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Abstract:  
 
A strong negative correlation between the rate of amino-acid substitution and codon usage bias in 
Drosophila has been attributed to interference between positive selection at nonsynonymous sites and 
weak selection on codon usage. To further explore this possibility we have investigated polymorphism 
and divergence at three kinds of sites: synonymous, nonsynonymous and intronic in relation to codon 
bias in D. melanogaster and D. simulans. We confirmed that protein evolution is one of the main 
explicative parameters for interlocus codon bias variation (r2~ 40% However, intron or synonymous 
diversities, which could have been expected to be good indicators of local interference [here defined 
as the additional increase of drift due to selection on tightly linked sites, also called 'genetic draft' by 
Gillespie (2000)] did not covary significantly with codon bias or with protein evolution. Concurrently, 
levels of polymorphism were reduced in regions of low recombination rates whereas codon bias was 
not. Finally, while nonsynonymous diversities were very well correlated between species, neither 
synonymous nor intron diversities observed in D. melanogaster were correlated with those observed in 
D. simulans. All together, our results suggest that the selective constraint on the protein is a stable 
component of gene evolution while local interference is not. The pattern of variation in genetic draft 
along the genome therefore seems to be instable through evolutionary times and should therefore be 
considered as a minor determinant of codon bias variance. We argue that selective constraints for 
optimal codon usage are likely to be correlated with selective constraints on the protein, both between 
codons within a gene, as previously suggested, and also between genes within a genome.  
  
 
Keywords: Codon usage, selective constraints, substitution rate, diversity, GC-content, linkage, Hill-
Robertson interference, Drosophila 
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Introduction 1 

It is now widely accepted that weak selection for codon usage is acting upon synonymous 2 

mutations in some organisms (for review see Kurland, 1991; Sharp et al., 1995; Akashi & 3 

Eyre-Walker, 1998) but is relaxed in others (e.g. in some bacteria, Sharp et al., 2005; in 4 

Mammals, Duret, 2002). Variation in the intensity of synonymous selection has sometimes 5 

been detected at small evolutionary time scales between closely related species: in Drosophila 6 

for instance, population genetics analyses suggest that selection for codon usage is currently 7 

active in D. simulans (Akashi & Schaeffer, 1997; Kliman, 1999; Begun, 2001) while it seems 8 

to be relaxed in D. melanogaster owing to a recent reduction in population size in this lineage 9 

(Akashi, 1996; McVean & Vieira, 2001). However, it has proven extremely difficult to 10 

distinguish between competing explanations that account for interlocus variance in codon bias 11 

within a genome, once selection had been validated at the scale of the whole genome (Akashi, 12 

2001; Duret, 2002). The pattern of codon usage results from a balance among three factors: (i) 13 

selection, (ii) random genetic drift and (iii) mutation (Bulmer 1991). All three factors are 14 

likely to vary within a recombining genome and have been proposed in turn to be the 15 

causative agent. 16 

(i) Interlocus variation in codon usage bias may more simply be the consequence of 17 

unequal selection coefficients across genes. The fitness difference between synonymous 18 

codons most probably relies on translation efficiency. In Drosophila, codon usage is biased 19 

toward preferred codons that generally correspond to the most abundant cognate tRNA 20 

(Moriyama & Powell, 1997). Variation in translational selection across genes is attested by a 21 

positive correlation between codon usage bias and the level of gene expression (Duret & 22 

Mouchiroud, 1999). In addition, a variable selective regime on synonymous mutations is 23 

further suggested by a negative correlation between codon bias and synonymous substitution 24 

rates (Sharp & Li, 1989; Moriyama & Hartl, 1993; Bierne & Eyre-Walker, 2003). However, it 25 
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remains unclear whether codon usage primarily affects the elongation rate or the fidelity of 1 

protein synthesis (Akashi, 2001; Duret, 2002). The latter hypothesis is supported in 2 

Drosophila and Caenorhabditis, where codon bias is stronger at constrained than at 3 

substituted amino acids (Akashi, 1994; Marais & Duret, 2001). However, the translational 4 

accuracy hypothesis would predict a positive correlation between codon bias and gene length, 5 

as is observed in the Prokaryote Escherichia coli (Eyre-Walker, 1996), while the reverse is 6 

observed in the metazoan genomes analysed to date (Moriyama & Powell, 1998; Duret & 7 

Mouchiroud, 1999; Comeron et al., 1999). How much strengths of selection for the speed or 8 

the accuracy of translation vary across genes therefore remains unclear. 9 

(ii) Another factor which can cause within-genome variation in selection efficacy is the 10 

Hill-Robertson (HR) effect (Hill & Robertson, 1966). The HR effect corresponds to a 11 

decrease in the efficacy of selection acting upon a mutation due to selection on other 12 

genetically linked segregating mutations. Selection, whatever its direction, increases the 13 

variance in reproductive success and consequently inflates genetic drift (Wright, 1931). The 14 

HR effect and related models for neutral mutations (i.e. hitchhiking, Maynard Smith & Haigh, 15 

1974; background selection, Charlesworth et al., 1993) can therefore be understood as local 16 

variations in genetic drift (Felsenstein, 1974). Gillespie (2000) suggested that “genetic draft” 17 

could prove a useful label for the stochastic effects induced by indirect selection that are 18 

different in their origin and their statistic properties from purely demographic random drift. 19 

We will here follow Gillespie’s terminology and will state that the magnitude of the genetic 20 

draft but not genetic drift can vary along a recombining genome. The correlation observed 21 

between local recombination rates and gene diversity in D. melanogaster (Begun & Aquadro, 22 

1992) has classically been attributed to higher interferences (be they caused by positive or 23 

negative selection) in genomic regions of low recombination, in accordance with this idea of 24 

within-genome variation in genetic draft. Although some confounding factors obscure the 25 
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correlation (Marais et al., 2001), codon usage bias also correlates with local recombination 1 

rates in D. melanogaster (Hey & Kliman, 2002; Marais & Piganeau, 2002), as expected by 2 

the HR effect. However, the correlation is very weak, accounting for only ~1% of the codon 3 

bias variance, and is restricted to lower recombination rate values (Marais & Piganeau, 2002). 4 

HR effect, although operating on codon bias (Hey & Kliman, 2002), was therefore thought to 5 

be a minor determinant of interlocus codon bias variance (Marais & Piganeau, 2002). 6 

However, Betancourt and Presgraves (2002) have documented a very strong negative 7 

correlation between the rate of amino-acid substitution and codon usage bias in Drosophila. 8 

These authors proposed that a small scale HR effect accounts for the correlation: genetic draft 9 

would be more intense in fast-evolving genes that undergo a high rate of selectively driven 10 

amino-acid substitutions and would thus be unable to optimise their codon usage. The HR 11 

effect hypothesis is an indirect interpretation of the correlation that would require further 12 

evidence; however Betancourt and Presgraves (2002) discussed and refuted alternative 13 

hypotheses making the HR effect the last possible explanation (but see Marais & 14 

Charlesworth, 2003). In addition, Kim (2004) has recently shown theoretically that the model 15 

is reasonable. 16 

(iii) Finally, codon bias may still vary across genes that share similar selection intensities 17 

if a correlated mutational bias is superposed on selection on synonymous codon use. In 18 

Drosophila, all preferred codons end in G or C which results in a very strong positive 19 

correlation (R2>0.9) between codon bias and GC content at synonymous third coding 20 

positions (hereafter GC3). Furthermore, a good correlation (0.1<R2<0.3) is observed between 21 

GC3 and intron GC content (hereafter GCi) in accordance with the hypothesis that a non 22 

negligible mutational bias is superimposed on selection on codon use in this taxa (Kliman & 23 

Hey, 1994; Akashi et al., 1998). Marais et al. (2001) have pointed out that GCi correlates 24 

positively with local recombination rate, as does GC3, in D. melanogaster, suggesting that a 25 
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part of the mutational bias may be associated with recombination. However, the correlation is 1 

very weak (R2<1%), sometimes not detected (Hey & Kliman, 2002), and recombination only 2 

accounts for a very small fraction of the correlation between GC3 and GCi. 3 

In short, each factor (selection for the speed or the accuracy of translation, genetic draft 4 

and mutation bias) appears to be operating concomitantly in Drosophila. However, their 5 

relative contribution is still unclear. Most importantly, the recent observation that codon usage 6 

bias is strongly correlated with the rate of amino-acid substitution, led to the suggestion that 7 

small scale variations in local interference within the Drosophila genome may have a stronger 8 

impact on interlocus codon bias variance than previously thought (Betancourt & Presgraves, 9 

2002; Kim, 2004). 10 

In the present study we propose (i) to explore the effect of within-genome variation in 11 

local interference on codon usage bias using a more direct measure of genetic draft, relative 12 

levels of synonymous and intron polymorphism, (ii) to use a comparative analysis between D. 13 

melanogaster and D. simulans in order to investigate the relative stability through time of 14 

local interference on the one hand, and selective constraint on the protein on the other hand, 15 

and (iii) to measure the relative contributions of various factors to synonymous codon bias. 16 

Since our sample size is constrained by the availability of polymorphism data at three kinds of 17 

sites (intron, synonymous and non-synonymous sites) which could only be found for a few 18 

tens of genes at present, we could only study the factors which have a major impact on 19 

synonymous codon use. 20 
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Data 1 

Dataset 1- Intron and synonymous diversity, synonymous codon bias and within-genome 2 

variation in local interference. 3 

One aim of the present work was to investigate intron and synonymous diversity as a 4 

correlate of local interference in order to further explore the model of small scale HR effect 5 

proposed by Betancourt and Presgraves (2002). To do this, we have compiled from the 6 

literature a first dataset composed of 38 genes in D. melanogaster and 34 genes in D. 7 

simulans for which polymorphism data were available at three kinds of sites –intron, 8 

synonymous and non-synonymous sites (see Bierne & Eyre-Walker, 2004). Data were 9 

available in both species for 23 genes. Unfortunately, the constraint on the data resulted in too 10 

few genes sharing a similar sampling scheme in D. melanogaster to conduct correlation 11 

analyses with reasonable sampling sizes. We therefore have chosen to use as many genes as 12 

possible keeping in mind the potential caveat surrounding the dataset. On the other hand, the 13 

sampling scheme of the D. simulans dataset was very homogeneous as the sequence data 14 

comes from a single population in California (Begun & Whitley, 2000). For each locus we 15 

have computed the non-synonymous, synonymous and intron diversities within a species as 16 

well as substitution rates between species (respectively θcn, θcs, θi and Dcn, Dcs, Di) using 17 

DnaSP (Rozas & Rozas, 1999). Since there is ambiguity surrounding the definition of a site in 18 

coding sequences which can lead to a spurious correlation between rates of non-synonymous 19 

substitution and codon bias (Muse, 1996; Bierne & Eyre-Walker, 2003), we used synonymous 20 

and non-synonymous rates per codon instead of per site, while intron rates were of course per 21 

site. As a consequence, intron and synonymous evolutionary rates were not directly 22 

comparable; however this was not the purpose of this analysis where a correlative approach 23 

was used. In addition, correction for multiple hits could safely be ignored in the 24 

polymorphism as well as the divergence between the closely related species D. melanogaster 25 
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and D. simulans. Diversities were estimated from the number of polymorphic sites and 1 

sample size (Watterson, 1975) or the average number of nucleotide differences per site 2 

between two sequences (Nei, 1987); however the results were very similar with both 3 

estimators and we arbitrarily choose Watterson’s estimator to present in the results below. 4 

Codon usage bias was first measured by the frequency of optimal codons (Fop, Ikemura, 5 

1985) by using the program CODONW (Peden, 1999). Other measures of codon bias such as 6 

the effective number of codons (ENC, Wright, 1990) or the codon bias index (CBI, Morton, 7 

1993) are sometimes used in the literature. These measures were very well correlated to Fop 8 

and gave qualitatively similar results. We chose Fop because optimal codons have been nicely 9 

defined from data on expression levels in Drosophila (Duret & Mouchiroud, 1999). As 10 

explained above however, Fop and other measures of codon bias are correlated to GC content 11 

in Drosophila, which is taken as evidence for the action of a mutational bias sometimes 12 

favouring the same codons as selection does. In order to account for variations in mutational 13 

patterns we computed the residuals of the Fop/GCi correlation, that we named Fop-GCi. Fop-14 

GCi is expected to measure the single action of selection freed from the cumulative effect of 15 

mutation bias. Finally we estimated recombination rates in D. melanogaster (hereafter Rmel) 16 

by using the data and standard method of Kliman and Hey (1993). We are aware of the debate 17 

surrounding the accuracy of different estimates of recombination rates in Drosophila (Marais 18 

et al., 2003; Kliman & Hey, 2003); however we chose the same estimator as the one used by 19 

Betancourt and Presgraves (2002) as a basis for comparison, having verified that other 20 

estimates gave qualitatively similar results. The data were compiled into a spreadsheet which 21 

is provided in the Supplementary file available on the journal web site. 22 

 23 

 24 

 25 
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Dataset 2- relative contribution of each factor 1 

In a second analysis we have investigated the relative contribution of each factor potentially 2 

involved in codon bias variation –e.g. protein evolution, expression level, gene length and 3 

surrounding non-coding GC content. Since we were not constrained by the need to have 4 

intron polymorphism data in this analysis we were able to compile a much larger dataset of 5 

genes. Thanks to the recent effort to produce large polymorphism datasets in D. simulans (e.g. 6 

Begun & Whitley, 2000; Schlenke & Begun, 2003), we were able to compute non-7 

synonymous and synonymous diversities from 105 genes in this species. We chose to measure 8 

the level of constraint on a protein using polymorphism data, rather than divergence data, 9 

because adaptive substitutions can affect divergence estimates. However, qualitatively similar 10 

results were obtained using dN/dS. Codon usage bias was measured by Fop. We did not 11 

correct for local GC content in this analysis because we were interested in assessing the 12 

mutation bias effect (while in the previous dataset we wanted to remove it). Non-coding GC 13 

content (hereafter GCnc) usually was GCi but for the few genes without introns, GCnc was 14 

computed from the surrounding non-coding DNA (500 to 1000 bp on either side depending 15 

on the distance from adjacent genes) having verified that GCi and GCnc were very well 16 

correlated in the Drosophila genome (R²=0.99, P < 0.001). Rough estimates of gene 17 

expression levels were measured by EST-counting using the procedure described in Duret and 18 

Mouchiroud (1999). Finally, gene length was also considered in the analysis as it is known to 19 

correlate with codon usage in Drosophila (Powell & Moriyama, 1997; Duret & Mouchiroud, 20 

1999). The data were compiled into a spreadsheet which is provided together with dataset 1 in 21 

the Supplementary file available on the journal web site. 22 
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Analyses 1 

Comparison of the effect of recombination and amino acid substitution rates on silent 2 

diversity and codon usage bias in D. melanogaster 3 

To begin with, we have explored the possibility that the relevant scale for variations in local 4 

interference could be better captured by amino acid substitution rates than by local 5 

recombination rates. We were also interested in verifying whether the within-genome 6 

variance in local interference was accurately captured by the data in D. melanogaster despite 7 

an unbalanced sampling scheme between loci. In accordance with a well known observation 8 

in Drosophila (Begun & Aquadro, 1992), the diversity measured at synonymous and intronic 9 

sites (θi+s) was significantly correlated with recombination (Rmel) in our dataset 1 (Fig. 1A). In 10 

order to estimate the noise introduced by heterogeneous sampling in our meta-analysis of D. 11 

melanogaster data, we have plotted, in the same graph, results from a survey which was 12 

devoid of bias in the sampling strategy (Andolfatto & Przeworski, 2001). Andolfatto and 13 

Przeworski (2001) used sequence data from a single population of Zimbabwe in Africa; few 14 

loci, though, were screened simultaneously in exons and introns as required for the present 15 

analysis. Figure 1A shows that the correlation we obtained with dataset 1 does not differ 16 

greatly from the one obtained by Andolfatto and Przeworski (2001). A Levene’s test of 17 

homogeneity of variance reveals that the variance of θ are not significantly different in the 18 

two datasets (F1,73=2.79, P=0.1). In addition, the method of Stephan (1995) was used to fit the 19 

curve expected under a model of recurrent selective sweeps (Stephan et al., 1992). The fitted 20 

curves were roughly the same with the two datasets (Fig. 1A). This comparison suggests that 21 

variations in local interference are accurately captured in dataset 1 and that the heterogeneity 22 

of this dataset introduces neither bias nor substantial statistical noise. In the same dataset 23 

however, codon usage bias (Fop-GCi) did not correlate significantly with Rmel (Fig. 1B) while 24 

it was strongly correlated with amino acid substitution rate, Dcn (Fig. 1D), as previously 25 
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reported (Betancourt & Presgraves, 2002; Marais et al., 2004). The hypothesis of a small 1 

scale HR effect responsible for low codon bias in fast evolving genes would have predicted a 2 

correlation between Dcn and θi+s, but this was not the case (Fig. 1C). Conflicting results were 3 

therefore obtained depending on whether amino acid substitution rates or local recombination 4 

rates were used to assess local interference. 5 

[Figure 1] 6 

 7 

The relationship between DNA variation and codon usage bias 8 

Table 1 presents the various correlations obtained between codon bias as measured by Fop-9 

GCi and DNA variation decomposed into three classes of mutations (i.e. non-synonymous, 10 

synonymous and introns) within a species (i.e. diversity) and between species (i.e. 11 

divergence). In accordance with previous results (Sharp & Li, 1989; Marais et al., 2004), 12 

significant negative correlations were obtained between codon bias and non-synonymous, as 13 

well as synonymous substitution rates. In contrast, intron divergence did not correlate 14 

significantly with codon bias (Table 1), or with GCi (rs=-0.12, n.s.), in accordance with the 15 

neutral expectation. The correlation previously observed with non-synonymous divergence 16 

was here extended to non-synonymous diversity within both species. Non-synonymous 17 

diversity is most likely composed of neutral or nearly neutral mutations and it was unclear 18 

whether one would have expected non-synonymous diversity to be a good index of the 19 

density of selected mutations and local genetic draft. Nevertheless, non-synonymous diversity 20 

is known to be highly correlated with non-synonymous divergence in Drosophila because 21 

selective constraint on the protein is the main determinant of non-synonymous variation (see 22 

Bierne and Eyre-Walker 2004). Therefore, we would not take this observation as an argument 23 

against the HR effect hypothesis. Synonymous diversity, on the other hand, was not 24 

significantly correlated with codon bias which was predictable in D. melanogaster where 25 
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synonymous selection is thought to be relaxed (Akashi, 1996) but could have been expected 1 

in D. simulans. Indeed, the results obtained with synonymous mutations were consistent with 2 

the effect of weak selection acting on synonymous codons (Bulmer, 1991). Finally, and most 3 

importantly, intron diversity, which could have been expected to be an unbiased indicator of 4 

local interference, did not covary significantly with codon bias (Table 1). 5 

[Table 1] 6 

Comparative analysis 7 

Our dataset 1 allowed us to compare diversities between different classes of mutations within 8 

a species, and for the same class of mutations, compare the diversity realised in each species. 9 

Such an analysis was conducted to further investigate how local interference could evolve 10 

between species. Both in D. melanogaster and D. simulans, synonymous and intron 11 

diversities were strongly correlated (Fig. 2A). However, neither intron nor synonymous 12 

diversity within D. melanogaster was correlated with intron or synonymous diversity in D. 13 

simulans (Fig. 2B). Non-synonymous diversity on the other hand did not correlate 14 

significantly with intron (Fig. 2C) or synonymous (not shown, D. melanogaster: rs=0.29, n.s.; 15 

D. simulans: rs=0.13, n.s.) diversity. Non-synonymous diversity within D. melanogaster 16 

however was strongly correlated with non-synonymous diversity within D. simulans (Fig. 17 

2D). 18 

[Figure 2] 19 

Taken together, these results illustrate that intron and synonymous variations are mainly 20 

driven by stochastic processes (genetic drift and draft) that are not stable components through 21 

evolutionary times, while non-synonymous variation is mainly driven by selective constraint 22 

on the protein which in contrast seems to be a stable element, at least between closely related 23 

species. 24 

 25 
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The relative contribution of each factor 1 

We can now reconsider the relative contribution of various factors thought to be involved in 2 

the codon bias variance with our dataset 2. Correlation statistics are presented in Table 2. We 3 

chose the ratio ω=θcn/θcs as a measure of the selective constraint on the protein (small ω 4 

indicates more constraint on the amino acid sequence). In decreasing order the parameters that 5 

appeared to explain most of the variation in codon usage were (i) the selective constraint on 6 

the protein as measured by the ω ratio, which explains ~40% of the codon bias variance, (ii) 7 

the local mutational pattern as measured by surrounding non-coding GC content which 8 

explains ~15% of the codon bias variance and (iii) expression levels as measured by EST-9 

counting which explains ~10% of the codon bias variance. None of these three parameters co-10 

vary significantly with each other in this dataset suggesting that they correspond to almost 11 

independent factors. Note however that a correlation between the level of gene expression and 12 

non-synonymous evolutionary rates has been described elsewhere, although with a much 13 

larger dataset (Marais et al., 2004) or in other organisms, where selection on codon usage is 14 

relaxed such as Mammals (Duret & Mouchiroud, 2000). Finally, the correlation between 15 

codon bias and gene length which has previously been reported with very large datasets 16 

(Powell & Moriyama, 1997; Duret & Mouchiroud, 1999) was not significant in our dataset 2 17 

(Table 2). 18 

[Table 2] 19 
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Discussion 1 

Polymorphism and divergence data at three kinds of sites –synonymous, nonsynonymous and 2 

intronic– were used to investigate the importance of within-genome variations in local 3 

interference on the evolution of codon usage in Drosophila. We first argue that our results 4 

suggest that fast evolving genes do not have conspicuously higher levels of genetic draft. In 5 

addition, a comparative analysis between D. melanogaster and D. simulans suggests that local 6 

interference is unlikely to be a stable component of gene evolution while selective constraint 7 

on the protein is. All together our results suggest that the correlation between synonymous 8 

codon usage and protein evolution cannot be exclusively interpreted by local interference 9 

between selection at non-synonymous and synonymous sites. We will finally discuss 10 

alternative explanations involving some connections between selection on the protein and 11 

selection for the speed or the accuracy of translation. 12 
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Synonymous and intron diversities do not corroborate a more intense genetic draft in 14 

the recent history of fast-evolving genes 15 

Since the publication of the correlation between local recombination rates and gene diversity 16 

(Begun & Aquadro, 1992), local variation in genetic draft within the Drosophila genome has 17 

been thoroughly investigated. Using recombination rates to assess the intensity of genetic 18 

draft, within-genome variation in local interference has been suspected to influence the 19 

efficacy of weak selection on various genomic components such as intron length (Carvalho & 20 

Clark, 1999) or codon usage (Kliman & Hey, 1993; Comeron et al., 1999). More recently, 21 

other parameters thought to correlate with local interference have been investigated such as 22 

gene length, the presence/absence of introns, or the spatial situation of targeting sites in the 23 

gene (Comeron & Kreitman, 2002). Most of these correlations are minute, accounting for a 24 

minor part of the total variance and thus require very large datasets (often exhaustive genome-25 
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wide datasets) to be detected. In addition, some confounding mutational biases have 1 

sometimes been identified (Marais et al., 2001). The weakness of the correlation are perhaps 2 

not surprising given the relevant estimates of recombination and mutation rates (Marais & 3 

Piganeau, 2002). On the contrary, the correlation observed between the rate of protein 4 

evolution and codon bias is surprisingly strong (R²>40%). It is so strong that it does not 5 

require a large dataset to detect; neither does it require the presence of genes with particularly 6 

high rates of amino-acid substitution. As a consequence, if the correlation was entirely due to 7 

HR effects, one could have expected a detectable effect on levels of polymorphism (McVean 8 

& Charlesworth, 2000). However, neither synonymous nor intron diversities significantly 9 

correlate with protein evolution nor do they correlate with codon bias. In the same dataset, 10 

diversities were significantly reduced in region of low recombination rates whereas codon 11 

bias was not. Therefore, it seems difficult to summarise the results obtained within a single 12 

framework, namely HR effects. 13 

Drosophila populations are known to exhibit complex patterns of genetic diversity that are 14 

not consistent with any simple model at demographic equilibrium (Andolfatto & Przeworski, 15 

2000; Begun, 2001; Wall et al., 2002). D. melanogaster and D. simulans are thought to have 16 

spread across the world from Africa after the last glaciation (David & Capy, 1988). Derived 17 

populations are known to depart from demographic equilibrium (Begun & Aquadro, 1993; 18 

Begun, 2001; Baudry et al., 2004) but the situation in Africa is not straightforward either 19 

(Glinka et al., 2003; Veuille et al., 2004). Indeed, it is likely that natural populations never 20 

conform to the standard population genetic assumptions (Lewontin, 2002). One may therefore 21 

suspect that departures from equilibrium could introduce unpredicted stochastic variance 22 

preventing any solid interpretation of the data. However, we would argue that (i) equilibrium 23 

does not need to be assumed here as demographic processes should affect the whole genome 24 

in a similar way such that within-genome variation captured in a correlation analysis can only 25 
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come from non-demographic processes (i.e. genetic draft), (ii) the significant correlation 1 

obtained between polymorphism levels and recombination rates attests that a fraction of the 2 

within-genome variation in local interference is accurately captured in the data and (iii) for a 3 

factor to have a bearing on the long term evolution of a trait with such a minuscule phenotypic 4 

consequence as codon bias, its effect should probably surpass the stochastic variance 5 

inevitably generated in every natural population. In our dataset, two correlations –between 6 

recombination and silent diversity and between non-synonymous polymorphism and codon 7 

bias– have proved to persist despite enduring the stochastic pressure. 8 

Alone, though, the apparently conflicting observations we reported are not sufficient to 9 

completely refute small scale HR effects because codon bias, polymorphism levels and 10 

recombination are parameters that evolve at different time-scales. Diversity may not be 11 

reduced in fast-evolving genes nowadays but might have been in the past. Because codon bias 12 

depends on long-term evolution (Marais et al., 2004), forces acting on it should be rather 13 

stable components of gene evolution. 14 
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Local interference is not a stable component of gene evolution 16 

Local interference depends on the density of selected sites, the strength of the selection acting 17 

on selected sites and local recombination rates (McVean & Charlesworth, 2000; Stephan & 18 

Kim, 2002). Evidence has recently accumulated which suggests that local recombination rates 19 

are not stable over even short timescales (e.g. Munte et al., 2001; Takano-Shimizu, 2001; 20 

Meunier & Duret, 2004). For instance, Ptak et al. (2005) have demonstrated that the 21 

recombination landscape has markedly changed during the human/chimp divergence. These 22 

results would suggest that local interference may vary accordingly in time. However, the 23 

possibility remains that the variation in local selection (density and strength of selection) 24 

prevails over the variation in local recombination rate, as implicitly assumed in the model of 25 
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Betancourt and Presgraves (2002). To assess the stability of local interference, we have here 1 

conducted a comparative analysis of polymorphism levels between D. melanogaster and D. 2 

simulans. Neither intron nor synonymous diversity within D. melanogaster was correlated 3 

with intron or synonymous diversity in D. simulans, suggesting that local interference is not a 4 

very stable component of gene evolution. Instead of the apparent stochastic nature of silent 5 

diversity, non-synonymous diversities were very well correlated between species suggesting 6 

that selective constraints are conserved across species. In accordance with this view, Munte et 7 

al. (2001) showed that the recombinational environment of a gene strongly conditions 8 

synonymous substitution rates while it has no detectable effect on amino acid evolutionary 9 

rates in Drosophila. 10 

All together, our results suggest that the selective constraint on the protein is a stable 11 

component of gene evolution (also see Skibinski & Ward, 2004) while local interference is 12 

not. 13 
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Correlated selective constraints on synonymous and non-synonymous sites 15 

Our evidence suggests that HR effects are not a strong determinant of codon bias, but why 16 

then is there a correlation between synonymous codon usage and rates of protein evolution? 17 

The alternatives have been well discussed elsewhere (Akashi, 1994; Betancourt & Presgraves, 18 

2002; Marais et al., 2004) but we reiterate them here briefly. Although attractive at first sight, 19 

non-synonymous changes that transform a preferred codon into an unpreferred codon 20 

(Lipman & Wilbur, 1985) cannot reasonably account for the correlation. Indeed, removing 21 

such codons (which represent 19% of nonsynonymous changes) has no effect on the strength 22 

of the correlation between the rate of non-synonymous substitution and codon usage bias 23 

(data not shown, see Akashi, 1994; Marais & Duret, 2001; Betancourt & Presgraves, 2002). 24 
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It is also easy to refute another possibility –that the correlation arises through the way in 1 

which sites are counted in the estimation of the non-synonymous substitution rate. In the 2 

method of Goldman and Yang (1994), the method used by Betancourt and Presgraves (2002), 3 

sites are counted as mutational opportunities (see Bierne and Eyre-Walker 2003), so as codon 4 

bias increases the number of synonymous sites decreases and the number of non-synonymous 5 

sites increases. This means that genes with high codon bias will tend to have lower rates of 6 

non-synonymous substitution per site (i.e. if two genes have undergone similar numbers of 7 

non-synonymous substitutions per codon, the gene with the higher level of codon bias will 8 

actually have a lower rate of non-synonymous substitution per site). However, the rate of 9 

nonsynonymous substitution per codon is also correlated to codon bias. 10 

This leaves an idea originally proposed by Akashi (1994), that the strength of selection 11 

acting upon synonymous mutations is correlated to that acting upon non-synonymous 12 

mutations. This could be due to selection on translational accuracy –genes in which most 13 

amino acid sites need to be occupied by a particular amino acid will evolve slowly and will 14 

need to accurately translate. Betancourt and Presgraves (2002) offered several lines of 15 

evidence against this hypothesis. First they noted that the rate of synonymous substitution was 16 

positively correlated to codon bias in their analysis while it was generally accepted the 17 

correlation was negative. However, this was an artefact of the method they used, as we have 18 

discussed elsewhere (Bierne & Eyre-Walker, 2003) –the rate of synonymous substitution does 19 

correlate negatively and significantly with codon bias (Table 1) as previously reported (Sharp 20 

& Li, 1989). Second, Betancourt and Presgraves (2002) tested this hypothesis by considering 21 

the correlation between the level of codon bias in codons which had not undergone a non-22 

synonymous substitution and the overall rate of non-synonymous substitution. They found the 23 

correlation was unchanged and concluded that there was no evidence of correlated strengths 24 

of selection. To explain the logic of their test let us consider a pair of two fold degenerate 25 
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codons - phenylalanine for example. Let us imagine that the average strength of selection 1 

against non-synonymous mutations is sn. Errors during translation will have an effect on the 2 

fitness of the individual which is correlated to this average strength (the correlation will not be 3 

perfect, because while TTT to TTA mutations might be common, TTT to TTA translational 4 

errors may not be). This will manifest itself as selection on synonymous codon bias; so the 5 

strength of selection on codon bias will be correlated to the strength of selection against 6 

deleterious mutations. The average strength of selection against non-synonymous mutations ss 7 

is therefore equal to k sn, where k is a constant. It seems likely, unless the translational error 8 

rate is very high that k<1. Let us now think about all the phenylalanines in a gene. Some will 9 

be very important because they are critical for function and others will not be. We can divide 10 

the sites into three categories; (i) sites at which Ness<1 and Nesn<1 – i.e. selection at both sites 11 

is ineffective; (ii) sites at which Ness<1 and Nesn>1 – sites at which selection is effective 12 

against the non-synonymous mutations, but ineffective on synonymous codon use; and (iii) 13 

sites at which Ness>1 and Nesn>1 – codons at which selection is effective on both non-14 

synonymous and synonymous mutations. The rate of non-synonymous substitution, ignoring 15 

adaptive evolution is determined by the proportion of sites in category (i) relative to 16 

categories (ii) and (iii), while the level of synonymous codon use is determined by the 17 

proportion of sites in (i) and (ii) relative to (iii). Betancourt and Presgraves (2002) just looked 18 

at synonymous codon use at codons with no amino acid substitution which would be 19 

equivalent to looking at the relative number of codons in category (ii) versus (iii). It is clear 20 

that if the sn’s in a gene are independently and randomly drawn from some distribution then 21 

there will be no correlation between the rate of nonsynonymous substitution and the level of 22 

bias in codons which have not undergone amino acid substitution – this would be equivalent 23 

to randomly allocating codons to the three categories and so there is no expectation of a 24 

correlation between (i)/(i+ii+iii) and ii/(ii+iii). However, their test is not valid if there is a 25 
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correlation between sn at different sites within a gene; i.e. if genes with strong selection 1 

against non-synonymous mutations at one codon also tend to have strong selection at other 2 

codons. This is indeed the case – for example the two halves of a gene have correlated rates of 3 

non-synonymous substitution (Smith and Eyre-Walker 2002). 4 

The strong correlation between codon bias and rates of non-synonymous substitution, 5 

or levels of non-synonymous polymorphism, and our explanation for the correlation, suggest 6 

that selection on codon usage bias is primarily driven by translational accuracy. This is 7 

supported by the fact that constrained codons tend to have higher levels of codon bias 8 

(Akashi, 1994; Marais & Duret, 2001). However, this effect was not very strong and the 9 

positive correlation between codon bias and gene length predicted by the translational 10 

accuracy hypothesis (Eyre-Walker, 1996) was negative instead (Duret & Mouchiroud, 1999). 11 

Codon bias is expected to be stronger in longer genes under translational accuracy because 12 

mistakes in longer genes will be energetically more costly. However, controlling for gene 13 

function is difficult in this type of analysis – i.e. it may be that longer genes tend to be poorly 14 

constrained and therefore fast evolving. If the inter-locus variance in selection regime 15 

overwhelms the gene length effect, the correlation would not necessarily be found. 16 

Furthermore, the fact that the correlation was not strong could be explained by an 17 

overabundance of non-selectively constrained codons in the non-substituted class when the 18 

comparison involved closely related species (Akashi, 1994) and an overabundance of 19 

selectively constrained codons in the substituted class (i.e. covarion-like evolution, Fitch, 20 

1971) when the comparison involved distant species (Marais & Duret, 2001). Finally, the 21 

variance in selective constraints for optimal protein synthesis may be more easily 22 

encapsulated between genes within a genome than it is between codons within a gene. Indeed, 23 

it is likely that very constrained proteins that play a major role in the correlation, are 24 

constrained at nearly every amino-acid, the reverse being true for fast-evolving proteins. 25 
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 1 

Conclusion 2 

We found evidence against HR effects as a suitable explanation for the correlation between 3 

the rate of amino-acid substitution and codon usage bias in Drosophila. Although there are 4 

theoretical reasons to believe (Hill & Robertson, 1966; McVean & Charlesworth, 2000; Kim, 5 

2004) and empirical data to suggest (Hey and Kliman 2002) that HR interferences are 6 

operating on codon bias they cannot reasonably explain such a strong correlation and should 7 

be viewed as a minor determinant of interlocus codon bias variance (Marais and Piganeau 8 

2002). 9 

We would therefore conclude that variation in codon usage within the Drosophila genome 10 

is mainly a simple consequence of unequal selection coefficients across genes. Discriminating 11 

between selection for the speed or the accuracy of protein synthesis is difficult but our 12 

analysis suggests that the fidelity of translation may be a more important component than 13 

previously thought. Usually investigated at the codon level within a gene, the effect of 14 

selection on the accuracy of translation may more markedly be seen at the gene level within a 15 

genome. 16 
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Table 1. Spearman’s correlation coefficients between codon bias 

(Fop-GCi) and DNA variation, and significance levels. Significant 

correlations are in bold. In brackets are the results obtained with the 

larger dataset, dataset 2, where possible. 

 Fop-GCi Dcn 

Non-synonymous   

Dcn -0.63***  

θcn sim -0.71*** 
(-0.51***) 

 0.69*** 
 (0.62***) 

θcn mel -0.36*  0.52*** 

Synonymous   

Dcs -0.42**  0.41** 

θcs sim -0.27NS 
(0.08NS) 

-0.11NS 
(-0.09NS) 

θcs mel  0.20NS  0.20NS 

Intron   

Di -0.10NS  0.00NS 

θi sim  0.02NS  0.18NS 

θi mel  0.18NS -0.17NS 

NS: not significant; * 0.01<p<0.05; **: 0.001<p<0.01; ***:p<0.001. 
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Table 2. Spearman’s correlation coefficients between codon bias (Fop) and explicative 

parameters and significance levels (see the data section). Significant correlations that 

remained unchanged after a partial correlation analysis are in bold. 

 Fop GCnc Ln(#ESTs) Gene length 

ω -0.65*** -0.30a -0.07NS -0.01NS 

GCnc  0.44***   0.12NS -0.01NS 

Ln(#ESTs)  0.25**   -0.01NS 

Gene length  0.00NS    

NS: not significant; * 0.01<p<0.05; **: 0.001<p<0.01; ***:p<0.001; 
a not significant after a partial correlation analysis (rp=-0.05, n.s.). 
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Figure legends 

Figure 1.  Comparison of the effect of recombination and the rate of amino-acid substitution 

on silent diversity and codon usage bias in Drosophila melanogaster. (A) Scatterplot of 

recombination (Rmel) and diversity measured at synonymous and intronic sites (θi+s) in our 

dataset 1 (black dots) or silent diversity reported in Andolfatto and Przeworski (2001) 

(crosses). The solid and dotted lines are the best fit of Stephan’s model (1995) to dataset 1 and 

data from Andolfatto and Przeworski (2001), respectively. (B) Scatterplot of recombination 

(Rmel) and codon bias calibrated by intron GC-content (Fop-GCi). (C) Scatterplot of 

nonsynonymous substitution rate (Dcn) and diversity (θi+s). (D) Scatterplot of nonsynonymous 

substitution rate (Dcn) and codon bias (Fop-GCi). 

 

Figure 2.  Comparison of diversity between different classes of mutations within a species, 

and comparison of diversity between species for the same class of mutations. (A) Scatterplot 

of intron diversity (θi) and synonymous diversity (θcs) in D. simulans (black dots) and D. 

melanogaster (open dots). (B) Scatterplot of diversity in D. simulans and D. melanogaster at 

synonymous sites (black dots) and intronic sites (open dots). (C) Scatterplot of intron 

diversity (θi) and nonsynonymous diversity (θcn) in D. simulans (black dots) and D. 

melanogaster (open dots). (D) Scatterplot of diversity in D. simulans and D. melanogaster at 

nonsynonymous sites. 
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Figure 1 
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Figure 2 
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