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Understanding the factors responsible for variations in mutation
patterns and selection efficacy along chromosomes is a prerequi-
site for deciphering genome sequences. Population genetics mod-
els predict a positive correlation between the efficacy of selection
at a given locus and the local rate of recombination because of
Hill-Robertson effects. Codon usage is considered one of the most
striking examples that support this prediction at the molecular
level. In a wide range of species including Caenorhabditis elegans
and Drosophila melanogaster, codon usage is essentially shaped by
selection acting for translational efficiency. Codon usage bias
correlates positively with recombination rate in Drosophila, ap-
parently supporting the hypothesis that selection on codon usage
is improved by recombination. Here we present an exhaustive
analysis of codon usage in C. elegans and D. melanogaster com-
plete genomes. We show that in both genomes there is a positive
correlation between recombination rate and the frequency of
optimal codons. However, we demonstrate that in both species,
this effect is due to a mutational bias toward G and C bases in
regions of high recombination rate, possibly as a direct conse-
quence of the recombination process. The correlation between
codon usage bias and recombination rate in these species appears
to be essentially determined by recombination-dependent muta-
tional patterns, rather than selective effects. This result highlights
that it is necessary to take into account the mutagenic effect of
recombination to understand the evolutionary role and impact of
recombination.

U nderstanding the evolutionary forces (mutation, selection)
that shape genomes is a prerequisite for deciphering of their
sequences. However, determining the relative contribution of
mutation and selection in genome evolution is hindered by the
fact that both mutation patterns and selection efficacy may vary
along chromosomes. Notably, population genetics models pre-
dict that the efficacy of selection should be reduced in regions of
low recombination rate because of Hill-Robertson (HR) effects
(hitchhiking and background selection) (1-3). Such effects are
thought to be responsible for variations in nucleotide polymor-
phism (4, 5), intron length (6, 7), or codon usage (8, 9) across the
genome.

In a wide range of species including Caenorhabditis elegans and
Drosophila melanogaster, codon usage is essentially shaped by
weak selection acting for translational efficiency (10-17). In both
C. elegans and D. melanogaster, synonymous codons are not used
uniformly: distinct codons encoding the same amino acid occur
at fairly different frequencies within genomes (14-17). We have
shown that these codon usage biases are strongly correlated with
gene expression level; highly expressed genes preferentially use
a subset of codons called “optimal codons” (17). Moreover, it
has been shown that these optimal codons correspond to the
most abundant tRNAs (16, 18), which is consistent with findings
from several unicellular organisms that codon usage biases are
due to selection acting for translational efficiency (10-13).

Analyses of polymorphism data in bacteria and flies indicate
that coefficients of selection acting on codon usage are small (19,
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20). Different studies based on computer simulations have
shown that in such cases of weak selection acting on multiple
sites, the efficacy of selection is reduced by genetic linkage (9, 21,
22). Consistent with that model, codon usage biases are reduced
in genes located in regions of low recombination rate in Dro-
sophila (8, 9). Consequently, it is recognized that selection on
codon usage is improved by recombination, and codon usage is
considered one of the most striking examples that support the
predictions of the HR effects at the molecular level (23-27).
However, the computer simulations mentioned previously are
not totally realistic because they assumed that genes evolved
independently of each other (9). Furthermore, analyses of
Drosophila genes have been conducted on relatively restricted
data sets (8, 9). Therefore, we decided to reevaluate the rela-
tionships between codon usage and recombination by analyzing
data from the complete genomes of D. melanogaster (13,877
genes) (28) and C. elegans (15,194 genes) (29).

We show that the positive correlation between codon usage
bias and recombination rate previously observed in Drosophila
is also found in C. elegans. However, in both nematode and fly,
this effect is due to a mutational bias toward G and C bases in
regions of high recombination rate, possibly as a direct conse-
quence of the recombination process. In conclusion, the corre-
lation between codon usage bias and recombination rate in these
species appears to be essentially determined by recombination-
dependent mutational patterns rather than selective effects.

Materials and Methods

Sequence Data. Full-length sequences of the six C. elegans chro-
mosomes along with gene annotations were retrieved from the
Genome division of GenBank (30) (release 111, April 1999).
Chromosome regions that have not yet been sequenced are
represented by tracks of N corresponding to the estimated gap
size. Data available in GenBank at that time (without N) totaled
94.5 Mb, corresponding to 95% of the estimated whole genome
sequence (29). Full-length sequences of the euchromatic por-
tions of the four D. melanogaster chromosomes were retrieved
from the Berkeley Drosophila Genome Project database (http://
fruitfly.org). These sequences correspond to the right and left
arms of chromosomes X, II, and III and to 1 Mb of chromosome
IV. Data available in the Berkeley Drosophila Genome Project
(BDGP) database at that time (without N) totaled 120 Mb,
corresponding to 90% of the estimated whole euchromatic
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genome sequence (28). We selected all complete protein-coding
genes described in databases annotations: 15,194 genes for C.
elegans and 13,877 genes for D. melanogaster.

Codon Usage. For each gene, codon usage bias was measured by
the frequency of optimal codons (Fop) (15, 17). Optimal codons
are defined as those codons whose frequency increases with gene
expression level (17). Fop varies between 0.36 when the bias is
null to 1 when the bias is maximum.

Recombination Rate. To analyze the rate of recombination along
the C. elegans and D. melanogaster chromosomes, we used a
procedure similar to the one described previously (8, 31). The C.
elegans genetic map data were taken from A C. elegans Data Base
(ACEDB) (release WS6, December 1998) (R. Durbin and J.
Thierry-Mieg, unpublished observations; ftp://ftp.sanger.
ac.uk/pub/acedb/celegans/). We selected the 225 loci that had
been localized both in the genetic map and in the genomic
sequence. The D. melanogaster genetic map data were taken
from FlyBase (January 1998) (32). We selected the 892 loci that
had been localized both in the genetic map and in the genomic
sequence. The polynomial curves as a function of the genetic
distance vs. the nucleotide coordinate in the genomic sequence
were obtained for each chromosome (R? = 0.97 for all chromo-
somes). Recombination rate, as a function of nucleotide position
along a chromosome, was estimated by taking the derivative of
the polynomial function for each chromosome. The recombina-
tion rate in the fourth chromosome of Drosophila was considered
to be null.

Genes were classified into three groups of recombination rate:
low, medium, and high. The limits between these three classes
were chosen so as to divide the data set into three subsets of
equal size: C. elegans: low (<1.1 cM/Mb), medium (1.1-3.2
cM/Mb), high (>3.2 ¢cM/Mb); D. melanogaster: low (<2.3
cM/Mb), medium (2.3-3.5 cM/Mb), high (>3.5 cM/Mb).

Gene Expression. Expression levels were determined by counting
the number of occurrences of each gene among expressed
sequence tag (EST) sequences from different cDNA libraries, as
described (17). In GenBank we selected 72,567 C. elegans ESTs
from whole animal cDNA libraries at two developmental states
(adult and embryo) and 86,121 ESTs from D. melanogaster (adult
ovary and head and embryo). Genes (coding regions) were then
compared with the species-specific EST data set with the use of
BLASTN2 (33). BLASTN2 alignments showing at least 95% identity
over 100 nt or more were counted as a sequence match.

Genes were classified into four groups of expression level: very
low (no EST detected), low, medium, and high. The limits
between these three latter classes were chosen so as to obtain
subsets of equal size: C. elegans: very low (0 EST detected, n =
9,392), low (1-5 ESTs detected, n = 2,009), medium (6-16 ESTs
detected, n = 2,025), high (>17 ESTs detected, n = 1, 768); D.
melanogaster: very low (no EST detected, n = 5,288), low (1-5
ESTs detected, n = 2,721), medium (6-11 ESTs detected, n =
3,453), high (>12 ESTs detected, n = 2,415).

All of the data are available at http://pbil.univ-lyonl.fr/
datasets/Marais2001/data.html.

Results

Codon Usage Bias and Recombination. Because recombination is
predicted to increase the efficacy of selection (1-3), one should
expect a positive correlation between the frequency of optimal
codons and the rate of recombination (23-27). To test this
prediction, we conducted an exhaustive analysis of the relation-
ships between codon usage and recombination rate in the
complete genomes of nematode (29) (15,194 genes) and Dro-
sophila (28) (13,877 genes). Recombination rates were estimated
with the use of the genes that have been localized both in the
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Fig. 1. Variation of the frequency of optimal codons (Fop) according to the
recombination rate in D. melanogaster (a) and C. elegans (b). The recombi-
nation rate (in centimorgans per megabase, cM/Mb) along each chromosome
was estimated as described in Materials and Methods. Error bars indicate the
95% confidence interval.

genetic map and in the genomic sequence, as described previ-
ously (8, 31). For each chromosome, a polynomial regression
curve of the genetic distance as a function of the nucleotide
coordinate in the genomic sequence was generated, from which
recombination rates were derived (see Materials and Methods).
Fig. 1 shows that both in C. elegans and D. melanogaster there is
a positive correlation between the Fop and the local recombi-
nation rate (Spearman’s nonparametric correlation coefficient p
C. elegans, p = 0.09; D. melanogaster, p = 0.13). These correla-
tions are statistically significant (P < 0.0001), although they are
relatively weak. We have previously shown that in both nema-
tode and Drosophila, codon usage bias is strongly correlated not
only with expression level but also with protein length (17).
However, the relationship between codon usage bias and re-
combination rate is independent of these two factors (data not
shown).

Such a relationship between codon usage and recombination
has already been found in Drosophila and was interpreted as
evidence of HR effects, i.e., that the efficacy of selection was
improved by recombination (8, 9) (referred to as the HR model
in the rest of the text). However, this correlation might also be
explained by a variation in mutation patterns along the genome
according to the recombination rate [referred to as the mutation
bias variation model (MBV) in the rest of the text]. It should be
noted that if such variations of mutation patterns do occur, they
should affect all base positions within the gene, not only coding
or synonymous sites, but also noncoding DNA. Thus, a predic-
tion of the MBV model is that the base composition of noncod-
ing DNA should also vary with recombination rate.

Noncoding DNA G + C Content and Recombination. C. elegans has 21
optimal codons, of which 16 end in G or C bases (15, 17), and
D. melanogaster has 22 optimal codons, of which 21 end in G or
C bases (14, 17). The positive correlation between Fop and
recombination rate thus implies that the G + C content of
synonymous sites increases with recombination. In Fig. 2 we
show that the G + C content of noncoding DNA (flanking
regions and introns of genes) is also positively correlated with the
recombination rate in both nematode (introns, p = 0.28; 5’
flanking regions, p = 0.09; 3’ flanking regions, p = 0.12; with P <
0.0001) and drosophila (introns, p = 0.20; 5’ flanking regions,
p = 0.15; 3’ flanking regions, p = 0.12 with P < 0.0001). This
observation, in agreement with the MBV model, suggests that
there might be a mutational bias toward G and C bases in regions
of high recombination rate. However, this observation is not
sufficient to totally exclude the HR model because the G + C
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Fig. 2. Relationship between G + C content (%) in noncoding DNA and the
recombination rate. Only genes with flanking regions and intron sequences
larger than 200 nucleotides were selected. C. elegans: n = 10,486 genes; D.
melanogaster: n = 7,337 genes. The recombination rate is as in Fig. 1. Error
bars indicate the 95% confidence interval.

content in some noncoding regions might also be under selection
(e.g., regulatory elements).

Test of HR and MBV Models in C. elegans. The presence in C. elegans
of five optimal codons ending in A or U allowed us to directly
test the HR model. If recombination improves selection on
codon usage, as was previously proposed (8, 9), then the
frequency of optimal codons should increase with recombina-
tion, whatever their ending base. In contrast, if the positive
correlation between synonymous codon usage and recombina-
tion is due to a mutational bias toward G and C bases, then the
frequency of GC-ending optimal codons (Fop-GC) should in-
crease with recombination, whereas the frequency of AU-ending
optimal codons (Fop-AU) should decrease. Fig. 3 shows that both
Fop-AU and Fop-GC are positively correlated with gene expres-
sion level, consistent with the fact that the selective pressure for
using optimal codons increases with gene expression level.
However, this figure shows that whereas Fop-GC is positively
correlated with recombination rate (p = 0.3 with P < 0.0001),
Fop-AU decreases with increasing recombination rate (p =

Fop-AU Fop-AU a
0.42
0.44 - it 1 . L
0.40 [ 038+ 3
B 3 L ! = r
0.36 € [ 0364 L
= L B = L
032 A0l 0.30
Fop-GC Fop-GC b
037
L 0314 .
0.33 F 1
0.29 4 [}
i r _
029 ® - 0274
- L 1 =
0.25 0.25

Ve

VoY Low Medium High Low Medium High

Expression Level Recombination Rate

Fig. 3. Variation in the frequency of optimal codons ending in A, U or G, C
according to the recombination rate and the gene expression level in C.
elegans. (a) Frequency of the optimal codons ending in A or U (Fop-AU). (b)
Frequency of the optimal codons ending in G or C (Fop-GC). C. elegans has 21
optimal codons, of which 16 end in Gor Cand 5 end in Aor U (15, 17). Fop-AU
(and, respectively, Fop-GC) was calculated by dividing the number of occur-
rences of optimal codons ending in A or U (G or C) by the number of
occurrences of codons encoding amino acids that have optimal codons ending
in A or U (G or C). The recombination rate is as in Fig. 1. The expression level
was estimated with EST data, as described in Materials and Methods. Error
bars indicate the 95% confidence interval.
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Fig. 4. Variation of the frequency of nonoptimal codons ending in A, U or
G, C according to recombination rate and gene expression level in D. mela-
nogaster. (a) Frequency of the nonoptimal codons ending in A or U (Fnop-AU).
(b) Frequency of the nonoptimal codons ending in G or C (Fnop-GC). D.
melanogaster has 37 nonoptimal codons, of which 29 end in A or U and 8 end
in G or C (14, 17). Fnop-GC (and, respectively, Fnop-AU) was calculated by
dividing the number of occurrences of nonoptimal codons ending in G or C (A
or U) by the number of occurrences of codons encoding amino acids that have
nonoptimal codons ending in G or C (A or U). The recombination rate is as in
Fig. 1. The expression levelisasin Fig. 3. Error bars indicate the 95% confidence
interval.

—0.35 with P < 0.0001). The fact that the overall frequency of
optimal codons is positively correlated with recombination (Fig.
1) simply reflects the fact that there are only five AU-ending
codons among the 21 optimal codons.

Test of HR and MBV Models in D. melanogaster. In Drosophila,
Fop-AU measurements are not possible for statistical reasons
because there is only one optimal codon ending in A or U bases
in this species (14, 17). We chose another strategy to directly test
the HR model: we used the nonoptimal codons ending in G or
C. If recombination improves selection on codon usage, then the
frequency of nonoptimal codons should decrease with recom-
bination, whatever their ending base. In contrast, if the positive
correlation between synonymous codon usage and recombina-
tion is due to a mutational bias toward G and C bases, then the
frequency of AU-ending nonoptimal codons (Frop-AU) should
decrease with recombination, whereas the frequency of GC-
ending nonoptimal codons (Fnop-GC) should increase. Fig. 4
shows that both Fnop-AU and Fnop-GC are negatively correlated
with gene expression level, consistent with the fact that the
selective pressure for avoiding nonoptimal codons increases with
gene expression level. However, this figure shows that whereas
Fnop-AU is negatively correlated with recombination rate (p =
—0.15 with P < 0.0001), Frnop-GC increases with increasing
recombination rate (p = 0.06 with P < 0.0001). Therefore, in
both nematode and Drosophila, the positive correlation between
the frequency of optimal codons and recombination rate is not
due to improved selection but to a mutational bias toward G and
C bases in regions of high recombination rate.

Impact of the Method for Estimating the Recombination Rate. In their
previous study, Kliman and Hey (8) tested the MBV model by
looking at the G + C content of introns. In their data set (n =
142; i.e., about 100 times less than in the present study) they did
not detect any significant variation of intron G + C content with
recombination, in contradiction to our observations (see their
table 2 and our Fig. 2). In addition to possible errors due to
limited sampling, this discrepancy might also be due to the fact
that we did not use the same method to estimate the local
recombination rate. Here we considered the recombination rate
as a continuous variable, which might be inaccurate for some

Marais et al.



Table 1. Frequency of optimal codons (Fop) and intron G+C content in regions of high or low

recombination rate in Drosophila

Recombination  Number of Intron G+C
rate genes Fop content
Telomeric regions Low 751 0.56 = 0.10 40 = 6%
Centromeric regions and chromosome IV Low 123 0.33 £0.12 32 £5%
Other regions High 13,226 0.55 = 0.10 37 = 6%

regions of the genome. Notably, because of the limiting number
of points, the polynomial curves overestimate the recombination
rate in telomeric regions of Drosophila chromosomes. To deter-
mine whether such a problem might have biased our results, we
examined the relationship between recombination rate and
codon usage bias by comparing regions of known reduced
recombination with the remainder of the genome of Drosophila,
as described in the previous work by Kliman and Hey (8). These
regions of low recombination correspond to the entire fourth
chromosome (which does not recombine) and regions adjacent
to centromeres and telomeres in the other chromosomes (sec-
tions 1, 20, 21, 40-41, 60-61, 80-81, 100, 101-102) (8). We
noticed that telomeric regions have peculiar characteristics: a
nearly null recombination rate and a high G + C content.
Therefore, we analyzed separately the 751 telomeric genes from
the 123 other genes located in regions of known reduced
recombination. Table 1 shows that Fop covaries with intron G +
C content but not with recombination rate: in nontelomeric
regions of reduced recombination rate, both Fop and intron G
+ C content are lower than in regions of high recombination
rate, whereas genes located in telomeric regions have a very low
recombination rate but a relatively high Fop and a high intron G
+ C content. This relationship was overlooked in previous works
because nontelomeric genes with low recombination rates were
pooled with telomeric genes, although the two kinds of regions
have evidently distinct evolutionary dynamics. Note that the
peculiar characteristics of telomeric genes (representing 5% of
our data set) do not affect the results presented in the previous
sections: if these telomeric genes are removed from the data set,
or if their estimated recombination rate is set to zero, the
correlations between recombination rate and Fop, Fnop-GC,
Fnop-AU, or base composition in noncoding regions remain
unchanged (data not shown). The reasons for the overall high G
+ C content of telomeric regions are not understood. But clearly,
the covariation of Fop and intron G + C content according to
chromosome location observed in D. melanogaster is totally
consistent with the model of variation of mutation bias affecting
codon usage and cannot be explained simply by HR effects.

Discussion

By analyzing nematode and fly complete genomes, we show that
DNA G + C content is positively correlated with recombination
rate, both in noncoding regions and in synonymous positions of
codons. The relationship between codon usage and recombina-
tion is not due to HR effects (selectionist model), inasmuch as
both optimal and nonoptimal codons are affected. Therefore,
this correlation must reflect a variation of mutational patterns
with recombination rate (neutralist model).

Recombination and Mutational Pattern. The positive correlation
between recombination rate and G + C content seems to be
a general trend in eukaryotes because it has also been observed
in humans (23, 34) and yeast (35, 36). Different models can
account for that correlation: (i) G + C-rich sequence motifs
might enhance the recombination rate, (ii) recombination
might induce mutations toward G and C, or (iii) both param-
eters might be linked to a third unknown factor. Several lines

Marais et al.

of evidence support the second model. Notably, it has been
shown in yeast that the recombination process per se is
mutagenic because of errors in double-strand DNA break
repair (37). In mammals recombination also appears to be
mutagenic (38). The recombination rate in pseudoautosomal
regions of sex chromosomes is very high because they are the
site of an obligatory pairing and recombination during male
meiosis. This high recombination rate in pseudoautosomal
regions compared with X-unique sequences is associated with
a huge acceleration (estimated to be 170-fold) in the rate of
substitution during mouse species evolution. Interestingly, this
high rate of sequence divergence in pseudoautosomal regions
is accompanied by an increase in G + C content (38). This
observation might be due to the fact that, in mammals, the
repair of mismatches that arise during recombination is biased
toward G + C-richness (39).

HR Effects and Codon Usage. Although the cause for the relation-
ship between mutational patterns and the recombination
process remains putative, we show that in nematode and in
Drosophila the positive correlation between synonymous
codon usage bias and recombination is due to a mutational bias
toward G and C in regions of high recombination. We do not
exclude the possibility that recombination might weakly im-
prove the efficacy selection on codon usage. However, this
selective effect, if any, is swamped by the mutagenic effect of
recombination. Is it possible to detect a positive effect of
recombination on selection efficacy once the correlation with
GC content has been accounted for? Introns are probably the
best possible indicator of local mutational patterns. Therefore,
we computed the expected Fop-AU (C. elegans) and Fnop-GC
(D. melanogaster) according to intron G + C content. For this
purpose, we computed a regression between Fop-AU (Fnop-
GC) and intron G + C content, and we analyzed the residuals
of this correlation. As expected, the correlation between these
residuals and the recombination rate is decreased slightly
compared with the original correlation between Fop-AU
(Fnop-GC) and the recombination rate (C. elegans, p = —0.3
with P < 0.0001; D. melanogaster, p = 0.05 with P < 0.0001).
However, the slope remains negative for Fop-4AU and positive
for Fnop-GC, whereas the contrary would have been expected
according to the HR model. Hence, we failed to find any
evidence that recombination improves selection on codon
usage.

Evolutionary Role of Recombination. The conclusion of our work is
that synonymous codon usage does not support the natural
selection—genetic linkage interference models. We do not ex-
clude the possibility, however, that such HR effects do exist, but
their impact on codon usage is masked by variations in mutation
pressures associated with recombination rates. We have also
previously shown that the distribution of transposable elements
in the C. elegans genome does not fit with the predictions of HR
models (40). These models, however, are apparently supported
by some other genomic features. For instance, it has been shown
that variation of nucleotide polymorphism across the genome is
positively correlated with the recombination rate in Drosophila
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(4,5). HR effects are also thought to be responsible for variations
in intron length (6, 7). We suggest that these relationships have
to be reevaluated by taking account of the variations of mutation
patterns linked to recombination along chromosomes. Our
results remind us that recombination per se might be a source of
mutation and that the mutational biases linked to recombination
play an important role in shaping codon usage and genomes in
general. It is essential to take account of the mutagenic effect of
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