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ABSTRACT

Codon usage bias in Drosophila melanogaster genes has been attributed to negative selection of those
codons whose cellular tRNA abundance restricts rates of mRNA translation. Previous studies, which
involved limited numbers of genes, can now be compared against analyses of the entire gene com-
plements of 12 Drosophila species whose genome sequences have become available. Using large numbers
(6138) of orthologs represented in all 12 species, we establish that the codon preferences of more closely
related species are better correlated. Differences between codon usage biases are attributed, in part, to
changes in mutational biases. These biases are apparent from the strong correlation (r= 0.92, P < 0.001)
among these genomes’ intronic G + C contents and exonic G + C contents at degenerate third codon
positions. To perform a cross-species comparison of selection on codon usage, while accounting for
changes in mutational biases, we calibrated each genome in turn using the codon usage bias indices of
highly expressed ribosomal protein genes. The strength of translational selection was predicted to have
varied between species largely according to their phylogeny, with the D. melanogaster group species ex-

hibiting the strongest degree of selection.

ODON usage bias reflects a higher prevalence of
particular, over other synonymous, codons. This
phenomenon has been observed for bacteria (SHARP
and L1 1986), yeast (SHARP el al. 1986), nematodes
(STENICO et al. 1994), fruit flies (SHIELDS et al. 1988), and
mammals (DURET 2002). It varies between species, and
between genes within a species, and has arisen from a
complex interplay between mutation, selection, and
drift (BULMER 1991). Observations of codon usage bias
provide insights into variations in selective strengths and
into mutational biases over evolutionary distances sep-
arating distinct species. Conservation of codon usage is
also of practical importance for phylogenetic methods,
such as PAML (GorbMAN and YANG 1994), that use
codon-based models to estimate phylogenetic distances
among coding sequences. These methods generally as-
sume that codons are chosen randomly from all available
synonymous codons, subject to nucleic acid compositional
biases and to selection. A negative correlation between
the number of synonymous substitutions per synonymous
site, ds, and the codon usage bias of a gene has been
reported and, at times, refuted on a number of occasions
using different methods (SmAarP and L1 1989; MORIYAMA
and HARTL 1993; DUNN et al. 2001; see BIERNE and EYRE-
WaLkER 2003 for a discussion). Recent studies have dem-
onstrated the pitfalls of unequal codon usage for phylogeny
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estimation (INAGAKI and ROGER 2006) and for estimating
the selection strength of codon usage bias (Aris-Brosou
and Brerawskr 2006).

Recently, the genome sequences of 12 Drosophila spe-
cies have become available (ApAMS et al. 2000; RICHARDS
et al. 2005; DrRosopPHILA 12 GENOMES CONSORTIUM 2007).
The last common ancestor of these fruit flies is believed
to have lived ~63 MYA (TaMURA et al. 2004). This species
set contains (1) pairs of recently diverged species such as
D. simulans/D. sechellia and D. pseudoobscura/D. persimilis,
(2) species at increasing levels of divergence from
D. melanogaster such as D. erecta, D. yakuba, D. ananassae,
D. pseudoobscura, and D. willistons; and (3) a set of more
distantly related species such as D. mojavensis, D. virilis,
and D. grimshaw: (Figure 1).

Codon usage bias in Drosophila species in general,
and in D. melanogaster in particular, is well established
(SHIELDS et al. 1988) and has been attributed both to
mutational biases, as reflected by unequal A or T, over G
or C, nucleotide composition within selectively neutral
sequence, and to selection to improve translational eff-
iciency (BULMER 1991). Correlations have been observed
between the codon usage bias of a gene and a variety of
parameters (reviewed in POWELL and Morryama 1997),
including gene length and amino acid substitution rates
(BETANCOURT and PRESGRAVES 2002). The two most per-
suasive determinants advanced so far for translational
selection acting on Drosophila codon usage bias are
tRNA abundance (Morivama and PowkLL 1997) and
gene expression level (DURET and MoucHIROUD 1999),
which are consistent with results found for many bacterial
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Ficure 1.—Tree topology of the evolutionary relationships
among the 12 fruit fly species. This reflects the topology of a
tree based on median whole-genome ds values (see HEGER
and PoNTING 2007, for details; branch lengths are not shown
to scale).

genomes (SHARP and L1 1986, reviewed in KURLAND
1991).

Mutational biases and their contributions to codon
usage bias are poorly understood. For reasons un-
known, preferred codons in D. melanogaster tend to have
a G or Cin third position (SHIELDS ef al. 1988), raising
the G + C content at third positions well above the G +
C content in noncoding DNA. In contrast, mutational
events in D. melanogaster are biased toward A + T base
pairs (PETROV and HArTL 1999), perhaps because of
recombination-driven biased gene conversion (DURET
2002). Mutational bias and codon usage are linked
through a sizable and significant correlation between
intronic G + C content (GC;) and the G + C content at
synonymous third codon positions (GC3) (KLiMAN and
Hey 1994; KLiMAN and EYRE-WALKER 1998). Recombi-
nation rates have been linked to codon usage bias (HEy
and KrLimaN 2002; MaArais and Picaneau 2002), but the
effect seems to be small compared to the effects of
selection (BIERNE and EYRE-WALKER 2006).

Codon usage variation has been studied not only be-
tween genes from one species, butalso between orthologs
from among several species. In general, codon usage bias
between orthologs has been found to be conserved even
over long evolutionary distances, although some differ-
ences are apparent for individual genes (PoweLL and
Morryama 1997). Codon usage is reported to have shifted
in D. willistoni compared to D. melanogaster (POWELL et al.
2003), but it is not clear whether this change arose adap-
tively or else was a “frozen accident.” An excess of fixations
of unpreferred vs. preferred codons in D. melanogaster has
been interpreted as resulting from relaxed selection on
codon usage bias (ARasHI 1996; MCVEAN and VIEIRA
2001). However, in D. simulansthere are conflicting reports
on whether constraint on codon usage similarly has un-
dergone relaxation (BEGUN 2001; McVEAN and VIEIRA
2001), or has achieved mutation-selection-drift equilib-
rium (DUMONT et al. 2004).

We have contributed predictions of protein-coding
transcripts and genes, and their orthology and paralogy
relations among the 12 Drosophila species, as described
elsewhere (HEGER and PonTING 2007). These have

been made freely available via the AAA website (http://
rana.lbl.gov/drosophila/wiki/index.php/Main_Page). In
a separate article (HEGER and PONTING 2007) we have
considered the variations in selective pressures that
operated on amino acid sequences for genes from each
of the 12 genomes. Here, we sought first to investigate
variations in selective pressures that acted upon codon
use for these species, and thereafter to compare directly
the strengths of these two selective processes for each
Drosophila lineage in turn.

As expected, we observe codon usage bias for each of
the 12 Drosophila species. Mutational biases and selec-
tive forces, however, contribute unequally to these species’
codon usage biases. There is a strong correlation be-
tween the genomewide intronic G + C content and
exonic G + C content of degenerate third codon posi-
tions (r=0.92, P<0.001). Thus, it is clear that variable
mutational biases need to be appropriately accounted
for if variable selective forces acting on codon usage are
to be estimated accurately. We propose the set of ribo-
somal proteins as an internal calibration point when
inferring the strength and type of codon usage bias
within each genome. Following calibration, we examined
codon usage across 6138 orthologs per genome. We find
that codon usage bias due to translational selection has
persisted between species, but that the strengths of
selection have varied. While species in the melanogaster
group and D. willistoni exhibit strong selection on codon
bias, more relaxed selection is apparent for all remain-
ing species.

MATERIALS AND METHODS

Data sets: Chromosomes, transcripts, and translations for
D. melanogaster (dmel) were obtained from ENSEMBL release
37 (BIRNEY et al. 2006). The sequence data are based on BDGP
assembly release 4, and annotations derive from FlyBase release
4.2.1 (GRUMBLING and STRELETS 2006). This set contained
19,369 transcripts from 13,836 genes.

Genomic sequences for D. simulans (dsim), D. sechellia (dsec),
D. yakuba (dyak), D. erecta (dere), D. ananassae (dana), D.
pseudoobscura (dpse), D. persimilis (dper), D. willistoni (dwil), D.
grimshawi (dgri), D. virilis (dvir), and D. mojavensis (dmoj) were
obtained from the community server for the assembly/
alignment/annotation project (http:/rana.lbl.gov/drosophila/
wiki/index.php/Main_Page), release comparative analysis
freeze 1 (cafl).

Transcript and gene prediction: Transcripts and genes were
predicted by a pipeline developed around the alignment tool
Exonerate (SLATER and BIRNEY 2005). Predictions have been
submitted to the collaborative annotation effort headed by
M. Eisen (DrosoprHILA 12 GENOMES CONSORTIUM 2007).
Briefly, the pipeline predicts transcripts by homology using
transcripts from D. melanogaster as templates. The pipeline
assesses the quality of a prediction by checking if the intron
positions of the template are conserved in the prediction.
Further details on the gene prediction process can be found in
a companion article (HEGER and PoNTING 2007). For this
analysis, only transcripts with conserved gene structure were
considered. The numbers of genes analyzed are provided in
Table 1.
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TABLE 1

G + C content in introns (GG;), G + C content in degenerate third codon positions (GC3p), and strength of
selection on codon bias (AL) in 12 Drosophila genomes

Correlation
Species Genes GG (%) GC3p (%) GC; ~ GC3p (Loyr (Loyp AL (ENC)p: 5
D. melanogaster 13,836 39.0 (8) 64.5 (5) 0.35 0.75 1.27 100.0 (2) 100.0 (8)
D. simulans 9,092  39.6 (5) 65.9 (6) 0.39 0.74 1.27 1019 (1) 98.2 (4)
D. sechellia 10,527  39.6 (6) 65.7 (7) 0.39 0.75 1.23 92.3 (5) 98.5 (6)
D. yakuba 11,900 39.5 (6) 65.9 (8) 0.36 0.74 1.25 96.2 (3) 98.3 (5)
D. erecta 11,483 40.1 (3) 66.4 (3) 0.41 0.75 1.22 90.4 (6) 97.9 (3)
D. ananassae 11,158 39.4 (7) 66.0 (4) 0.40 0.77 1.27 96.2 (4) 101.0 (9)
D. pseudoobscura 10,039 43.4 (1) 68.4 (1) 0.42 0.86 1.17 59.6 (9) 97.2 (1)
D. persimilis 8,338  43.1 (2) 68.3 (2) 0.41 0.86 1.18 61.5 (8) 97.3 (2)
D. willistoni 9,976 34.8 (12) 45.7 (12) 0.28 0.90 1.33 80.8 (7) 108.6 (12)
D. wirilis 9470 381 (9) 61.4 (10) 0.33 0.91 1.19 55.8 (11) 99.7 (7)
D. mojavensis 9,192 36.9 (10) 61.6 (9) 0.40 0.92 1.21 55.8 (10) 101.2 (10)
D. grimshawi 9,422 35.8 (11) 58.9 (11) 0.20 0.91 1.18 50.0 (12) 103.3 (11)

Ranks are in parentheses. Selection strength (AL) is considered to be the average message length difference between ribosomal
sequences and all sequences. (L) is the average message length per codon for the set of ribosomal protein genes (R) or for the
bulk of genes excluding ribosomal protein genes (B). (ENC). pis the average ENC value calculated for all transcripts per genome.
ALand ENC are given as percentages, relative to values for D. melanogaster. G + C contents in exons and introns are computed over
all predicted transcripts, whereas the comparison of selection strengths considered only ortholog sets with representatives in all 12
species (see MATERIALS AND METHODS for details). Correlations between GC3p, and GG; are all significant at P < 0.001.

Ortholog sets: Orthology prediction between D. melano-
gastergenes and the gene set of each of the 11 other species was
performed using PhyOP, essentially as described previously
(GoopsTADT and PonTING 2006), but with modifications as
described elsewhere (HEGER and PoNTING 2007). Ortholog
sets were built around each D. melanogaster gene by collecting
ortholog transcripts in each of the other 11 Drosophila
species. Gene lengths and codon bias indices, such as codon
adaptation index (CAI) or effective number of codons (ENC),
were averaged over multiple transcripts, when present, and
over multiple orthologs for cases of lineage-specific duplica-
tions. Ortholog sets lacking genes from 1 or more species were
discarded, resulting in 6138 ortholog sets with representatives
from all 12 species.

Annotated ribosomal proteins were obtained from FlyBase
(Release 4.3, March 2006, GRUMBLING and STRELETS 2006),
and their orthologs were collected for each newly sequenced
genome. This resulted in between 67-75 ribosomal protein
genes per species, depending on the incompleteness of the
genome assembly and the presence or absence of lineage-
specific gene duplicates, and 57 ribosomal protein genes with
orthologs in each species.

G + C content: We tested for a correlation between the
nucleotide compositions for introns and those for the third
codon positions of coding exons. For this, it was paramount to
exclude introns containing exons from, for example, alterna-
tive transcripts and mispredictions. Consequently, we removed
all introns that overlapped with an exon from any other tran-
script on either strand. To be as comprehensive as possible,
fragmentary predictions and predictions with in-frame stop
codons or frameshifts were considered as part of this filtering
procedure. This step removed 4% of all introns in D. melanogaster
and between 13-19% of introns in the newly sequenced
genomes.

The G + C content of a gene’s introns (GC;) was defined as
the G + C content of its concatenated intronic sequences. Ten
bases at either end of each intron were discarded to exclude
splice site motifs. The G + C content (GC3) for third codon

positions of a gene’s coding sequence, and the G + C content
(GC3p) of such positions that are degenerate, were also calcu-
lated using concatenated sequences.

Measurement of codon usage bias: We employed three mea-
sures to assess codon usage biases among species. First, we
calculated the deviation from uniform codon usage, as mea-
sured by the ENC (WricHT 1990) and implemented by
codonW (http://codonw.sourceforge.net). ENC ranges from
values of 20 for genes with an invariable preference for a single
codon for each amino acid to 61 for genes exhibiting no
codon preferences.

Second, we applied the CAI (SHARP and L1 1987) as a mea-
sure of the departure of a sequence from its optimal codon
usage. Optimal codon usage has often been defined by a set of
highly expressed genes (for D. melanogaster, see SHIELDS el al.
1988). We were unable to employ this definition uniformly
due to the lack of expression data for all 12 species. Instead, for
each species we used a common set of ribosomal protein genes
as a proxy for such a set of highly expressed genes. Codon
frequencies for ribosomal protein genes provided the codon
weights used subsequently for computing values of the CAI
of other genes. Importantly, using our set of D. melanogaster
ribosomal protein genes, we were able to reproduce the codon
usage and the previously described preferred codons for each
amino acid type (SHIELDS ef al. 1988). The preferred codon
for each amino acid was unchanged and the correlation co-
efficient between the remaining weights was high (r = 0.96;
P <0.001). This CAI and ribosomal protein set strategy avoids
the pitfalls of parameter fluctuations between species (AKASHI
et al. 2006).

Third, we use the average message length per codon as a
measure of codon usage bias. Indices derived from informa-
tion theory have been used previously to estimate codon usage
bias and are based on the computation of relative entropies
(ZEEBERG 2002; WAN et al. 2003). Here, we compute the total
message length ML of a transcript of n codons, amino acid
frequencies n, and codon frequencies 7., given codon usage
table P, as
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ML = —log [Hu pla)™ Hﬁ pa(c)"“]
- [Za nalogp(a) Y ne logpa(C)] :

where p(a) is the probability of observing amino acid @ and
pa(c) is the probability of observing codon ¢ for amino acid
a. The message length is thus dependent on the amino acid
sequence of the transcript as well as the codon usage. In our
analysis, we use only the contribution of the codon usage to
ML. The message length is sequence-length dependent and
can be normalized by dividing by the sequence length n giving
the message length per codon

61
Le=—(1/n) Y nclog pa(c).
=1

To allow comparisons between selection strengths on codon
usage bias among genomes, we calculate AL, the difference
between the message length per codon averaged over a ref-
erence set of highly biased genes (R, here the set of ribosomal
protein genes) and the message length per codon averaged
over all other sequences (B, “bulk”): L = (L.); — (L.),. We use
only sequences with orthologs in all species because this
permits comparison of AL among all genomes.

Due to the strong phylogenetic signal in AL and other
indices we confirmed that all correlations reported in the
article remained significant after applying the phylogenetic-
contrasts method (FELSENSTEIN 1985) (see supplemental
Table S1 at http:/www.genetics.org/supplemental /).

Statistical analyses were performed with the R software
package (http:/www.r-project.org). Phylogenetic contrasts
(FELSENSTEIN 1985) were computed with the CONTRAST
program of the PHYLIP package (FELSENSTEIN 1989). Phylo-
genetic eigenvector regression (DINIZ-FILHO et al. 1998) was
performed with the ade4 (http:/pbil.univ-lyonl.fr/ADE-4)
package. In these analyses, the species’ relationships were given by
their divergence in terms of synonymous substitutions per site.

RESULTS

Mutational biases: Codon usage bias can arise simply
from nucleotide substitution biases favoring the inclu-
sion, for example, of A or T, over G or C, or it can arise
because of translational selection. Discriminating selec-
tive from mutational sequence biases is challenging
for Drosophila species if only because much of their
intronic sequence is under greater constraint than are
synonymous sites (ANDOLFATTO 2005). Nevertheless, if
it is assumed that selection greatly affects neither GG;
(the G + C composition of introns) nor GC3y, (the G +
C content of degenerate third codon positions), then
the changes in mutational bias along Drosophila line-
ages can be inferred from the variations of these two
quantities.

We first investigated whether G + C content has
changed among the genes from each of the 12 Drosophila
species’ genomes. As might be expected, average GGC; or
GC3p, values are most similar between the more closely
related species, with values in the melanogaster group
varying by only 1.4% in GC3p, or 1.1% in GC; (Table 1).
For D. melanogaster genes, GC; and GC3p, were known
previously to be correlated strongly (KLiman and Hey
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FIGURE 2.—Correlation between G + C content in introns
and in degenerate third positions in codons (regression com-
puted without D. willistoni: R = 0.92, P < 0.001).

1994). We observed significant covariation between
genes’ GC; and GC3p, values for each of the 12 Drosoph-
ila species, albeit at correlation coefficients between
0.2 and 0.4 (Table 1). Furthermore, the GC; and GC3p
values calculated by concatenating intronic and coding
sequences for each of these species are also correlated
and exhibit a strong linear dependence (Figure 2A). We
find that GC;, averaged across each genome, can explain
10.6% of the variance in GC3, between genes (P<107°).

Only D. willistoni fails to follow this linear relationship
with an extraordinarily low GC3p, value for its intronic
G + Ccontent (Table 1; Figure 2A). RODRIGUEZ-TRELLES
et al. (2000) previously observed this unusual characteristic
of D. willistoni sequence within a small set of eight genes.
These authors also concluded that the common ancestor
of the Sophophora (which include both melanogaster—
obscura and saltans—willistoni lineages) possessed a genome
with an elevated G + C content (RODRIGUEZ-TRELLES ¢ al.
2000). This is consistent with the most parsimonious
interpretation of G + C content evolution among the 12
genomes since D. willistoni exhibits the lowest of all GG
and GC3p, contents. Assuming, once more, that selection
has not contributed to this dramatic base composition
change, then mutational biases must have altered sub-
stantially on the D. willistoni lineage since its last common
ancestor with D. melanogaster. This alteration in mutational
preferences, and more minor changes on other Drosoph-
ila lineages, will contribute to changes in codon usage
even in the absence of selection.

Ribosomal proteins as a calibration to infer trans-
lational selection variation among genomes: We sought
evidence that translational selection has affected codon
usage biases differently among the 12 Drosophila species.
To achieve this, we needed to account for the changes
in codon usage arising from mutational biases that, for
example, led to the unusually low G + C content seen
for D. willistoni. Codon usage indices such as the ENC
(WRIGHT 1990) compare the observed codon usage for
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a gene against uniform codon usage and, as such, do not
compensate for the influence of mutational biases on
codon usage. By way of contrast, indices such as the CAI
(Suarp and L1 1987) estimate codon usage bias relative
to a reference gene set, usually a set of highly biased
genes. Consequently, these methods can, in principle,
take account of mutational biases by assuming that such
biases affect genes subject to translational selection equiv-
alently to those that are not. Although reference sets of
highly biased genes are readily available for D. melanogaster
(SHIELDS et al. 1988), similar sets have not been com-
piled for the other Drosophila species. Consequently, if
we are to understand the contributions of translational
selection to Drosophila species’ codon usage biases, we
required an internal calibration point that might allow
us to compare CAI values between species.

For this, we propose the use of a set of ribosomal pro-
tein genes as an appropriate reference gene set, all
assumed to be highly expressed with strong codon usage
bias in each of the additional 11 Drosophila species.
This use is owing to their strong conservation, which
results in gene prediction and orthology assignment
being relatively straightforward, and because the majority
of ribosomal protein genes are found among genes with
strong codon usage biases in D. melanogaster (SHIELDS et al.
1988; MorivaMA and PowkLL 1997), in Escherichia coli
(J1a and L1 2005) and in Saccharomyces cerevisiae (SHARP
et al. 1986). Finally, we use ribosomal protein genes since
they are ubiquitous and continuously expressed, and thus
their codon usage is unlikely to have been optimized for
certain tissues or developmental stages.

Of the 69 ribosomal protein genes present in D.
melanogaster, we were able to assign between 67 and 75
orthologous genes in the 11 other sequenced genomes.
Six ribosomal protein genes were not found in 1 of the
11 species but were presentin all others, likely reflecting
gaps among the genome sequence assemblies. Another
6 D. melanogaster ribosomal protein genes were absent
from >2 other genomes, but reflect likely duplication
events in the D. melanogaster lineage. Similarly, some
ribosomal protein genes have been duplicated in other
lineages, leading to some Drosophila species exhibit-
ing higher counts of ribosomal protein genes than
D. melanogaster.

CAI codon usage preferences for these ribosomal
protein genes were found to have remained relatively
constant across all Drosophila species (Figure 3A), with
the notable exception of D. willistoni (see below). The
preferred codons, those that have been used most
frequently in ribosomal protein genes, are identical
between the major subgroups (D. melanogaster to D.
pseudoobscura and D. virilis to D. grimshawi), with the
exception of aspartic acid, whose most frequently used
codon has changed from GAC (58% frequency in D.
melanogaster) to GAT (61% in D. virilis). Nevertheless,
this represents only a minor change and is also likely to
be unimportant since aspartic acid is thought to provide

the least contribution to codon usage bias of all amino
acids (PoweLL and Morivama 1997; McVeAN and
ViEIRA 2001). Change among the preferred codons
for the ribosomal protein genes has thus been minor,
and it groups species together according to their
phylogenetic relationships.

D. willistoni: The codon usage of D. willistoni genes
contrasts greatly with those of the other 11 species, as
has been observed previously (POWELL et al. 2003). The
unusually low GC3p, values for D. willistoni genes result
in the correlation (r= 0.71, P < 0.001) between GC3p,
and codon usage bias (CAI) being lower than for the
other species (r > 0.80, P < 0.001). Consequently,
the correlation between ENC and CAI for D. willistoni
genes is considerably weaker (r= 0.41, P < 0.001) than
for the other species (r= 0.66-0.83; P < 0.001).

A consequence of the proposed shift in base compo-
sition within the D. willistoni lineage is the change of
preferred codons among the ribosomal protein genes
for arginine, valine, glycine, and aspartic acid (arginine:
CGC to CGT in D. willistoni, valine: GTG to GTC in
D. willistoni, glycine: GGC to GGT in D. willistoni, aspartic
acid: GAC to CGT in D. willistoni), with respect to the
melanogaster group and pseudoobscura subgroup. These
are significant changes since the former three amino
acids are known to contribute greatly to selection on
codon usage for other Drosophila species (MCVEAN and
ViEIra 2001).

Codon usage bias is better conserved between more
closely related orthologs: Codon usage bias (CAI) values
calculated among all 6138 orthologs were found to be
correlated among all species pairs, but better conserved
among more closely related, than more distantly related,
Drosophila species (Figure 4). Correlation coefficients
rank from 0.98 for pairs of orthologous transcripts in very
closely related species, such as D. simulans and D. sechellia,
to 0.52 for pairs of orthologous transcripts in the distantly
related pair D. mojavensis and D. sechellia. Like ribosomal
protein genes’ codon usage, the strength of the correla-
tion between orthologs’ CAl values has been determined,
in large part, by the evolutionary distance between species.

Figure 4 also illustrates the benefit, for between-species
comparisons, of using CAI values, normalized using
ribosomal protein genes, to estimate codon usage bias.
Even though correlations remain highly significant be-
tween orthologs across species when using the ENC
index, correlations are much weaker than those when
CAI values are used, particularly for the more distantly
related species. For example, the correlation between
the species pair D. sechellia and D. mojavensis is 0.52 for
CAland 0.29 for ENC. The mean ENCvalue per genome
is strongly influenced by mutational biases as it is neg-
atively correlated with intronic G + C composition (r=
—0.84, P < 0.001); no such correlation is seen between
CAI and intronic G + C content (see below). This dem-
onstrates that nucleotide composition evolution as well
as translational selection contribute greatly to codon
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usage bias, as measured by ENC, but only translational
selection contributes to our version of CAI

A complementary approach to this might have been
the application of codon usage preferences for D.

melanogaster genes to their orthologs in other Drosoph-
ila species. This approach would have merit since we
observe little change in the correlation between ortho-
logs’ CAI values, if these are instead calculated on the
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basis of published D. melanogaster preferences (SHIELDS
et al. 1988). This indicates that the relative ranking
of codon bias strength remains even for considerable
phylogenetic divergences. Nevertheless, CAI values are
affected by G + C compositional variation between
genomes, which results in increasing incompatibility of
D. melanogaster codon usage preferences for the more
distantly related Drosophila species. The average CAI
value per genome based on codon usage preferences of
D. melanogaster correlates strongly with intronic G + C
(r=0.81, P < 0.002) whereas when the mean CAI is
calculated for each species using weights from its own
ribosomal protein gene set, no such correlation is ap-
parent (r=0.17, P=0.6). Consequently, to differentiate
between mutational and selective effects on codon
usage biases it is best to estimate CAI values for each
genome in turn using ribosomal protein genes for
calibration.

Translational selection among ribosomal protein
genes: A set of genes is appropriate for calibrating
codon bias measures if it fulfills two requirements: (1)
selection on codon usage bias has acted nonuniformly
among all genes, and (2) genes in the set exhibit strong
and consistent codon usage biases.

First, we show that selection on codon usage has acted
nonuniformly among genes. To test the null hypothesis
of equal codon sampling, we randomized transcripts for
each species according to the codon usage in their
entire gene sets. We find, for all 12 species, that the

observed distributions of CAI values are considerably
more broad than the simulated distributions, because of
greater than expected numbers of sequences with low
and with high codon usage biases (Figure 5 inset). Thus,
codon usage bias occurs nonuniformly among genes in
each of these species.

Second, we show that codon usage bias among
ribosomal protein-coding genes is strong and consis-
tent. CAl values or ribosomal protein-coding genes are,
on average, 2.3 standard deviations above the mean for
all genes (Figure 6). We repeated the analysis using
randomly selected gene sets for calibration. In these
simulations, the average CAI values did not exceed 0.42
standard deviations above the mean for any of the 12
species (100 replications per species). The ribosomal
protein genes thus form a distinct set of proteins with a
characteristic codon usage bias (P < 0.001, one-tailed
Monte Carlo test).

Our observations are consistent with selection acting
on ribosomal protein-coding genes and the remaining
majority of sequences sampling codons simply accord-
ing to mutational biases of nucleotide substitution.

Measuring the strength of selection for codon usage:
If translational selection has resulted in codon usage
bias, then a biased transcript must have conferred a
benefit to the organism. We assume no positional effect
on codon choice: a biased transcript will simply use
more preferred codons than an unbiased transcript, if
both translate into the same amino acid sequence. With
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FiGure 5.—CAI value histograms for genes
from 12 Drosophila species. These distributions
are broader and are increasingly left shifted with
increasing strengths of codon usage bias. CAl val-
ues of each gene were computed on the basis of
codon usage preferences in ribosomal protein
genes. The inset shows the effect of selection
for codon usage bias on the distribution of CAI
values. In the simulations, codons were chosen
randomly for all 13,831 D. melanogaster genes ac-
cording to the bulk codon usage in D. melanogaster.
The observed distribution of CAI values is broader
than the distribution of simulated CAI values,
showing that a disproportionate number of genes
have higher or lower codon usage than expected.
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this simple model, the information theoretical message
length can be used to quantify this benefit.

To assess selection strength on codon usage bias, we
compare the mean message lengths per codon L. (see
MATERIALS AND METHODS) of ribosomal protein genes,
with the mean message lengths per codon of all other
proteins, reasoning that the larger the difference be-
tween them, the stronger the selection on codon usage
bias. The relative selection strength is given by AL. The
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Frcure 6.—Ribosomal protein genes exhibit codon usage
bias for each of the 12 Drosophila species. For each ribosomal
protein gene, we computed the zscore (number of standard
deviations above the mean) of its codon usage bias (CAI
value) compared to the bulk of all proteins (excluding ribo-
somal protein genes). Shown, for each species, is the distribu-
tion of zscores of ribosomal proteins from the bulk of
sequences. The box indicates first, second, and third quar-
tiles, the whiskers extend to the 5 and 95 percentiles. Outliers
are also shown.

use of AL, rather than any other index, is advantageous
in that it can be considered as an extra cost per codon
incurred for translating a typical transcript compared to
the translation of a transcript of a ribosomal gene. Such
a straightforward interpretation is less easily obtained
for the other indices.

We observe no significant correlation (r=—0.16, P=
0.61) between our measure of relative selection strength
ALand intronic G + C for the 12 species. This indicator
of selection strength thus appropriately appears to be
independent of background G + C content and thus
mutational biases.

Using this method for inferring the strength of trans-
lational selection, we find that species in the D. mela-
nogaster group, as well as D. willistoni despite its striking
reductions in GC; and GC3p, values, exhibit similar levels
of codon usage selection strengths, AL (Table 1).
Compared to these, species of the obscura group, together
with D. wvirdis, D. mojavensis and D. grimshawi, exhibit
smaller AL values which we interpret as indicating weaker
codon usage selection strengths (Table 1).

The same subdivision into two groups is obtained
using other indices (Figure 7) once they are calibrated
with respect to ribosomal protein genes’ codon usage.
Even ENC, the deviation from uniform codon usage,
shows this species subdivision if it is employed as AENC.
It is notable that average ENC ((ENC)), an estimator of
the location of the ENC distribution and a common
indicator of codon usage bias, shows only marginal
differences between the two groups and underestimates
selection strength in D. willistoni. It is thus not an
appropriate proxy for selection strength acting on
codon usage bias.

Changes of selection strength on codon usage bias:
We conclude that selective forces acting to generate
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FIGURE 7.—After correction for mutational bias, codon us-
age indices are consistent and likely reflect selection strength.
The top section shows the intronic GC content (GC;) and in-
dices uncorrected for mutational bias while the bottom sec-
tion shows measures corrected for mutational bias. The
indices are L, message length; CAI, codon adaptive index;
and ENC, effective number of codons. < > values are the av-
erage over all genes while A-values are computed as the differ-
ence of a particular index averaged over ribosomal protein
genes vs. the index averaged over all others. Uncorrected
CAI values use D. melanogaster weights for all genomes. All
measures are relative to D. melanogaster and oriented such that
higher values correspond to higher codon usage bias. The
species’ phylogeny is provided at the bottom of the chart
for ease of reference.

codon usage bias in all 12 Drosophila species examined
and the strength of codon usage bias are well reflected
by the codons of ribosomal protein genes. The selection
strength on codon usage bias (AL) has not been con-
stant among these species, with the melanogaster group
showing significantly greater selection strengths on co-
don usage bias than the remaining species (P < 107*,
discounting D. willistoni; P<< 107", retaining D. willistoni).
As differences in AL readily map onto the Drosophila
species’ phylogeny, it might thus appear that the degree
of selection strength on codon usage bias represents an
inherited trait.

Nevertheless, differences in AL (Table 1) might simply
reflect these species’ phylogenetic heritage: AL values for
the melanogaster group, for example, may simply reflect
their common inheritance of codon usage from their last
common ancestor. To investigate whether the differences
in species’ AL values are significant, or whether they
simply reflect the influence of ancestor on descendant,
we applied the phylogenetic eigenvector regression
method (DiNiz-FILHO et al. 1998). Specifically, we com-
pared AL values for melanogaster group species (with or
without D. willistoni) against those of all other species
(excepting D. willistoni) using this method. We find that

these AL differences are not significant given their
phylogenetic heritage (P = 0.08 or 0.37, with or without
D. willistoni, respectively) implying that AL differences
can be explained simply by the influence of ancestor on
descendant (“phylogenetic inertia” HARVEY and Purvis
1991).

DISCUSSION

We provide a first comparative genomic view on the
mutational and selective effects on codon usage bias
among 12 Drosophila species. Although population
data provide the most detailed insights into the recent
evolution of codon usage bias strength (AxasHI 1996,
1999; ArAsHI ef al. 1998; McVEAN and VIEIRA 1999,
2001; DUMONT et al. 2004; MASIDE et al. 2004 ), such data,
for multiple orthologous loci for all species, are, as yet,
not available. Instead, we have exploited the 12 newly
sequenced Drosophila genomes, and their predicted
orthologous protein-coding genes, to investigate the
relative contributions to codon usage of nucleotide
composition and translational selection.

Here, we have provided evidence for translational
selection on codon usage in each of these Drosophila
species. Preferred codons are, in the main, preserved
between ribosomal protein orthologs among these
genomes. We have demonstrated that translational
selection strength is highest within the melanogaster
group, and for D. willistoni, and weaker in the remaining
five species. D. willistoni is exceptional among these
species for its large decrease in G + C content along its
lineage, and thus for its large corresponding change in
codon usage.

We have described how, by using an internal calibra-
tion, measuring codon usage bias using CAI is ap-
propriate since this quantity varies independently of
intronic G + C content. The approach rests on the
assumption thatintronic G + C content is unaffected by
selection on codon usage. However, we acknowledge
that this assumption may fail if selection has acted upon
mRNA properties such as its stability or structure. Given
the known correlation between tRNA pool size and
codon usage bias (Moriyama and PoweLL 1997), we
assume that the selection we are observing has acted
primarily on rates of translation at the ribosome.

The degree of codon usage variation across genomes
was observed to be greater for ribosomal protein genes
than for the bulk of genes (Figure 3B). This was sur-
prising since we had expected essentially stationary
codon usage in ribosomal protein genes due to the
constraints imposed by tRNAs’ concentrations, com-
pared with more variable codon usage, in concert with
changes in mutational biases, among genes less suscep-
tible to translational selection. One interpretation of
these data is that tRNA concentrations have fluctuated
over time. This would result in adaptive changes of
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codon bias among ribosomal protein genes that might
exceed mutational changes. This hypothesis, which re-
mains to be tested, implies that tRNA concentrations,
themselves, would be subject to adaptive evolution.
Choice of method for estimating strengths of
selection for codon usage: We sought to compare the
strengths of translational selection for codon usage
among the 12 Drosophila species. To do so, we had
considered whether we could apply the suppression of
synonymous substitution rate (ds) as a proxy for selec-
tion strength (PowEeLL and Morivama 1997). However,
accurate estimation of ds in the face of changeable
mutational biases and nucleotide compositions would
have been problematic (SINGH et al. 2005; Ar1s-BrRoOsoU
and BreLawskr 2006). We also considered applying the
dominant bias (DB) method (CARBONE et al. 2003),
which derives a set of the most biased transcripts using
an iterative process. The DB method, however, is less
effective when the codon usage of highly biased tran-
scripts is not easily separable from the usage for the re-
maining bulk of sequences. Indeed, for strongly biased
species (the melanogaster subgroup and D. willistoni), the
DB method succeeded in reproducing the codon usage
bias obtained using CAI and ribosomal protein genes
for calibration, whereas for the more weakly biased
species (the pseudoobscura group, D. mojavensis and
D. virilis) proteins found to be biased by the DB method
were of markedly different types and contained few
ribosomal proteins. (By contrast, for as yet unknown
reasons, for D. grimshawi, the species with the smallest
selection strength, the dominant bias method again
correctly produced ribosomal proteins in the set of highly
biased genes.) For the pseudoobscura group, D. mojavensis
and D. virilis, we considered the possibility that selection
on codon usage bias is truly acting on a set of proteins
distinct from the set of ribosomal proteins. Neverthe-
less, we discounted this possibility because of the lack of
a clear functional bias (with respect to gene ontology
terms, ASHBURNER et al. 2000) in the DB-derived set of
biased proteins, and because in our analysis employing
CAI we found that codon usage of ribosomal protein
genes is indeed distinct from that for the remaining
sequences. We conclude that application of the DB
method may not be appropriate for all species.
Confounding effects on measure of selection
strength: Our results show a strong phylogenetic di-
vision between strong selective strength on codon usage
bias in the melanogaster subgroup and D. willistoni and
weaker selective strength for the remaining species.
Such a phylogenetic distribution can arise if all species
are not considered equally in analyses. We considered
whether a bias could have arisen from the gene pre-
diction process because transcripts in the target genome
were predicted according to template transcripts from
D. melanogaster only: the likelihood of mispredicted
exons increases with increasing divergence between
template and target genome (HEGER and PONTING

2007). Mispredicted exons could act to homogenize
codon usage bias between ribosomal protein genes and
bulk genes and thus reduce AL. However, we confirmed
our previous results by using an extensively cleaned set
of sequences that included only codons that were
aligned in conserved blocks across 1:1 orthologs in all
species. We observed no significant changes in A Lvalues
from the extensively cleaned data set (data not shown).

We considered that the strength of selection on
amino acid sequence and the strength of selection on
codon usage might be tightly coupled, with each
affected only by a lineage’s effective population size
history. Nevertheless, maximume-likelihood estimates of
the dy/ds ratio (HEGER and PoNTING 2007) showed no
significant correlation (r = —0.14, P = 0.72) with our
measure of selection strength, AL. [Noris the dy/ds ratio
correlated with mean ENC per genome (r= —0.38, P=
0.31.)]

Despite AL values differing between Drosophila
species, these differences, in large part, can be ex-
plained by phylogenetic inertia. We do not, therefore,
observe significant differences between the species, with
respect to the selection strength on codon usage bias,
that could be interpreted as changes in the selection
gradient within internal branches of the Drosophila
phylogeny. The differences in AL values thus are ex-
plained best as “frozen accidents” occurring at specia-
tion nodes.

Comparisons with previous, smaller-scale, studies:
Results from our whole-genome approach appear, on
the whole, to be consistent with those from previous
smallerscale analyses. It has been reported that D. simulans
and D. virilis, compared with D. melanogaster, each ex-
hibits a different codon usage bias and a stronger (D.
simulans) or weaker (D. virilis) selection strength, pre-
sumably resulting from their proposed larger or smaller
effective population sizes, respectively (AQUADRO et al.
1988; AkasHI 1996; McVEAN and VIEIRA 2001). In each
case, our findings concur with these previous observa-
tions. The difference, however, in selection strengths
we observe between D. melanogaster, D. simulans, and
D. sechellia are slight (Table 1) and well within the range
of measurement error.

The impact of codon usage for comparative analysis
of the fly genomes: The impact of mutational bias and
translational selection on codon usage bias for Dro-
sophila genes, and the variations in selective strengths
between species, have implications for the accuracy of
neutral rate estimations from synonymous substitution
rates. Neutral rates will be considerably underestimated
for genes or species exhibiting strong bias, which can be
corrected for empirically (HirsH et al. 2005). The con-
founding effects of codon bias on synonymous sub-
stitution rate ds will thus depend on the species pairs
under study. In the D. melanogaster subgroup, both
strength and type of codon bias appear to have remained
relatively constant, and maximum-likelihood estimates of
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synonymous substitution rates are unlikely to be affected
by codon usage bias. For the further diverged species, this
may not necessarily be true, but here the effect of codon
usage bias on ds estimates might be negligible when
compared to the variance arising when multiple sub-
stitutions are accounted for.
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