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Abstract. The GC content of synonymous sites is
elevated in genes from both Brassica oleraceae and
Arabidopsis lyrata compared with Arabidopsis thali-
ana. However, this shift in base composition is inde-
pendent of gene expression level, and there is no
evidence for a similar difference in the frequency of
codons preferred by translational selection. The re-
sults suggest that composition evolution is caused by
a change in mutation bias or biased gene conversion,
rather than by a reduction in the efficacy of natural
selection in selfing Arabidopsis.
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Introduction

Synonymous codon usage in many eukaryotic ge-
nomes is thought to be the result of a balance among
the forces of weak natural selection, genetic drift, and
mutation (Akashi 1997). Accordingly, the evolution
of codon usage among species can be driven by dif-
ferences in the strength and direction of these three
forces (Powell et al. 2003). For example, reductions in
effective population size increase the role of genetic
drift relative to natural selection, leading to lower
frequencies of codons preferred by translational
selection. Alternatively, codon usage may evolve due
to shifts in neutral processes, rather than as a con-

sequence of selection. For example, changes in the
rate and direction of mutation bias can also cause the
evolution of codon bias irrespective of the parameters
of selection and population size (e.g., Arndt et al.
2005). Additionally, if gene conversion is biased with
respect to base composition, changes in the strength
of this bias may influence synonymous base compo-
sition (Marais 2003), and this can be caused by
changes in both recombination rate and effective
population size (Marais et al. 2004). To date, we have
little understanding of which forces dominate the
evolution of codon usage.

The model plant Arabidopsis thaliana and its
congeners provide an excellent system for testing the
causes of genome evolution. In particular, the species
exhibit a variety of mating systems, and this diversity
has important consequences for the effective rates of
recombination and effective population size
(Charlesworth and Wright 2001). Two lines of evi-
dence suggest the action of weak natural selection on
codon usage in Arabidopsis thaliana. First, the degree
of biased codon usage shows a significant correlation
with gene expression level in A. thaliana (Duret and
Mouchiroud 1999; Wright et al. 2002), consistent
with stronger selection for translational efficiency
and/or accuracy in highly expressed genes. Second,
the identified ‘‘preferred’’ codons showing an in-
creased frequency in highly expressed genes match
closely with those expected by the most abundant
isoaccepting transfer RNA genes (Wright et al. 2004;
Kliman and Henry 2005). However, the general level
of codon usage bias is low in A. thaliana, and recent
analyses suggest the possibility of a shift in codon
usage compared with related species, particularly
between A. thaliana and Brassica rapa, where Bras-Correspondence to: Stephen I. Wright; email: stephenw@yorku.ca
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sica showed a stronger preference for codons ending
in G or C compared with Arabidopsis (Tiffin and
Hahn 2002). This shift may result from a reduction in
the efficacy of natural selection in A. thaliana driven
by high levels of self-fertilization as expected by
population genetic models (Charlesworth and Wright
2001), but alternative neutral explanations have not
yet been ruled out (Tiffin and Hahn 2002), and a
comparison of codon usage in a small sample of genes
from the closely related A. lyrata showed no consis-
tent evidence for a reduction in codon bias in
A. thaliana (Wright et al. 2002).

Here we further test for a reduction in the efficacy
of natural selection in Arabidopsis thaliana using two
datasets: (1) a set of the highest- and lowest-expressed
genes from A. thaliana aligned with orthologues from
the shotgun genome sequence of Brassica oleraceae
(estimated divergence time of approx. 25 MYA
[Koch et al. 2000]), making use of the complete
genome sequence of A. thaliana, and shotgun genome
survey sequence from Brassica oleraceae (Ayele et al.
2005); and (2) 83 genes sequenced in Arabidopsis ly-
rata, aligned with their orthologues from the com-
plete genome of A. thaliana (see Wright et al. 2004;
estimated divergence time of approx. 5 MYA [Koch
et al. 2000]).

Evolution of Codon Usage in A. thaliana vs.
B. oleraceae

For the comparison with Brassica oleraceae, we use
quantitative estimates of gene expression from mas-
sively parallel signature sequencing (MPSS) in
A. thaliana (Meyers et al. 2004a, b) to focus on the
very highest- and lowest-expressed genes. Our pre-
diction is that if Brassica has a higher efficacy of
selection on codon bias, the difference in GC content
between the species should be most prevalent in
highly expressed genes. Alternatively, a neutral shift
in GC content should be equally apparent in both the
highest- and the lowest-expressed gene classes. We
focus our analysis on the extremes of gene expression
level with the assumption that these classes are most
likely to remain in similar expression classes in
Brassica (see below).

Across the entire dataset, B. oleraceae genes show
a consistently higher GC3 (Wilcoxon ranked sign test
Z = )12.292, p < 0.001, n = 185 genes), in agree-
ment with previous results comparing A. thaliana and
Brassica rapa ESTs (Tiffin and Hahn 2002). The
elevated GC3 is present in both the highest- and the
lowest-expressed genes (highest expressed, Wilcoxon
ranked sign test Z = )6.004, p < 0.001, n = 96
genes; lowest expressed, Wilcoxon ranked sign Z =
–5.662, p < 0.001, n = 85 genes). Furthermore, for
codons with conserved amino acids between species,
Brassica shows an elevated number of synonymous

bases ending in G or C over A. thaliana (Table 1;
v2 = 245.6, p < 0.001). As shown in Table 1 and
illustrated in Fig. 1, there is no evidence that the
elevated GC in Brassica is affected by gene expression
level; the ratio of GC synonymous bases in Brassica
to those in A. thaliana is nearly identical in the low-
est- and highest-expressed genes (two-tailed Fisher�s
exact test, p � 0.05). Thus, while GC3 shows a sig-
nificant increase in Brassica, it is a similar increase in
both high- and low-expression genes, providing no
evidence for stronger selection on codon usage in
B. oleraceae. Taken together, these results suggest
that differences in the strength or efficacy of natural
selection on codon usage are not causing the evolu-
tion of synonymous base composition in these taxa.

Our prediction is that a difference in the efficacy of
selection should affect codon bias most strongly in
the highest expressed genes, while a neutral shift in
base composition should lead to changes in both
expression classes. The strength of codon bias in
diploid populations is determined by the equation
(Bulmer 1991)

q ¼ e4Nes

e4Nes þ u=v
ð1Þ

where u/v is the ratio of the rate of changes from
preferred to unpreferred codons to the rate of changes
from unpreferred to preferred. If there is no selection
acting on codon bias in the lowest-expression genes, it
is clear that codon bias in this class of genes would be
unaffected by a change in effective population size,
and so a difference in Ne would only affect highly
expressed genes. However, another possibility is that
lowly expressed genes are subject to weaker selection
on codon bias than highly expressed genes. GC% at
synonymous sites in the lowest expressed genes is on
average higher than in introns (e.g., 0.49 vs. 0.32 in B.
oleraceae), consistent with the action of weak selec-

Table 1. Changes in GC content in high- and low-expression
genes

GCbrass/ GCthal/

Expression ATthal ATbrass

Low 1092 724

High 2581 1723

Note. For conserved amino acid sites, the table shows the number

of codons where B. oleraceae has a GC-ending codon and

A. thaliana an AT-ending codon (GCbrass/ATthal) and where

A. thaliana has a GC-ending codon and B. oleraceae an AT-ending

codon (GCthal/ATbrass). Gene expression level was measured as the

sum of expression level across tissues, using the MPSS database

(see text), and the 100 highest- and 100 lowest-expressed genes were

selected. Gene sequences from A. thaliana were submitted to a

BLAST search (Altschul et al. 1990) against the Brassica oleraceae

genomic survey sequence at the NCBI web site (www.ncbi.-

nih.nlm.gov), and the highest-scoring matches for each region

(BLAST scores >50 bits) of the coding regions were aligned with

the A. thaliana gene sequence.
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tion on synonymous sites. However, this comparison
is complicated by functional evidence suggesting that
selection favors a T-rich base composition and acts
against a GC-rich composition in introns (Ko et al.
1998; Rose 2002) and the possible role of adjacent
bases in the mutational process (Morton 2001). Nev-
ertheless, the difference between base composition at
synonymous sites and that at introns gives us an up-
per-bound estimate of the strength of selection on
codon usage in synonymous sites for low-expression
genes. Using the average GC% of introns in Brassica
(0.32), we estimate that the ratio u/v is approximately
2.1. Based on the average GC% at twofold degenerate
sites where G/C bases are expected to be favored over
A/T (using tRNA abundance data [Wright et al.
2004]), this gives a rough estimate of Nes = 1.59 for
the highly expressed genes (GC = 0.7) and 0.9 for the
lowest-expressed genes (GC = 0.54) in Brassica.
Alternatively, using GC content at twofold degenerate
sites with no codon preferences expected based on
tRNA abundance, u/v = 1.2, and 4Nes is estimated as
1.05 in highly expressed genes and 0.35 in low-
expression genes. Using these parameters, we can
predict how a reduction in effective population size is
expected to change codon bias in the highest- and
lowest-expressed genes. Figure 2 shows that the
highly expressed genes are more responsive to changes
in effective population size than genes subject to
weaker selection, suggesting that highly expressed
genes should in fact show a larger shift in codon bias
than low-expression genes. While this model assumes
that codon usage has returned to equilibrium, a shift
in Ne is more likely to have a detectable effect on the
highest-expressed genes than on low-expression genes.

Although Fig. 2 demonstrated a larger effect of
changes in Ne on highly expressed genes, it also
illustrates that small changes in effective population
size might not have a detectable difference on high-
vs. low-expression genes, while still having an overall
effect on synonymous base composition. Further-
more, the GC content of synonymous sites across all
codons is only weakly associated with selection on
codon usage in Arabidopsis (Wright et al. 2004; Kli-
man and Henry 2005), and it is possible that there is a
residual difference in the efficacy of selection driving
the evolution of codon usage. To further test for a
difference in the efficacy of natural selection between
species, we use the classification of codon preferences
based on tRNA abundance (Wright et al. 2004).
Focusing on the highly expressed genes, where
selection is most likely acting on codon usage, we
examine all conserved amino acid sites where
there has been a synonymous substitution leading to
a GC-AT change between the species, and classify
changes as preferred in A. thaliana and unpreferred in
B. oleraceae, unpreferred in B. oleraceae and pre-

Fig. 1. Comparison of the GC content of synonymous third co-
don positions for high- vs. low-expression genes in Brassica olera-
ceae (gray bars) and Arabidopsis thaliana (black bars).

Fig. 2. Changes in codon bias expected as a result of a reduction
in effective population size. The y-axis shows the difference in co-
don bias between the species with a larger effective size and the
species with a reduced effective size. The x-axis shows the ratio of
effective sizes between the species. Black lines are parameter values
for highly expressed genes, and gray lines are values for low
expression genes. A, u/v=2.1; B, u/v=1.2.
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ferred in A. thaliana, and neutral changes (P-P or
U-U). By comparing codon preferences for AT-GC
changes and GC-AT changes separately, we can
control for any possible neutral difference in base
composition between the species. As shown in Fig. 3,
there is a consistent elevation of changes where B.
oleraceae has the GC-ending codon and A. thaliana
has the AT-ending codon, irrespective of whether the
GC-ending codon is a preferred, unpreferred, or
neutral change. This pattern is inconsistent with a
difference in the effectiveness of selection on codon
usage between species but is entirely consistent with a
neutral shift in substitution patterns.

There are two major limitations with our current
analysis. First, by dividing genes into expression level
classes based on A. thaliana MPSS data, we have as-
sumed that gene expression levels are conserved
across species. Our focus on the extremes of gene
expression level make it likely that this assumption is
valid, but the possibility that a number of our genes
have shifted expression levels in Brassica has not been
ruled out. Second, we have also assumed that codon
preferences have remained constant between the spe-
cies. Our analysis of the frequency of preferred codons
relies on tRNA gene abundance data from A. thali-
ana, and changes in tRNA abundance between species
may lead to shifts in codon adaptation that would
obscure a change in the efficacy of natural selection.
To test these possibilities further, we compared codon
frequencies in high- vs. low expression genes in the
two species. Our prediction is that if selection regimes
and gene expression levels are conserved across spe-
cies, the direction and magnitude of shifts in codon
usage should be conserved between the two species.
Figure 4 shows the relationship of relative codon
frequencies in high- vs. low-expressed genes in A.
thaliana and B. oleraceae for each degenerate codon.

The codon frequency differences with gene expression
appear to be remarkably conserved in both strength
and magnitude, and there are no striking patterns that
suggest a change in codon preferences between taxa.
Thus, our data suggest that codon preferences have
remained conserved, and changes in tRNA abun-
dance or gene expression are unlikely to be responsi-
ble for the observed change in codon usage.

Evolution of Codon Usage in A. thaliana vs. A. lyrata

Previous analysis suggested that A. lyrata and
A. thaliana maintained preferences for the same co-
dons (Wright et al. 2004); observed differences in
codon usage should thus reflect differences in either
mutation or the strength of selection. In a compari-
son of A. thaliana with genes sequenced in A. lyrata,
we also find an elevated GC3 in A. lyrata (Wilcoxon
signed rank test Z = )2.475, p < 0.05; 83 genes),
although the difference is much smaller than with the
Brassica comparison. In contrast, however, we find
no significant difference between A. lyrata and
A. thaliana in a comparison of tRNA-based codon
preferences (comparing the number of orthologous
codons where A. lyrata has a preferred codon and
A. thaliana an unpreferred codon with codons where
A. thaliana has a preferred and A. lyrata an unpre-
ferred codon, Z = )0.4199, p � 0.05), although
there is a weak trend toward a higher number of
preferred codons in A. lyrata (40 genes elevated pre-

Fig. 3. Synonymous codon evolution between A. thaliana and
B. oleraceae. The y-axis is the number of synonymous AT-GC
changes between species leading to a GC-ending codon in B. ol-
eraceae (gray bars) or a GC-ending codon in A. thaliana (black
bars) for GC-ending codon changes which are preferred, unpre-
ferred, or neutral relative to the AT-ending codon in the alternate
species.

Fig. 4. Ratio of codon frequencies in high- vs. low-expression
genes in Arabidopsis thaliana and Brassica oleraceae. The figure
shows, for each degenerate codon, the frequency of each codon in
the highest-expressed genes relative to its frequency in the lowest-
expressed genes. Values >1 thus represent codons thought to be
preferred by translational selection, while values <1 represent
unpreferred codons. The line is the 1:1 line, for equal relative
frequency in both species.

139



ferred codons in A. lyrata; 32 genes elevated preferred
codons in A. thaliana). Thus, while we find evidence
for a significant difference in GC content, measures of
codon bias closer to those reflecting selection show no
significant difference. Both GC3 and tRNA abun-
dance-based measures of the frequency of preferred
codons are positively correlated with MPSS-based
measures of gene expression in both species (Wright
et al. 2004). The correlation coefficients are nearly
identical, providing no evidence to suggest that the
strength of selection differs between the species.

Evolution of Noncoding Base Composition

If neutral processes are governing base composition
evolution at synonymous sites, a similar elevated GC
content would be expected in noncoding regions of
B. oleraceae and A. lyrata, in comparison with
A. thaliana. However, we find no significant differ-
ence in GC at introns between the species for the
genes with introns sequenced in A. lyrata (Wilcoxon
ranked sign test Z = 0.8863, p � 0.05; n = 43) and
B. oleraceae (Z = –0.837, p � 0.05; n = 94). We
thus find no evidence for a general elevation of GC
content in A. lyrata and B. oleraceae. However, in-
tron sequences are short in these species, and it is
possible that a significant proportion of intron se-
quence is under selective constraint in such spe-
cies (Andolfatto 2005). Indeed, in the complete
A. thaliana genome, GC content is negatively corre-
lated with the GC content at third codon positions
(Kliman and Henry 2005), suggesting either general
selective constraint on base composition in introns or
synonymous sites. Experimental studies have shown
that intron base composition has functional effects on
splicing efficiency and mRNA transcript levels (Ko et
al. 1998; Rose 2002), and thus these patterns may
reflect the action of selection on intron base compo-
sition. Given that base composition effects are mea-
surable in the lab, the strength of selection in introns
may be sufficient to compensate for species differ-
ences in mutational biases. Additionally, the effects of
adjacent bases on mutation patterns in coding vs.
noncoding regions (Morton 2001) may be causing
differences in base composition in the two regions.
Thus, while we cannot entirely rule out the possibility
that intron base composition is neutral and that our
observed synonymous base composition evolution is
due to differences in selection, our analyses show that
the difference between species is unrelated to tRNA-
based translational selection, and given the functional
evidence for selection on noncoding DNA, we favor
the neutral explanation for the evolution of synony-
mous GC content. Clearly, further tests for the action
of natural selection on synonymous and noncoding
sites are important, making use of both patterns of
nucleotide polymorphism and divergence.

Evolution of Codon Usage in the Brassicaceae

With the caveats noted above, our results suggest that
the difference in GC content in these species is not
driven by differences in the efficacy of translational
selection and is more likely determined by neutral
differences. Note that this does not imply the absence
of selection on synonymous sites; indeed, the observed
positive correlation between codon bias and gene
expression and the association between codon prefer-
ences and tRNA abundance do suggest the action of
translational selection (Wright et al. 2004; Kliman and
Henry 2005). Note that it might be expected that a
neutral evolution of base composition should generate
a stronger difference in GC content for low-expression
genes, where selection on codon usage is weak. How-
ever, given the weak selection acting on codon usage
bias, and the large proportion of amino acids which
have both C- and T- ending codons expected to be
preferred by translational selection (Wright et al.
2004), it is clear from our results that frequencies of
preferred codons can remain constant despite shifts in
base composition. In particular, we can use eq. 1 above
to predict the expected effect of a change in mutation
bias on high- vs. low-expression genes in A. thaliana.
Given our estimates above of Nes and u/v at twofold
degenerate sites in Brassica, and our observed GC
frequency at twofold degenerate sites in low-expres-
sion genes inA. thaliana (0.47), our results would imply
a shift in u/v from 2.1 to 2.8. If we use this estimate to
predict GC frequency in highly expressed genes in A.
thaliana, we predict GC to be 0.636, nearly identical to
our observed average of 0.633. Our results are thus
entirely consistent with a shift in the ratio of GC-AT
mutations.

Our conclusion is that selective pressures have re-
mained constant across species but that neutral dif-
ferences among species in the mutation process have
driven the evolution of base composition. As dem-
onstrated in the previous paragraph, shifts in muta-
tion bias could explain our results. An alternative
possibility is that the evolution of base composition is
caused by differences in the strength of biased gene
conversion. Although there is little or no empirical
evidence to date for biased gene conversion acting in
plant genomes, gene conversion has been hypothe-
sized to show a bias toward the replacement of A/T
bases with G/C, leading to a fixation bias of G/C
nucleotides (reviewed by Marais 2003). The strength
of biased gene conversion is dependent on the prod-
uct of the effective population size and the rate of
biased gene conversion. In a highly selfing species, the
effective rate of biased gene conversion is reduced
dramatically, due to the very low percentage of het-
erozygotes in the population (Marais et al. 2004).
Arabidopsis thaliana is highly selfing in natural pop-
ulations, while B. oleraceae and A. lyrata both have
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self-incompatibility and are expected to have been
outcrossing over evolutionary time scales. This dif-
ference in mating system may thus have lead to an
important change in the levels of biased gene con-
version. In particular, base composition under biased
gene conversion is determined by the equation (Ma-
rais et al. 2004)

q� ¼ e4Nexð1�SÞ

e4Nexð1�SÞ þ u=v
ð2Þ

where x is the strength of biased gene conversion, and
S is the selfing rate.Given the selfing rate estimate from
A. thaliana of 0.98, this would imply a strong reduction
in the effective rate of biased gene conversion, where
the effects of biased gene conversion are effectively
eliminated. If, for example, we use our previous esti-
mate of u/v = 2.1, the level of synonymous GC% at
twofold degenerate codons in Brassica low-expression
genes (0.54) would be consistent with a value of 4Nex
of 0.9.With these parameters, the increased selfing rate
in A. thaliana would lead to an expected reduction in
GC to 0.33. Alternatively, if u/v = 1 and base com-
position is only determined by the level of biased gene
conversion, we would infer a value of 4Nex in Brassica
of roughly 0.15, and we would expect an average GC%
of approximately 0.5 in A. thaliana. Although GC% is
unlikely to have recovered equilibrium since the evo-
lution of selfing following a shift in biased gene con-
version, our observed value of 0.47 for GC content at
twofold degenerate sites in A. thaliana is consistent
with parameter values of biased gene conversion
intermediate between these two examples.

To further test for the action of selection on
noncoding and synonymous base composition, and
to distinguish between mutation bias and biased gene
conversion, it will be important to examine patterns
of nucleotide polymorphism as well as divergence
between species; under biased gene conversion, out-
crossing species should show a fixation bias from AT-
GC compared with polymorphism, while differences
in mutation bias should not generate such a pattern.
As large polymorphism datasets accumulate in the
outcrossing relatives of A. thaliana, we will be able to
examine and compare the patterns of polymorphism
and divergence to test for the role of mutation bias
and biased gene conversion in the evolution of base
composition.
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