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ABSTRACT Changes in gene expression affect the energy budget of a cell. A previous
contribution estimated the energetic cost of yeast mRNA and protein expression from very limited
information on protein half-lives. Using recently published genome-scale measurements of protein
half-lives, I here confirm that even small increases in gene expression are opposed by natural
selection. In small organisms with large effective population sizes, the evolution of transcription and
translation rates are thus not evolutionarily neutral processes. J. Exp. Zool. (Mol. Dev. Evol.)
308B:322– 324, 2007. r 2007 Wiley-Liss, Inc.
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The syntheses of nucleotides and amino acids,
as well as their polymerization into RNA and
proteins cost energy. Changes in gene expression
thus affect a cell’s energy budget. Increases in
gene expression can be caused by mutations in
regulatory DNA or by gene duplications. These
genetic changes can cause substantial changes in
gene expression on short evolutionary time scales
(Oleksiak et al., 2002; Townsend et al., 2003; Fay
et al., 2004; Wittkopp et al., 2004). Is the energy
cost of such changes negligible or significant? In
other words, are such changes selectively neutral?
In a previous contribution, I showed that even the
two-fold gene expression changes caused by gene
duplication are not neutral (Wagner, 2005). For
the median yeast gene, a greater than 10%
increase in RNA or protein expression is visible
by natural selection (Wagner, 2005). To arrive at
these estimates, I had used genome-scale data on
the biosynthetic cost of amino acids and nucleo-
tides, mRNA expression, mRNA half-lives, ribo-
some occupancy of mRNAs, protein abundance,
and yeast biomass composition to estimate the
energy cost s of gene expression in units of
activated phosphate bonds (�P) as a fraction of
a cell’s energy budget (Wang et al., 2002; Arava
et al., 2003; Forster et al., 2003; Ghaemmaghami
et al., 2003; Huh et al., 2003; Hurowitz and Brown,
2004). I estimated the ‘‘critical’’ selection coeffi-
cient s of mutations that are more strongly
influenced by natural selection than by genetic

drift from data on synonymous nucleotide poly-
morphisms and on the mutation rate (Wagner,
2005).

The major limitation of the previous analysis
was woefully rudimentary information on protein
half-lives. Protein half-lives can vary by more than
three orders of magnitude. Because more energy
goes into protein expression than into mRNA
expression, such variation could seriously affect
the energy cost distribution of gene expression.
Very recently, genome-scale measurements of
protein half-lives have become available (Belle
et al., 2006), which I use in the present analysis.
Based on these new data, Figure 1a shows the
distribution of the energy cost as a fraction of
the cell’s total energy budget associated with the
simultaneous doubling of mRNA and protein
expression of a single gene, as might occur after
a gene duplication event. The data show that gene
duplication incurs an energy cost visible to natural
selection for all yeast genes (Wagner, 2005).
Figure 1b shows the distribution of the amount
of change in protein expression that is neutral.
Similar to the earlier study, this value is very
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small, with a median and maximum of 4.8�10�3

and 1.53, respectively. This means that the
average (median) yeast protein can change its
expression only by 0.5% without a change in
energy costs visible to natural selection. Because
less energy is invested into mRNA expression, the
amount of neutral change that can be tolerated is
higher but still very small (median/maximum:
0.035/1.59).

In sum, new genome-scale data confirm that
both mRNA and protein expression can change
neutrally by only small amounts in yeast. Sig-
nificant gene expression differences found in
comparisons of microbial species with large effec-
tive population sizes therefore are influenced by
natural selection (Townsend et al., 2003; Fay
et al., 2004). More generally, this will hold for all
organisms where effective population sizes are
large, and where rapid reproduction is coupled to
an efficient energy metabolism.
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Fig. 1. (a) Distribution of the fractional energy cost of
simultaneously doubling mRNA and protein expression of a
gene. Note the logarithmic scale on the horizontal axis. The
arrow points to the fractional cost s below which a change is
effectively neutral. Calculation of the critical selection
coefficient s 5 1.46� 10�7 below which energy cost changes
are neutral relies on the relation v 5 4m/p for haploid
organisms (Hedrick, 2000), where p5 0.003 is the synonymous
nucleotide diversity from S. paradoxus, S. cerevisae’s closest
wild relative and m5 2.2� 10�10 the mutation rate (Drake
et al., 1998; Johnson et al., 2004), and takes into account that
RNA and protein synthesis may account for approximately
half of a cell’s energy budget (Wagner, 2005). No data on
synonymous nucleotide diversity are available for S. cerevisiae
itself, but a recent estimate (Aa et al., 2006) on overall
nucleotide diversity of p5 0.0046 (which is typically smaller
than synonymous diversity) suggests an upper bound of
s 5 9.55� 10�8, rendering the critical s I use here conserva-
tive. I used estimates of amino acid biosynthetic costs for
respiratory and fermentative conditions from Wagner (2005),
except for lysine, where I now take into account that yeast
uses a-ketoglutarate instead of oxaloacetate as the lysine
precursor. Costs are shown for respiratory conditions, but
fermentative conditions yield similar results. (b) Distribution
of fractional changes in protein expression that are effectively
neutral.
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