesis, and knowledge of
protein structure/function [26••]. As an example of this
emerging approach, Dean and colleagues [27,28] investi-
gated an ancient evolutionary change in isocitrate
dehydrogenase (IDH) that shifted the enzyme from being
NAD-dependent to being NADP-dependent. This evolu-
tionary event, it is argued, allowed an ancestor of modern
eubacteria to utilize acetate as a carbon source, thus open-
ing up an immense new ecological niche for bacterial
exploitation. By applying their knowledge of high-resolu-
tion X-ray structures of the binary complexes of E. coli
IDH with NADP and Thermus thermophilus isopropyl-
malate dehydrogenase (IMDH) with NAD, Chen et al. [27]
identified six amino acids that together could cause a shift
in preference of IDH from NADP to NAD. Two addition-
al changes allowed the modified E. coli enzyme to function
at comparable levels to the eukaryotic NAD-dependent
enzyme. The coenzyme specificity of T. thermophilus
IMDH was also inverted by an even more spectacular feat
of molecular engineering [28]. In this manner these
authors were able to infer the sequence of ancestral IDH
and to elucidate likely changes that occurred over three
billion years ago to bring about this major adaptation!

Missing from Dean’s functional substitution analysis is any
assessment of fitness differentials of the substitutions
made to these proteins. Such estimates would be highly
environment-dependent but will nevertheless be needed
to completely flesh out this research approach. Molecular
technology has come to the rescue to allow recent progress
on this front. The use of classical genetic techniques to
produce stocks for fitness comparison make it very difficult
to be assured of having lines that differ only at the locus
of interest and not anywhere else in the genome. The
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time-honored approach to deal with this problem has been
either to randomize genetic backgrounds or to introduce
the alleles of interest into a common genetic background
by repeated backcrossing. Neither approach has been
entirely satisfying. Genetic engineering, of course, now
allows transgenes to be introduced into a standardized
genetic background and, in some species, these introduc-
tions can be location-specific. In Drosophila this is not
practical in most situations but to overcome this limitation
Siegal and Hartl [29] have developed a method of trans-
gene coplacement, which allows comparisons of transgenes
in the same position of the genome. 

Fitness analysis between alleles can now be made in truly
identical genetic backgrounds, but one largely insurmount-
able problem remains: natural selection in the wild is at least
several orders of magnitude more sensitive than the most
sensitive experimental measurements of fitness in laboratory
populations (even E. coli chemostats). So, this approach will
only be useful for investigating mutations with large fitness
effects and it will not allow investigation of small selection
differentials, which at the end of the day may be the domi-
nant form of selection governing molecular evolution.

Selection on codon usage 
Synonymous mutations were initially assumed to be effec-
tively neutral [30,31] but it was apparent upon compilation
of the first coding region sequences that the different syn-
onymous codons were not used equally. Codon bias shares
several features across taxa: genes that are expressed at
high levels tend to use a more restricted set of synonymous
codons (preferred or major codons), although this set can
differ between organisms [32]; preferred codons corre-
spond to the most abundant tRNA for each amino acid
(relative tRNA abundance) [33]; the local chromosomal
base composition (variable mutational biases across the
genome) can influence codon bias, but the magnitude of

its influence varies considerably; and there is a negative
relationship between the extent of codon bias (taking into
account mutational tendencies) and the rate of synony-
mous substitutions [34,35]. 

The relationships between gene expression, relative tRNA
abundance, and degree of codon bias is generally
explained by selection acting at the level of translation
efficiency, both for translational speed and/or accuracy
[36–38]. It has also been attributed to conflicting selection
pressures associated with ribosome assembly and transla-
tion initiation [39], to mRNA stability and structure
[40,41••], and to context dependent nucleotide prefer-
ences [42,43]. Natural selection on synonymous mutations
has been invoked for a multitude of nuclear genomes,
including bacteria, yeast, Drosophila, nematode, plants, and
also for the chloroplast genome [44]. In mammals, howev-
er, evidence for codon selection remains equivocal [45]. 

Kimura [46] argued that nonrandom codon usage supported
the neutral theory by invoking purifying (or negative) rather
than positive selection. Li [47] and Bulmer [37] proposed a
Mutation-Selection-Drift (MSD) model to better account
for the data, which features selection coefficients on syn-
onymous mutations (s) that are very small and close to the
reciprocal of the effective population size (Ne; Ne s . 1),
deleterious and advantageous effects for preferred and
unpreferred codons, and variable mutational biases. 

Akashi [48] applied a modification of the McDonald-
Kreitman test to prove that unpreferred synonymous
mutations (those changing a preferred codon to a synony-
mous unpreferred codon) in Drosophila are under different
evolutionary constraints than preferred mutations [11]. He
showed that unpreferred mutations exhibit a higher ratio
of polymorphism to divergence than preferred mutations,
and segregate in the population at a lower frequency
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Figure 1

A graph showing the relationship between the
estimated recombination rate, and the codon
bias (Nc, an inverse measure of synonymous
codon usage bias) for four different coding
region length ranges in D. melanogaster
(from [55••]).



[48,49]. The application of population genetics theory
under the MSD model [50] has allowed selection coeffi-
cients against unpreferred codons to be estimated,
expressed as multiples of the effective population size
(Ne). Based on the ratio of polymorphism to divergence in
Drosophila, Akashi [48] estimated Ne s . –2.3 in D. simulans
and Ne s <–1 for D. melanogaster. Using polymorphism data,
Hartl et al. [51] estimated in E. coli Ne s . –0.82 (based on
only two genes), a value close to that estimated when the
proportion of preferred codons present in a gene is taken
into account (Ne s . –0.54).

Population genetics models of selection that take into
account the non-independence of linked mutations predict
a positive correlation between the effectiveness of selection
on a mutation and the recombination rate [52,53]. Taking
advantage of the fact that recombination rates in
D. melanogaster genome vary by at least two orders of magni-
tude, Kliman and Hey [54] were able to show that codon
bias in genes located in regions of very low recombination
rates is lower than those in other regions. Comeron et al.
[55••] (see Figure 1) further refined this result by showing
that there is a correlation between recombination and codon
bias across the whole range of recombination rates, but that
this correlation is only detected when genes with different
length are analyzed separately. Thus, both the length of the
coding region and the recombination rate modulate codon
bias in Drosophila. Indeed, in Drosophila there is negative
correlation between gene length and codon bias [55••,56••],
as well as a positive relationship between gene length and
the rate of synonymous substitution [57].

These observations in Drosophila are congruent with
stronger selection on synonymous mutation in short genes
than long genes, and two possible causes have been pro-
posed [55••]: the functional effect of individual unpreferred
mutations decreases with the number of codons of a gene,
and interference among selected mutations increases with
gene length, making it harder for codon bias to evolve in
long genes.

Similar effects of gene length on codon bias have been also
detected in Caenorhabditis elegans, Arabidopsis thaliana, and
Saccharomyces cerevisiae [56••,58]. A different pattern is seen
in E. coli, however, in which gene length might be opti-
mized in highly expressed genes and a strong component
of selection on synonymous mutations acting at the level of
translational accuracy has been proposed [56••,59].

Conclusions
The genome-sequence era will undoubtedly spark a fresh
attack on classical problems in evolutionary genetics, and
the issue of whether protein variation is mutation-selection
driven is at the top of that list. One of the most satisfying
aspects of the recent work on codon usage is the realization
that statistical techniques developed to analyze sequence
variation and evolution are indeed powerful enough to
reveal the most subtle selection possible — nearly neutral

mutations. Codon preference, however, applies to every
gene in a genome, whereas the evolution of each amino
acid and each protein is highly context-dependent. The
new millennium will tell whether massive amounts of evo-
lutionary data will overcome inherent limitations in the
evolutionary analysis of proteins.
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