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Understanding how proteins evolve is impor-
tant for determining the molecular basis of 
adaptation, for inferring phylogenies and for 
engineering novel proteins. It has been sug-
gested that some amino acids were incorpo-
rated into the genetic code more recently than 
others1 and, after comparing pairs of closely 
related genomes, Jordan et al.2 report that 
‘recent’ amino acids are becoming more com-
mon. They argue that this process has been 
going on since the genetic code first evolved 
to encompass all 20 amino acids. Here we pro-
vide evidence that the patterns observed con-
form with standard, nearly neutral theoretical 

expectations3 and require no new explanation. 
This reinforces the need for caution in the 
interpretation of results derived from closely 
related taxa.
If all changes are neutral, then the equilib-
rium abundance of amino acids is dictated by 
mutation alone. At mutational equilibrium, 
the number of mutations causing loss of a 
given amino acid will equal the number of 
gains. But if selection skews amino-acid use, 
mutation will typically generate more of those 
amino acids that are under-represented, with 
this excess being selectively purged3. There is, 
however, a time lag between the mutational 
moderation by selection4: evidence for this can 
be found by examining the ratio of the number 
of synonymous substitutions per synonymous 
site to the number of non-synonymous substi-
tutions per non-synonymous site, dS/dN. This 
ratio increases as a function of the time since 
common ancestry between two genomes4 and 
it may explain apparently accelerated rates of 
short-term evolution5–7. Jordan et al.2 notably 
used closely related genomes for their analysis, 
so might their observed trends of gain or loss 
of amino acids simply reflect mutation before 
moderation by purifying selection3? We pro-
vide several tests of this possibility and fail to 
falsify it.
First, we compared the observed profile of 
amino-acid gain (or loss) with that expected 
under mutation alone, using nucleotide changes 
in intergenic DNA as the mutational bench-

mark. We examined three bacterial groups 
(Staphylococcus, Bacillus and Escherichia/Shig-
ella), considering one focal lineage in each case. 
We applied, through simulation, the lineage-
specific mutational profile to the respective 
codon frequencies until the appropriate non-
synonymous distance (Fig. 1, methods), and 
calculated the mean normalized gain–loss ratio 
for each amino acid. As the mutational model 
predicts, the simulated and observed patterns 
of gain and loss are similar (Fig. 1). 
The mutational model also predicts that 
gained amino acids should occur at frequencies 
below mutational equilibrium. From the inter-
genic mutations, we approximated the equilib-
rium frequency of each codon as the product 
of estimated equilibrium levels of its nucleo-
tides. As expected, gainers are underused 
(correlation between the observed normalized 
gain/loss ratio and mean per-codon deviation 
from mutational equilibrium: Staphylo coccus: 
R 0.74, P 0.00021; Bacillus: R 0.53, 
P 0.016; Escherichia: R 0.50, P 0.027). 
As the putatively new amino acids are also 
those that are underused2,8 (rank correlation 
between putative recruitment order2 and per-
codon deviation from equilibrium: Staphy-
lococcus: R 0.667, P 0.0013; Bacillus: 
R 0.46, P 0.04; Escherichia: R 0.603, 
P 0.0048), mutation alone should preferen-
tially generate the newer amino acids.
If purifying selection is moderating the 
mutation bias, gain–loss bias should decay 
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Figure 2| Relation between divergence between taxa and bias in amino-acid gain and loss.  a, The 
difference between the normalized mean gains and losses in the strongest gainers and the strongest 
losers (blue) and the average cost of each amino-acid replacement (red) as a function of the log of the 
number of non-synonymous changes in the relevant comparisons. When the comparator species are 
more divergent, there is a significant decrease in the net gain or loss (blue line: R2 0.629, P 0.0005). 
There is a significant decrease in the average cost of each amino-acid replacement as the sequences 
diverge (red line: R2 0.601, P 0.0005). b, The gain/loss profile for proline (strong loser, blue) 
and cysteine (strong gainer, red) as a function of amino-acid distance in 14 diverse taxa (data from 
Table 1 of ref. 2). The bias is strongest in those cases in which the amino-acid distance is short and 
there has been little time for purifying selection. Further details are available from the authors 
(http://www.bath.ac.uk/bio-sci/hurst.htm).

Figure 1| The observed profile of gains or losses 
per amino acid compared with that expected 
from the underlying nucleotide-level mutation 
bias and codon content. Data are from the 
focal Staphylococcus lineage; line indicates the 
principal axis regression line. Pearson product 
moment correlation: R 0.755, P 0.00012. 
For lineage Bacillus: R 0.502, P 0.023; for 
Escherichia, R 0.73, P 0.0003).
Methods. To estimate mutational profiles of the 
focal lineages, we compared intergenic sequence 
of each focal genome aligned with orthologous 
sequence from other genomes available for the 
same taxon (Staphylococcus, n 6; Bacillus, n 5; 
Escherichia coli / Shigella, n 5). Only differences 
unique to the focal lineages were considered. 
The number of each of the 12 possible nucleotide 
changes was then divided by the frequency of 
the ancestral nucleotide and normalized. In 
the simulations, we randomly picked a codon 
according to its relative frequency in the focal 
genome, and randomly picked a base in the 
codon. We then mutated this base according to 
the mutational profile frequencies. We reiterated 
until the total number of non-synonymous 
changes reached the observed number for the 
focal lineage. By comparison with the initial 
codons, we then determined the number of 
gains (g) and losses (l) of each amino acid and 
calculated the normalized bias: (g l)/(g l). 
The simulation was repeated 1,000 times.
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over time3. Using the multiple genomes for each 
of our three taxa, we compared biases with the 
degree of divergence. We computed the aver-
age normalized gain/loss ratio for consistent 
gainers (S, C, F, I and V, in single-letter amino-
acid notation) and consistent losers (A, D, G, 
P and Q), and the mean difference between 
these averages. As predicted, the magnitude of 
these biases decreases with increasing diver-
gence over time (Fig. 2a). A diminution of bias 
with time is also seen in the data of Jordan et al. 
(Fig. 2b). Note that the bias need never equal 
zero as polymorphism will always be present.
The underuse of new amino acids may reflect 
their greater expense (correlation of cost9 
with putative2 order of recruitment: R2=0.67, 
P<0.0001), as biosynthetically cheaper amino 
acids are preferred9 (correlation between devi-
ation away from mutational equilibrium per 
codon and cost of amino acid: Staphylococcus: 
R 0.61, P 0.004; Bacillus: R 0.43, 
P 0.058; Escherichia: R 0.57, P 0.008). 

Serine aside, the amino acids that are consist-
ently gained are more expensive than those 
consistently lost. And there is indeed a decrease 
in the average cost per replacement as more 
diverged sequences are compared (Fig. 2a). 
In sum, as expected under the nearly neutral 
model, mutation is biased towards the newer or 
costlier amino acids, but time-lagged fixation 
is biased towards older or cheaper amino-acid 
replacements. The expectation2 of long-term 
bias is an artefact of extrapolation from short-
term changes, and this highlights the need for 
caution in analyses of closely related taxa. A 
real bias may, however, sometimes be observed. 
When a lineage moves closer to the mutational 
equilibrium, a shift towards newer or more 
expensive amino acids is expected. Humans 
could be an example, as we may be accumu-
lating deleterious mutations owing to reduced 
population size10. 
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Hurst et al.1 and, earlier, McDonald2 confirm 
the pattern of amino-acid gain and loss that 
we report3. However, they attribute this pat-
tern to properties of the mutation-selection 
equilibrium, arguing that gainer amino acids 
are more common than losers among weakly 
deleterious, rare polymorphisms, which seg-
regate within one or both compared species 
but never reach fixation. Indeed, we all1–3 
concur that gainers are, mostly, under-repre-
sented, whereas losers are over-represented 
with respect to mutations (Table 3 of ref. 3). 
Still, we cannot agree that the effect of weak 
negative selection is a viable alternative to our 
original explanation. 
Hurst et al. show that the observed pattern 
is similar to that expected from the mutation 
process1. This is inconsistent with their own 
hypothesis in that the observed trend would be 
significantly weaker than the mutational bias 
owing to the effect of negative selection against 
deleterious mutations.
As we3 and Hurst et al.1 have shown, up 
to 30% of all substitutions contribute to the 
observed pattern for strong gainers and losers, 
even in relatively distant species at about 15% 
amino-acid divergence. Under the hypothesis 
of Hurst et al., this would require about 4.5% of 
amino-acid sites in a genome to be occupied by 
deleterious alleles contributing to gain and loss. 
This is an order of magnitude greater than the 
divergence between many analysed bacterial 

species (Table 1 of ref. 3). Therefore, the trend 
cannot be explained according to Hurst et al., 
even under the unrealistic assumptions that all 
deleterious polymorphism contributes to gain 
and loss, that all amino-acid polymorphism is 
deleterious, and that the divergence between 
bacterial species is due entirely to within-pop-
ulation polymorphism. 
Direct comparison of amino-acid polymor-
phism and divergence can clarify whether the 
presence of non-fixed amino-acid variants 
is the main cause of the observed pattern. At 
present, comprehensive single-nucleotide-
polymorphism data are available only for 
Homo sapiens. Although purifying selection 
is relaxed in humans compared with most 
other species4,5, more than 10% of human 
amino-acid alleles are deleterious5–8. Thus, the 
human data can be used to analyse the effect 
of deleterious polymorphism on the trend. 
Only 2.6% of the non-synonymous differences 
between the public human genome and the 
chimpanzee genome coincide with the dif-
ferences between the public genome and the 
Celera individual-A genome sequence. Given 
a similar polymorphism level in the chim-
panzee, about 5% of the human–chimpanzee 
divergence is expected to be due to non-fixed 
mutations. Thus, even if all polymorphism 
resulted from segregation of rare deleterious 
gainer alleles, the observed pattern, which 
substantially exceeds 5% for eight out of nine 

strong gainers and losers, cannot be explained 
by polymorphism. 
If mutations producing gainers and muta-
tions eliminating losers were deleterious, 
levels of gain and loss in polymorphism would 
be substantially higher than in divergence, and 
the shift in allele frequency distribution would 
be observed in corresponding single nucleotide 
polymorphisms. However, the data on human 
single nucleotide polymorphisms do not con-
form to this expectation (see, for example, 
Table 2 of ref. 3).
We conclude that mutation-selection equi-
librium is not an acceptable explanation of the 
universal trend in amino-acid gain and loss.
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