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Abstract
Highly expressed proteins can exhibit relatively small material costs, in terms of the
quantities of carbon (C), nitrogen (N) or sulphur (S) atoms they contain. This ‘elemental
sparing’ probably reflects selection to reduce the quantities of potentially growthlimiting elements in abundant proteins, but the evolutionary mechanisms for adaptive
elemental sparing are still poorly understood. Here, we predict that the extent of
‘elemental sparing’ in highly expressed proteins will vary among organisms, according to
the effectiveness of selection in determining the fate of mutations. We test this
hypothesis in bacteria by asking whether ‘elemental sparing’ is correlated with codon
usage bias. Bacteria exhibit extraordinary variation in their life histories and demography
and consequently in the effectiveness of selection in determining whether preferred
codons are used in highly expressed genes. We find that C sparing and S sparing, but not
N sparing, are significantly correlated with adaptive codon usage bias among 148 genera
of bacteria, suggesting that selection for elemental sparing and codon bias are promoted
by similar bacterial traits. Our study helps identify principles that determine how
nutrient scarcity can shape the elemental composition of proteins.
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Introduction
Protein synthesis is central to life (Crick 1958), with
consequences for competitiveness and fitness across
broad scales of biological organization (Sterner & Elser
2002). It is also a very expensive process, in terms of
both energy and materials. Protein degradation and
resynthesis can comprise a substantial proportion of cellular maintenance costs (Raven et al. 2000; Quigg &
Beardall 2003). For many organisms, a substantial fraction of all assimilated carbon (C), nitrogen (N) and sulphur (S) is used to make proteins. These costs of
protein synthesis appear to evolve adaptively: it has
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been shown that highly expressed genes (Fauchon et al.
2002; Elser et al. 2006; Bragg & Wagner 2007; Li et al.
2009), genes that are induced during nutrient shortages
(Mazel & Marlière 1989; Fauchon et al. 2002; Boer et al.
2003; Bragg & Wagner 2007; Gilbert & Fagan 2011) and
genes that function in particular metabolic pathways
(Van der Ploeg et al. 1996; Baudouin-Cornu et al. 2001;
Acquisti et al. 2009) encode proteins that are relatively
poor in elements that can be growth limiting (carbon,
nitrogen or sulphur).
As evidence accumulates that protein material costs
can evolve adaptively, it is important that we begin to
ask how these adaptive signatures are produced by natural selection. If we can gain an understanding of these
evolutionary mechanisms, we will be better able to
make predictions about the environments, organisms
and genes where adaptive biases in protein costs can
evolve. The mechanisms of protein material cost
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evolution are difficult to investigate directly, because
selection coefficients associated with mutations affecting
protein costs are likely to be small, especially compared
to mutations that affect protein function. One recent
study considered hypothetical mutations leading to a
change in the quantity of carbon, nitrogen and sulphur
required to express proteins in the yeast Saccharomyces
cerevisiae, and asked whether the changes in protein
costs were large enough to be visible to natural selection (Bragg & Wagner 2009). It was predicted that in
highly expressed genes, single amino acid substitutions
could potentially have a large enough impact on cellular nutrient budgets, growth and fitness to be disfavoured by selection, if the corresponding element was
growth limiting (Bragg & Wagner 2009).
More broadly, we do not yet know whether highly
expressed proteins exhibit elemental sparing in most,
many or few species. However, it is possible that many
species will not exhibit elemental sparing, particularly if
they have traits that make natural selection ineffective
in determining the fate of mutations that change protein
material costs. To illustrate this point, consider yeast
cells, which in natural environments likely experience
pulses in resource availability, leading to phases of
nutrient-limited population growth. At such times,
there is likely much scope for selection to act on mutations that affect the efficiency with which materials are
used (Bragg & Wagner 2009). Also, yeast tend to have
large effective population sizes (Tsai et al. 2008), meaning that small differences in growth rates and fitness
can be acted upon by selection. These yeast traits likely
make selection relatively effective in purging mutations
that increase protein material costs. However, organisms with smaller effective population sizes, or organisms that rarely experience nutrient-limited population
growth, might be less likely to exhibit adaptive elemental sparing in highly expressed proteins.
In this study, we aim to gain a better understanding
of how protein costs evolve by studying variation
among species in elemental sparing. In particular, we
investigate protein costs in relation to adaptive biases in
codon usage (Fig. 1). The genetic code is ‘degenerate’,
meaning that many amino acids are encoded by more
than one codon. Codons that encode the same amino
acid are described as ‘synonymous.’ Codon usage
describes the frequency with which different synonymous codons are used to encode amino acids (Grantham et al. 1980). In highly expressed proteins, selection
can favour greater usage of ‘preferred’ codons (Ikemura
1981; Gouy & Gautier 1982), which tend to be translated
more quickly or accurately than ‘unpreferred’ synonymous alternatives. The selection coefficient associated
with a polymorphism between a preferred and unpreferred codon is likely to be small (Sharp et al. 2010).
 2012 Blackwell Publishing Ltd

Fig. 1 Diagram illustrating relationships that are considered in
this study. Codon usage bias in highly expressed genes is promoted by rapid generation times (solid black arrow; VieiraSilva & Rocha 2010) and possibly by other traits. We hypothesize that protein elemental sparing might be promoted by a
similar set of organismal traits (dotted black arrow) and that
this potentially leads to an indirect association among organisms between the intensities of codon usage bias and ‘elemental sparing’ in the products of highly expressed genes.

Adaptive codon usage bias is therefore expected to be
greater in organisms with large effective population
sizes and tends to be greater in fast-growing organisms
where selection for rapid translation is likely to be relatively intense (Rocha 2004; Subramanian 2008; VieiraSilva & Rocha 2010).
Here, we study elemental sparing in highly expressed
proteins across 148 bacterial genera and ask whether
bacteria exhibiting adaptive codon usage bias in a set of
highly expressed genes (Sharp et al. 2005) also exhibit
‘elemental sparing’ in the encoded proteins (Fig. 1). We
find a greater tendency for carbon and sulphur sparing
in bacteria that experience strong selection to use preferred codons. This study shows that adaptive elemental sparing influences the evolution of highly expressed
proteins in diverse bacteria, and in ways that are likely
mediated by the effectiveness of selection in different
organisms. At a broader level, it also implies that adaptive elemental sparing occurs in many, but not all, bacteria.

Methods
Calculations of material costs and codon usage bias
We collected nucleotide and protein sequences from the
KEGG (Kanehisa & Goto 2000) ftp site (ftp://ftp.
genome.jp/pub/kegg/). For each protein-coding gene
sequence, we calculated codon usage frequencies. For
each protein, we calculated the C, N and S costs, as the
numbers of C, N and S atoms (respectively) per amino
acid.
We used codon frequency data for different genomes
to calculate the SC index of Sharp et al. (2005) (denoted
SC to avoid confusion with sulphur, S), which describes
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the strength of selection associated with using preferred
codons in a set of translation genes that tend to be
highly expressed. This value, SC, is an index of the
intensity of codon usage bias in these highly expressed
genes, relative to the rest of the genes in a genome. It is
based on the frequency of usage of four ‘wobble’ pairs
of synonymous codons, in which one codon (the preferred codon) is a perfect complement to the tRNA anticodon, and the other codon (unpreferred) is not,
meaning that the preferred codon is likely to be recognized better by a single tRNA species. The four wobble
pairs of synonymous codons are as follows: Asn codons
AAU ⁄ AAC; Ile codons AUU ⁄ AUC; Phe codons
UUU ⁄ UUC; and Tyr codons UAU ⁄ UAC. In each case,
the codon ending in C is preferred. For a given genome,
SC was calculated for each wobble codon pair as


PT
1  PA

SC ¼ ln
1  PT
PA
where PT represents the average frequency of usage of
the preferred codon in the translation genes and PA
represents the average frequency of usage of the preferred codon across all genes in the genome. The SC
value of the genome was calculated as the mean value
for the four wobble codon pairs, weighted by the sum
of preferred + unpreferred codons in the translation
genes for the respective wobble pairs.
In addition to SC, there are other statistics that describe
codon usage bias (e.g. Sharp & Li 1987; Wright 1990). We
chose the SC index because several properties make it
suitable for comparing diverse genomes. First, it takes
into account mutational biases that vary among genomes
and can lead to neutral variation in codon usage (Sharp
et al. 2005). Second, the wobble codon pairs represent an
unusual case where the same codon is likely to be preferred across many species (Sharp et al. 2005; see Hershberg & Petrov 2009; for a recent study of optimal codons
among organisms). These properties mean SC can be
applied to all bacterial species and can be used to compare the intensity of codon usage bias in highly
expressed genes among species that vary widely in their
overall genomic composition (Sharp et al. 2005). (in
Data S1, Supporting information, we confirm that SC
varies independently of base composition in our data
set). See Sharp et al. (2005) for a detailed description of
the properties of the SC index, including possible effects
of strand bias and other genome features. We calculated
the SC index using a set of 40 translation genes (Data S1,
Supporting information) that are expected to be highly
expressed (based on the list of Sharp et al. 2005; see
Data S1, Supporting information) and that have predicted homologs in the 395 bacterial genomes that we
analysed in the present study. For each of the genomes
we analysed, we also calculated average protein C, N

and S content (per amino acid; weighted by protein
length) (i) for all encoded proteins and (ii) for the set of
translation proteins.
We tested the correlations between the SC index of
codon usage bias and protein material costs using Kendall’s s rank correlation. In some cases, bacteria used in
this study were closely related. This can lead to undesirable consequences in statistical analyses, including
violation of the assumption of independence (see Harvey & Pagel 1991). We used two approaches to account
for possible effects of phylogenetic nonindependence in
these analyses. First, we aggregated the data set by calculating the mean values of the SC index and protein
material costs for all organisms in each genus (based on
KEGG Taxonomy), and then performed analyses among
genera. This is a simple approach to reduce the number
of data points (from n = 395 genomes to n = 148 genera), and the number of degrees of freedom in statistical
analyses, according to taxonomic information. Second,
we tested the relationships by fitting generalized estimating equations (GEE) that explicitly incorporated
information from a phylogenetic tree (Paradis & Claude
2002). Here, we present analyses among genera, because
they are relatively simple and easily understood. In
Data S1 (Supporting information) we show that the
results are supported by the GEE analyses and by analyses that use all bacterial genomes as separate data
points. Statistics were performed using R 2.12.2
(R Development Core Team, 2009).
We obtained generation times for 147 bacterial species
from a study by Vieira-Silva & Rocha (2010), who compiled these values from the literature (see references
cited in Vieira-Silva & Rocha 2010). We tested the relationships between protein material costs and generation
times among 100 bacterial genera using Kendall’s s rank
correlation.

Results
Material costs of ribosomal proteins
Among 148 bacterial genera, the mean C, N and S costs
of translation proteins were correlated negatively with
the SC index of codon usage bias (C, s = )0.18,
P = 0.001; N, s = )0.12, P = 0.036; S, s = )0.21,
P < 0.001; Fig. 2). This means that bacteria with strong
codon usage bias in the translation genes (large SC values) also had low C, N and S costs in the proteins
encoded by these genes.

Elemental sparing in highly expressed proteins
Next, we wanted to know whether the material costs of
these translation proteins were disproportionately low
 2012 Blackwell Publishing Ltd
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Fig. 2 The average number of (A) carbon, (B) nitrogen and (C)
sulphur atoms per amino acid in 40 highly expressed proteins
(vertical axis) plotted as a function of codon usage bias (the SC
index, horizontal axis) for 148 bacterial genera.

relative to the whole proteome, in organisms with
strong codon usage bias in the translation genes (large
SC values). It was important to ask this question
 2012 Blackwell Publishing Ltd

because the mean C, N and S costs of the translation proteins were associated positively with the mean C, N and
S costs of whole proteomes (n = 148; for C, s = 0.64,
P < 0.001; for N, s = 0.46, P < 0.001; for S, s = 0.48,
P < 0.001). That is, we needed to test whether the material costs of whole proteomes tended to be smaller in
organisms with strong codon usage bias (large values of
the SC index) or whether ‘elemental sparing’ was occurring specifically in translation proteins.
We asked this question using several related
approaches. Each approach suggests that the C and S
costs, but not the N costs, of the translation proteins
tend to be disproportionately small (relative to whole
proteomes) in organisms with strong codon usage bias
in the translation genes (large SC values). We began by
considering the correlations between the material costs
of whole proteomes and the SC index of codon usage
bias. The mean C and S costs of whole proteomes were
not associated significantly with the SC index of codon
usage bias (n = 148; for C, s = )0.06, P = 0.26; for S,
s = )0.05, P = 0.36). In contrast, the mean N costs of
whole proteomes were correlated negatively with the
SC index of codon usage (n = 148; for N, s = )0.22,
P < 0.001).
We next calculated residual deviations from the linear
regressions of C, N and S costs of translation proteins
on whole proteome C, N and S costs, respectively.
These residuals describe the C, N and S costs of the
translation proteins relative to the material costs of the
whole proteome and thus are an index of ‘elemental
sparing’ in the translation proteins. Large negative
residuals would indicate that translation proteins had
relatively small elemental costs (strong elemental sparing), and positive residuals would indicate that translation proteins had relatively large elemental costs. For
carbon and sulphur, the residuals exhibited negative
correlations with the SC index of codon bias (C,
s = )0.29, P < 0.001; S, s = )0.25, P < 0.001; Fig. 3). For
N, the residuals were uncorrelated with codon bias
(s = 0.04, P = 0.46; Fig. 3). These analyses suggest that
bacteria with strong codon usage bias in translation
proteins tend to exhibit C and S sparing in the same
proteins, but not N sparing.
We confirmed these observations using GEE, in
which the material cost of the translation proteins was
modelled as a function of the SC index, whole proteome
material costs, and a matrix representation of phylogenetic relatedness among genomes (Paradis & Claude
2002; see Data S1, Supporting information).

Elemental sparing and life history
Finally, we asked whether elemental sparing in translation proteins is associated with generation time among
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(n = 100, s = 0.08, P = 0.23; Fig. 4).
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Fig. 3 Residuals describing the (A) carbon, (B) nitrogen and
(C) sulphur content of highly expressed proteins relative to the
rest of the proteome (vertical axis) as a function of codon usage
bias (the SC index, horizontal axis) for 148 bacterial genera.

bacteria. Generation time is an important life history
trait that is associated negatively with the SC index of
codon usage (Vieira-Silva & Rocha 2010). This means

In some organisms, the material costs of highly
expressed proteins tend to be smaller than the material
costs of other proteins. These differences likely arise
because selection favours reduced quantities of ecologically limiting elements in highly expressed proteins
(Fauchon et al. 2002; Elser et al. 2006; Bragg & Wagner
2007; Li et al. 2009). However, it has previously not
been clear whether this ‘elemental sparing’ in highly
expressed proteins is ubiquitous or rare among different kinds of bacteria, or whether the intensity of elemental sparing is related systematically to any other
traits. Our study thus represents an important step forward, by showing that among diverse bacteria, carbon
sparing and sulphur sparing in highly expressed translation proteins are associated with strong codon usage
bias in the encoding genes. We suggest that these associations occur because material sparing and codon
usage bias can each only evolve adaptively in organisms where selection is effective in determining the fate
of mutations with small selection coefficients. This
means that the associations between adaptive elemental
sparing and codon usage bias might arise indirectly, if
both are mediated by similar life history and population
genetic traits (Fig. 1). This could include traits such as
large effective population size, which promotes the
effectiveness of selection. It might also include phases
of nutrient-limited growth that are initiated by pulses
of nutrient supply (Rocha 2004; Subramanian 2008; Vieira-Silva & Rocha 2010). During rapid growth, mutations that reduce the rapidity or accuracy of translation
of highly expressed genes are likely to reduce fitness.
This potentially includes mutations that change a preferred codon to an unpreferred codon. It potentially
also includes mutations that increase the quantity of a
 2012 Blackwell Publishing Ltd
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Fig. 4 Residuals describing the (A) carbon, (B) nitrogen and
(C) sulphur content of highly expressed proteins relative to the
rest of the proteome (vertical axis) as a function of generation
time (in hours, loge-transformed) (horizontal axis) for 100 bacterial genera.

growth-limiting element that is needed to make a
highly expressed protein (Bragg & Wagner 2009). We
find limited support for the notion that adaptive codon
 2012 Blackwell Publishing Ltd

usage bias and elemental sparing are related to common life history traits by showing that carbon sparing
and sulphur sparing are weakly correlated with generation time, a trait that is known to be associated with
codon usage bias (Rocha 2004; Subramanian 2008; Vieira-Silva & Rocha 2010). In sum, our observations suggest that adaptive elemental sparing in highly
expressed proteins (i) occurs in some, but not all, bacteria and (ii) might be promoted by bacterial traits that
also promote the adaptive evolution of codon usage
biases. In future, we hope that a better understanding
of the association between elemental sparing and codon
usage will lead to a better mechanistic understanding of
elemental sparing, possibly through the application of
theoretical tools that have been used to study codon
usage bias (Bulmer 1991; Sharp et al. 2005).
Selection for a mutant version of a protein that contains a smaller quantity of an element, but is otherwise
similar to the wild-type version, is only possible if the
element is limiting to growth (Bragg & Wagner 2009).
Sulphur is rarely considered a limiting nutrient in the
environment (see reviews: Giordano et al. 2008; Zhao
et al. 2008), but our observations are consistent with a
number of previous studies which have shown that protein sulphur content can evolve in response to sulphur
scarcity. First, sulphur sparing has been observed in
proteins that are induced during sulphur starvation
(Mazel & Marlière 1989; Baudouin-Cornu et al. 2001),
and also following cellular events that require substantial reallocation of acquired sulphur (e.g. Fauchon et al.
2002). These observations demonstrate that sulphur limitation can exert a powerful selective force on protein
evolution and that sulphur stress can occur even when
sulphur is plentiful in the environment. Second, amino
acid substitutions that change the sulphur content of a
highly expressed protein by one atom can have a relatively large impact on the total sulphur budget of a cell
(relative to substitutions affecting one carbon or nitrogen
atom), meaning that if sulphur limitation occurs, there is
substantial scope for selection to act on mutations that
change protein sulphur costs (Bragg & Wagner 2009).
Among the proteins encoded in a single genome, protein carbon costs can be strongly correlated with the
energetic costs of amino acid biosynthesis (Quigg &
Beardall 2003; Bragg & Wagner 2007; Li et al. 2009).
This means that protein carbon costs might act as a surrogate of protein energy costs, which also tend to be
smaller in highly expressed proteins than in whole proteomes in some organisms (Akashi & Gojobori 2002;
Heizer et al. 2006). Here, we have avoided calculating
and analysing the energetic costs of amino acids explicitly, because energetic costs of biosynthesis are strongly
dependent on metabolic pathways used by different
organisms, including variations in the nitrogen source,
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and vary greatly among the bacteria represented in our
study.
We did not find an association between codon usage
bias and nitrogen sparing in translation proteins. The
nitrogen content of translation proteins and whole proteomes were each correlated negatively with codon
usage bias, such that translation proteins did not have
disproportionately low nitrogen content relative to
whole proteomes in organisms with strong selection for
codon usage bias. Previous studies of microbes (Bragg
& Wagner 2007; Li et al. 2009) and plants (Elser et al.
2006) have found that highly expressed proteins tend to
have smaller nitrogen costs than other proteins. However, it has also been shown that ribosomal proteins
tend to be rich in nitrogen (Acquisti et al. 2009; Gilbert
& Fagan 2011), possibly due to constraints of ribosome
function and the biochemical properties of nitrogen-rich
amino acids (such as Arg and His, Acquisti et al. 2009).
It is possible that these functional constraints reduce the
scope for adaptive sparing of nitrogen in ribosomal proteins.
Evolutionary pressures for nutrient investment (carbon, nitrogen, sulphur and phosphorus) probably fundamentally constrained the evolution of the
composition of cells and molecules (Quigg et al. 2003,
2011). A growing body of evidence suggests that the
costs of making proteins can evolve adaptively. However, we currently have few unifying principles to help
us understand how these costs evolve, and in which
organisms selection on protein material costs is likely to
occur. In future, we hope it will be possible to establish
a mechanistic understanding of how protein costs
evolve, with a basis in population genetics, ecology and
functional genomics. The present study represents a
step towards this goal, by showing that the tendency
for adaptive evolution of protein material costs is
related to the strength of codon usage bias among bacteria and by suggesting that similar features of organisms promote these traits.
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