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dN/dS�1. Although models can be con-
structed in which strong stabilizing selection
on particular amino acids has a marked
effect on the volatility index, there is no evi-
dence that the volatility index captures much
information regarding positive selection.
Realistic models of positive selection will
predict an increased rate of substitution both
in and out of codons with high volatility.

What then explains the results of Plotkin
et al.1, in which the volatility index correlates
with the rate of amino-acid substitution in
comparative data and with the amount of
expression? Non-random codon usage is
common in most organisms, particularly in
bacteria and yeast3–7, and may be caused by
selection for optimal codon usage and affected
by variation in the nucleotide composition
and other factors. In bacteria, the strength of
codon-usage bias is correlated with the
amount of expression3–5 and with the extent
of amino-acid substitution6,7; this may be
because highly expressed genes tend to be
more conserved at the amino-acid level and
have more codon-usage bias than genes with
low expression. The degree of amino-acid
substitution might also correlate with local
nucleotide frequencies because regions that
differ in this respect could have different
rates and patterns of mutation.

To investigate the extent to which the
volatility index is sensitive to local nucleotide
content, we took advantage of the fact that
only codons with sixfold degeneracy or with
stop codons as neighbours can contribute to
the volatility index. Using all other codons
we obtained independent estimates of the
nucleotide frequencies. We also calculated a
P value for a one-tailed test of increase in the
frequency of a particular nucleotide by using
the methodology of Plotkin et al.1, but calcu-
lated only for codons that do not contribute
to the volatility index.

Applying this approach to the Plasmodium
falciparum data analysed by Plotkin et al.1,
the correlation coefficient between the log P
value of the volatility index and the log P
value associated with the percentage of
thymine is 0.29. Variation in third-position
nucleotide content is one of the factors
explaining the distribution of volatility-
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index-related P values in P. falciparum.
Correlation of the volatility index with the
amount of amino-acid substitution could be
caused by the presence of covariates such as
nucleotide frequencies, selection for optimal
codon usage bias and/or expression levels.

The results of Plotkin et al.1 might also be
explained by variation in the amino-acid 
frequencies among genes. If the true evolu-
tionary model is not time-reversible, these
frequencies should influence codon usage
and the volatility P value. Indeed, many of
the amino-acid frequencies show correla-
tion with the volatility P values calculated by
Plotkin et al.1. For example, the correlation
coefficient between the frequency of gluta-
mine and the log volatility P values is �0.32.
All codons for glutamine have the same
volatility, but this amino acid is one muta-
tional step away from arginine and leucine,
which both affect the volatility index. The
volatility index in models that are not time-
reversible can therefore be affected by stabi-
lizing selection on particular amino acids,
because such selection affects the amino-
acid frequency. But whether the volatility
index correlates positively or negatively with
such selection depends on which amino acid
is the target of selection. Positive selection
that increases the rate of amino-acid substi-
tution does not have the same impact on the
volatility index.

We argue that the volatility index cannot
be applied to detect positive selection as it is
under greater influence from other factors,
such as amino-acid and nucleotide frequen-
cies. However, the results of Plotkin et al.1

should spur efforts to identify the causes of
non-random codon usage in bacteria and
other organisms.
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Evolutionary genomics

Detecting selection
needs comparative data

Positive selection at the molecular level
is usually indicated by an increase in
the ratio of non-synonymous to syn-

onymous substitutions (dN/dS) in compar-
ative data. However, Plotkin et al.1 describe
a new method for detecting positive selec-
tion based on a single nucleotide sequence.
We show here that this method is particu-
larly sensitive to assumptions regarding the
underlying mutational processes and does
not provide a reliable way to identify posi-
tive selection.

Plotkin et al.1 use a measure for detecting
selection known as the volatility index,
whereby a codon with high volatility is more
likely to have arisen by a non-synonymous
mutation than a codon with low volatility;
so, for high dN/dS, there should be more
codons of high volatility. Positive selection
should be detectable simply by examining
the volatility index in a single sequence.

However, this argument is flawed because
high rates of non-synonymous mutation
will increase the rate of substitution both
into and out of codons with high volatility.In
models in which the substitution process is
reversible over time, these two factors will
cancel each other out, and variations in the
strength of selection at the amino-acid level
do not affect the expected volatility.
Although most models used in studies of
molecular evolution are time-reversible2, the
true substitution process probably is not,
because of the specifics of the mutational
and population-level processes.

To examine the effect of the substitution
model on the volatility index, we simulated
random-substitution models in which the
rate of substitution between different
nucleotides was sampled from a uniform
random variable between zero and one. For
these models, we then calculated the equilib-
rium frequencies of the 61 sense codons in a
Markov chain model that resulted from sim-
ulations having varying synonymous and
non-synonymous substitution rates. Based
on the equilibrium frequencies, we could
then calculate the expected value of the
volatility index.

Our results indicate that the volatility
index can be either an increasing or a
decreasing function of dN/dS,or have a min-
imum or maximum at an intermediate value
of this ratio (Fig. 1). We also find that the
dN/dS ratio only marginally affects the
volatility index — particularly for values of
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Figure 1 Expected value of the volatility index, as defined by

Plotkin et al.1, as a function of the dN/dS ratio for 20 random-

substitution models.

Evolutionary genomics

Codon volatility does 
not detect selection

Plotkin et al.1 introduce a method to
detect selection that is based on an
index called codon volatility and that



uses only the sequence of a single genome,
claiming that this method is applicable to a
large range of sequenced organisms1.
Volatility for a given codon is the ratio of
non-synonymous codons to all sense
codons accessible by one point mutation.
The significance of each gene’s volatility is
assessed by comparison with a simulated
distribution of 106 synonymous versions of
each gene, with synonymous codons drawn
randomly from average genome frequen-
cies. Here we re-examine their method and
data and find that codon volatility does not
detect selection, and that, even if it did, the
genomes of Mycobacterium tuberculosis and
Plasmodium falciparum, as well as those of
most sequenced organisms, do not meet the
assumptions necessary for application of
their method.

Because of codon table regularity,16 of 20
codon families have the same volatility for
each synonymous codon. The authors’ asser-
tion that there are 22 codons that have at least
one synonym with a different volatility1

obscures the fact that these 22 codons 
represent only four amino acids: the four-
fold-degenerate glycine codons and the six-
fold-degenerate arginine, leucine and serine
codons. Therefore, even if the method were

valid, volatility neglects any selection acting
on the remaining codons.Figure 1 shows that
the volatility P values of Plotkin et al.1, which
are purported to detect selection,are largely a
measure of the codon usage of serine, with
smaller contributions from glycine, arginine
and leucine.A codon-usage index dominated
by a single family is not generally useful for
studying codon bias, much less selection —
unless the genic signature of natural selection
is merely serine-codon usage.

The theoretical basis of the method of
Plotkin et al.1 is unclear: either it depends 
critically on the only theoretical justification
offered by the authors, a model by van
Nimwegen et al.2, or it is unfounded. Assum-
ing the null model is that of Nimwegen et al., it
requires that all synonymous codons are of
equal fitness, that all members of a family are
mutually accessible by a path of neutral muta-
tion,and that the product of the effective pop-
ulation size and mutation rate, Ne�, is much
greater than one. But these requirements are
respectively violated in that selection for
codon usage in highly expressed genes is com-
mon3; the twofold-degenerate serine codons
cannot access the fourfold-degenerate codons
without passing through a non-synonymous
intermediate; and most sequenced genomes
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have an estimated Ne���1 (ref. 4). Specifi-
cally, Ne� for pathogens is constrained by
repeated bottlenecks caused by transmission.
In fact, the highest estimated Ne� values for
both P. falciparum and M. tuberculosis are of
the order of 10�3 or less5,6.

In Table 1 of Plotkin et al.1, the authors
present ten genes (including five of putative
function, not identified as such, and one
hypothetical protein) that they say show the
most significant volatility P values and that
therefore “show the strongest signs of posi-
tive selection”, although they ignore 27 other
genes (see their supplementary informa-
tion) with P values indistinguishable from
those in their table. These include a putative
cell-cycle control protein, histone deacety-
lase, and DNA-directed RNA polymerase —
highly conserved genes not expected to show
signs of recent positive selection. Further-
more, genes encoding transfer RNA and
ribosomal RNA are included in their analysis
and assigned volatility P values, although
these genes do not have codons.

The reality at present is that the commu-
nity must continue to rely on other methods
to detect natural selection.
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Figure 1 Volatility P value plotted against volatility deviation. For each gene in the Plasmodium falciparum genome, the relationship

between the volatility P values of Plotkin et al.1, which reportedly consider all codon contributions, and the difference between the

observed volatility contributions for given codons and the volatility contributions expected by their genome average frequency is shown.

Serine is the only amino acid for which the tails of the statistic are significantly associated with extremes in the P value. This analysis was

repeated for each gene in the Mycobacterium tuberculosis genome (data not shown). a, Arginine; b, leucine; c, glycine; d, serine; e, all

other families, excluding arginine, leucine, glycine and serine; and f, all 20 families.

Plotkin et al. reply — The criticisms of our
results1 by Hahn et al.2, Nielsen and
Hubisz3, and Chen, Emerson and Martin4

fall into three categories: the formal justifi-
cation for our method, the potential for
confounding factors, and the interpretation
of our empirical results.

In response to assertions2,4 that we do not
formally discuss why codon volatility should
reflect selection pressures on proteins, our
method is grounded in the standard multi-
allele model of population genetics5,6. Hahn
et al. note that assigning an allele lower 
fitness will deterministically lower its fre-
quency in a population2, but this fundamen-
tally misunderstands why volatility reflects
selection: even if all synonymous codons for
an amino acid are assigned equal fitness,
selection at the amino-acid level willbias the
relative frequencies of synonymous codons.

Consider, for example,a site under nega-
tive selection for arginine. Assigning equal
fitness to arginine codons and lower fitness
to all other codons, the multi-allele model5

indicates that a less volatile arginine


