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Summary

Recombination is thought to have various evolutionary effects on genome evolution. In this study,
we investigated the relationship between the base composition and recombination rate in the
Drosophila melanogaster genome. Because of a current debate about the accuracy of the estimates of
recombination rate in Drosophila, we used eight different measures of recombination rate from
recent work. We confirmed that the G + C content of large introns and flanking regions is positively
correlated with recombination rate, suggesting that recombination has a neutral effect on base
composition in Drosophila. We also confirmed that this neutral effect of recombination is the main
determinant of the correlation between synonymous codon usage bias and recombination rate

in Drosophila.

1. Introduction

In many species, including Drosophila melanogaster,
codon bias is mainly shaped by weak selection to en-
hance translation efficiency (Shields ez al., 1988 ; Hartl
et al., 1994 ; Akashi, 1995; Moriyama & Powell, 1997;
Duret & Mouchiroud, 1999). Nevertheless, in such
species, it is also recognized that neutral processes
affecting base composition (e.g. mutation pressure)
can partly be responsible for variation in codon bias
across the genome (Kliman & Hey, 1994; Akashi
et al., 1998). In D. melanogaster, codon bias has been
found to increase weakly but significantly with re-
combination rate (Kliman & Hey, 1993; Comeron
etal., 1999; Marais et al., 2001 ; Hey & Kliman, 2002).
Three models (one selective and two neutral) are
currently proposed to explain this observation. The
selective model proposes that the positive correlation
between codon bias and recombination rate is due
to Hill-Robertson interference (HRi). HRi is a well-
known population genetics concept that corresponds
to a decrease of selection efficacy because of genetic
linkage in finite populations (Hill & Robertson, 1966;
Felsenstein, 1974). The neutral models stem from the
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observation that, in D. melanogaster, most (21/22)
of the optimal codons end in G or C (Shields et al.,
1988 ; Duret & Mouchiroud, 1999). Thus, the high
frequency of optimal codons observed in regions of
high recombination might be a consequence of a GC-
biased mutation pressure (Perry & Ashworth, 1999)
or of GC-biased gene-conversion events in those re-
gions (Galtier et al., 2001 ; Birdsell, 2002). According
to the selective model, only synonymous sites under-
going selection on codon usage should be affected by
recombination rate. By contrast, the neutral models
predict that all silent sites (both synonymous sites and
unconstrained non-coding DNA) should be affected
by the recombination rate.

Thus, a simple test of these models consists in inves-
tigating the correlation between the base composition
of non-coding DNA (introns, flanking regions) and
the recombination rate. It is likely that such regions
are not totally neutral, notably because of the pres-
ence of regulatory elements (promoters, enhancers,
splice signals etc.). However, they are generally rela-
tively weakly constrained, and hence — although they
do not exactly reflect the neutral substitution pat-
tern — they can reveal variation in the neutral substi-
tution pattern. We found that the G+ C content of
large introns and intergenic regions correlates posi-
tively with the recombination rate in the complete
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Table 1. Description of the different estimates of recombination rate in D. melanogaster

Genetic
Estimation method markers Physical map References
ACE Coeflicient of exchange - Cytogenetic Kindhal, 1994;
Hey & Kliman, 2002
CC99 Sliding window;; - Cytogenetic Carvalho & Clark, 1999
WS =9 bands
CKO00 Polynomial; - Cytogenetic Comeron & Kreitman, 2000;
DP not mentioned Comeron et al., 1999
HK-p Polynomial; 493 CG2 Hey & Kliman, 2002
DP =4 for each arm
HK-w Sliding window; 493 CG2 Hey & Kliman, 2002
WS =8 markers
KH93 Polynomial; - Cytogenetic Kliman & Hey, 1993;
DP =4-5 per chromosome Hey & Kliman, 2002
MMDO01 Polynomial; 892 CGl Marais et al., 2001
DP =2 for each arm
RTE Sliding window; - Cytogenetic Hey & Kliman, 2002

WS =8 markers

CGl, first release of the complete genome (24th March 2000); CG2, second release of the complete genome (18th October
2000); DP, degree of polynomial curves; WS, window size; —, number of genetic markers not mentioned.

genome of D. melanogaster (Marais et al., 2001).
Therefore, our data agree with the neutral models
and not with the selective one. Recently, a study con-
ducted on a similar dataset led to the conclusion that
there is no correlation between the G+ C content of
non-coding DNA and the recombination rate in the
complete genome of D. melanogaster (Hey & Kliman,
2002). Therefore, the authors rejected the neutral
models and retained the selective one. They explained
the discrepancy between our conclusions by a meth-
odological artefact in our study. We estimated re-
combination rate by fitting second-degree polynomial
curves for each chromosome arm (Marais et al.,
2001). Hey & Kliman (2002) proposed that these es-
timates are erroneous and generate a positive corre-
lation between the recombination rate and the G+ C
content of non-coding DNA by assigning high re-
combination rates to telomeric regions, which do
indeed have high G+ C content but actually have re-
duced levels of recombination.

Another possible explanation for the discrepancy
between the results of the two studies comes from the
way in which the G+ C content of the non-coding
DNA is measured. Hey & Kliman (2002) determined
the G+ C content of non-coding DNA (GCnc) from
intron G+ C content and, for those genes without
introns (22 % of the data set), from the immediately
flanking non-coding DNA (at most 1000 bp on either
side). However, the distribution of G+ C content is
significantly different between introns and flanking
regions (introns have an average G+ C content of
37 %, 5’ flanking regions have an average G + C con-
tent of 39 %, and 3’ flanking regions have an average
G+C content of 36%, Wilcoxon’s tests with
p<10~*; see also Fig. 2 in Marais et al., 2001). Hence,
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if there is a weak dependence of G+ C content on
recombination rate in introns and flanking regions,
GCnc might not capture it. Moreover, GCnc was cal-
culated from all introns, including very short ones. In
D. melanogaster, 60 % of introns are less than 100 bp
long (Adams et al., 2000). Within such short introns, a
significant proportion of the sequence is strongly
constrained because of the presence of elements re-
quired for the splicing reaction (the total length of
splice donor, acceptor and branch-point consensus
signals is 27 bp) (Mount et al., 1992). Because GCnc
includes a large amount of constrained non-coding
DNA and mixes introns and flanking regions, the test
of the selective and neutral models by Hey & Kliman
(2002) might be inaccurate. We measured the corre-
lations between recombination rate and non-coding
DNA G+ C content independently for introns, 5" and
3’ flanking regions (Marais et al., 2001). Moreover, for
each correlation, we only retained genes for which the
length of non-coding sequences was at least 200 bp.

2. Objectives and methods

Here, we investigated whether our different con-
clusions are due to a methodological artefact in the
measures of recombination rate in Marais ef al. (2001)
or to the way the G+ C content of the non-coding
DNA is measured in Hey & Kliman (2002). We con-
sidered eight different estimates of recombination
rates that have been used in recent work (Carvalho
& Clark, 1999; Comeron et al., 1999; Marais et al.,
2001; Hey & Kliman, 2002) (Table 1). In all cases,
recombination rate is estimated by using Marey
maps: the genetic positions (in centiMorgans, cM)
and physical positions (in megabases) of markers that
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Fig. 1. Marey map of the second chromosome of D. melanogaster. In this chromosome, 317 markers have been
mapped in both the genetic and the physical maps. Sequence data come from the second release of the complete genome
of D. melanogaster (October 2000). The sequence of chromosome 2 was available in six large contigs (indicated by

dots of different colours). Gaps with unknown size between those contigs are not included.

have been localized on both kinds of maps are plotted
(Fig. 1). The recombination rate (cM/Mb) at a given
position of the chromosome is given by the slope of
the curve at that position. The approaches differ in the
ways that the slope is measured. A first possibility is
to fit a polynomial curve to the whole dataset for
each chromosome arm. The derivative of this function
is then used to estimate the local recombination rate.
Another approach uses sliding windows along the
chromosome: within each window, a linear function is
fitted to the data, and the slope of this line is taken as
the estimate of the local recombination rate. Figure 2
shows that there are large differences between these
estimates, although they all co-vary, as Hey & Kliman
(2002) also noticed. Various parameters affect the es-
timation of recombination rates, including the nature
of the physical map, the degree of the polynomial
curve and the size of the sliding window. It is not
yet clear which of these approaches is the most accu-
rate. Estimating recombination by the polynomial
method has a smoothing effect and probably obscures
regional variation that can be detected with sliding
windows; for example, the polynomial method tends
to overestimate recombination rates in telomeric re-
gions. Conversely, the sliding-window approach is
more sensitive to errors in the genetic or physical lo-
cations, and hence might generate artefactual vari-
ations in recombination rate. Estimates published
before 2000 are probably less reliable than more re-
cent ones, because they used physical maps based
on cytogenetic data, which are less accurate than
the nearly complete genome sequence that are now
available.
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3. Results

(1) Recombination rate and non-coding DN A
G+ C content

Table 2 shows the correlations between non-coding
DNA G +C content and the different estimates of re-
combination rates. When all introns are used, only
MMDO1 correlates positively with intron G+ C con-
tent, in agreement with the results of Hey & Kliman
(2002). However, as mentioned above, the base com-
position of short introns is not neutral and these
introns might not be an accurate indicator of neutral
substitution patterns across the genome. When only
introns larger than 100 bp are selected, six out of eight
estimates of recombination rate correlate significantly
with intron G+C content, and always positively.
When telomeric regions (for which the estimates of re-
combination rate might be inaccurate) are excluded,
seven out of eight estimates of recombination rate
correlate positively with intron G + C content.

In both 5" and 3’ flanking regions, seven out of eight
estimates of recombination rate are significantly and
positively correlated with the G + C content (Table 2).
However, the correlations measured in 5’ flanking
regions are generally weaker than in introns or 3’
flanking regions, and are more sensitive to the noise
introduced by telomeric regions: the number of sig-
nificant correlations (always positive) increase from
three to seven out of eight when telomeric regions are
excluded. In general, promoter elements are located
upstream of genes. Thus, 5’ flanking regions might be
more constrained than other non-coding regions,
which would explain the weakness of the correlations
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Fig. 2. Comparison of the different estimates of recombination rate in the second chromosome of D. melanogaster. The
sequence of chromosome 2 was available in six large contigs (indicated by dots of different colours). Gaps with unknown

size between those contigs are not included.

detected. Despite this specificity of the 5’ flanking
regions, it should be noted that the overall results
for flanking regions and introns are consistent with
a positive correlation between the G+ C content of
non-coding DNA and the recombination rate.

Thus, the first prediction of the neutral models is
confirmed here with different measures of recombi-
nation rate, including those of Hey & Kliman (2002).
In conclusion, the discrepancy between the results
of Marais et al. (2001) and Hey & Kliman (2002)
is not due to the difference between measures of
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recombination rate but, instead, to the fact that Hey
& Kliman (2002) included very short introns and
mixed introns and flanking regions to calculate the
G + C content of non-coding DNA.

(i1) Recombination rate and the frequency of
non-optimal codons

Another prediction of the selective and neutral models
concerns the frequency of the non-optimal codons.
According to the neutral models, recombination
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Table 2. Correlation between the G+ C content of non-coding DNA and the different estimates of recombination rate in D. melanogaster. The G + C content of
introns and flanking regions were measured using sequence data from the 19 large contigs of the second release of the complete genome of D. melanogaster
(Adams et al., 2000) (http://ncbi.nlm.nih.gov/genbank/genomes|D_melanogaster|Scaffolds| LARGE). KH93, ACE, RTE, HK-p and HK-w recombination data
come from the spreadsheet provided by Hey & Kliman (2002) (http:|/lifesci.rutgers.edu/~ heylab). A total of 12 266 genes matched in both datasets, which is close

to the 12999 genes used in Hey & Kliman (2002). Telomeric regions correspond to cytogenetic bands 1, 21, 60—61 and 100 (Kliman & Hey, 1993)

N¢ MMDO01? KH93? ACE? RTE? HK-p® HK-w” CC99? CKO00”
All introns 9563 (8266) 0-150%** 0-010 0-005 0-015 —0-004 0-019 0-003 —0-040%**
Introns > 100 bp® 6263 (5322) 0-177%** 0-047*** 0-024 0-046*** 0-035* 0-050*** 0-040** —0-020
Introns > 100 bp® without 5918 (5040) 0-143%** 0-060*** 0-048*** 0-077%** 0-056*** 0-07 1% 0-060*** 0-013
telomeric regions
5’ Flanking regions? 9436 (8340) 0-139%** 0-030** 0-021* 0-017 0-008 0-016 0-014 —0-014
5" Flanking regions without 11369 (10023) 0-112%** 0-038*** 0-035%* 0-039*** 0-023* 0-029* 0-026* 0-006
telomeric regions?
3’ Flanking regions? 9151 (8087) 0-144%** 0-037%%* 0-059%** 0-040%** 0-027* 0-043%** 0-039%** —0-014
3’ Flanking regions without 8625 (7625) 0-131%** 0-044%** 0-068*** 0-057%** 0-035%* 0-051%** 0-050%** 0-011

telomeric regions?

¢ Values in parenthesis correspond to sample size for MMDOI.

5 Values correspond to the Spearman’s coefficient of correlation (Rs). ***, p<0-0005; **, p <0-005; *, p <0-05; all other values are not significant.

¢ In genes containing more than one intron, all introns larger than 100 bp were concatenated.

4 The 5" and 3’ flanking regions of a gene are defined here as sequences, spanning at most 1000 bp upstream of the start codon and downstream of the stop codon, respectively, up to
the extremity (start or stop codons) of the neighbouring gene. 5’ and 3’ flanking regions smaller than 100 bp were excluded. We also excluded overlapping 3’ and 5’ flanking regions
(22% of the dataset). The remaining 78 % correspond to flanking regions extracted from intergenic regions larger than 2000 bp or to 3’ flanking regions in configuration 33’
(flanking genes in head-to-head orientation) and the 5’ flanking regions in configuration 55’ (flanking genes in tail-to-tail orientation). Including the overlapping 3" and 5’ flanking

regions in the analysis gives similar results.
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Table 3. Correlation between the frequency of non-optimal codons and the different estimates of recombination rate in D. melanogaster. Non-optimal codons
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should increase the G+ C content of all silent DNA.
Consequently, the frequency of AU-ending non-
optimal codons (Frnop-AU) should decrease with re-
combination, whereas the frequency of GC-ending
non-optimal codons (Frnop-GC) should increase.
Conversely, according to the selective model, recom-
bination should improve the efficacy of selection
against all non-optimal codons. Consequently, the
frequency of non-optimal codons should decrease
with recombination whatever their ending base.
Table 3 shows the correlations between Frnop and
different estimates of recombination rate. In our pre-
vious analysis (Marais et al., 2001), we found that the
recombination rate was negatively correlated with
Fnop-AU and positively correlated with Frnop-GC.
The negative correlation with Fnop-AU is confirmed
here with most of the measures of recombination
rate. A positive correlation with Fnop-GC is detected
with four measures of recombination rate (MMDO1,
ACE, RTE and HK-w) when telomeric regions are
excluded but, for the remaining measures of recom-
bination, no negative correlation with Frnop-GC has
been detected. Hence, there is no evidence that recom-
bination increases the efficacy of selection against
non-optimal codons. On the contrary, for the four
cases in which a significant correlation is found, this
correlation is positive. This test thus supports the
neutral models rather than the selective model.

4. Discussion
(1) Estimates of recombination rate

There are some significant differences between the
estimates of recombination rate obtained by different
methods (Fig. 2). As mentioned previously, there is
not yet a consensus about which is the most reliable
method. However, despite this methodological limit,
most measures reveal similar relationships between
recombination rates and codon bias or non-coding
DNA G+ C content (Tables 2, 3). Thus, the discrep-
ancy between the recent studies on the topic is not
due to differences between recombination rate esti-
mates, notably in telomeric regions. Indeed, as men-
tioned previously (Marais et al., 2001) and confirmed
here (Tables 2, 3), removing the telomeric regions
does not affect the results.

Interestingly, MMDOI is clearly the method that
produces the highest correlation coefficients with
codon bias and non-coding DNA G+C content
(Tables 2, 3). How can we explain this observation?
The overestimation of recombination rates in telo-
meric regions with MMDO0l does not explain it
because, when these regions are removed, the corre-
lation coefficients between MMDO1 and codon bias
or non-coding DNA G+C content remain the
highest (Tables 2, 3). Compared with other methods,
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MMDOI is the one that has the strongest smoothing
effect (Fig. 2). Thus, a possible explanation is that
MMDO1, by underestimating regional variation in
recombination rate, better captures the major de-
terminants of recombination.

It should be noticed that recombination rate can
vary during evolution. These variations can be large:
for example, the crossover frequency in the telomeric
region of the X chromosome is more than ten times
lower in D. melanogaster than in the closely related
species Drosophila yakuba (Takano-Shimizu, 2001).
These variations can be frequent: for example, several
inversions that decrease the local recombination rate
are known in the natural populations of D. melano-
gaster (for a review, see Andolfatto et al., 2001).
MMDO1 might reflect better than other methods the
average long-term recombination rate along chromo-
somes. This would explain the stronger correlations
with base composition, which is also an average
long-term parameter. By contrast, estimates that
better capture regional variation in recombination
rate should be more strongly correlated with par-
ameters that change over short time-scales. This
would explain why, in previous studies, recombina-
tion rates have been found to correlate more strongly
with nucleotide polymorphism (appearing in the last
4Ne generations) than with codon usage (Begun &
Aquadro, 1992; Kliman & Hey, 1993; Moriyama &
Powell, 1996; for a study of the effects of temporal
and spatial variation in recombination rate on gen-
ome evolution, see Comeron & Kreitman, 2002). This
explanation remains speculative but, if MMDO01 was
simply more erroneous than other methods, we would
have expected to introduce noise into the data and
hence to get weaker correlations. Regardless of which
method is the most appropriate, it should be stressed
that our conclusions remain unchanged when
MMDOI1 is removed from the analysis (see section 3).

(ii) Recombination and base composition

We confirm the finding of Marais et al. (2001) that the
G+ C content of large introns and flanking regions
is positively correlated with recombination rate,
suggesting that neutral substitution patterns vary
with recombination in D. melanogaster. Additional
evidence in this species came from a study by Takano-
Shimizu (2001) of substitution patterns in genes lo-
cated in the telomeric regions of the X chromosomes
of several Drosophila species. She showed that in
D. melanogaster, where the recombination rate is very
low in this region, substitutions are AT-biased, for
both synonymous sites and non-coding DNA. By con-
trast, she found that, in D. yakuba, in which the re-
combination rate is more than ten times higher in this
region, substitutions are GC-biased in both synony-
mous sites and non-coding DNA. Such a neutral
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effect of recombination has also been demonstrated in
the nematode (Marais et al., 2001), and it has been
proposed to occur in a wide range of eukaryotic organ-
isms, such as yeasts (Baudat & Nicolas, 1997; Gerton
et al., 2000; Birdsell, 2002), mice (Perry & Ashworth,
1999) and humans (Eyre-Walker, 1993; Eisenbarth
et al., 2000; Yu et al., 2001; Fullerton et al., 2001;
Galtier et al., 2001).

Various experimental, sequence analysis and
theoretical arguments indicate that this neutral effect
of recombination might be due to gene conversion
biased towards GC bases (Galtier et al., 2001 ; Bird-
sell, 2002). The biased gene conversion (BGC)
towards GC occurs when the molecular intermedi-
ate formed during meiosis contains mismatches.
These mismatches are located in heteroduplexes that
are DNA stretches with one paternal strand and one
maternal strand, and are due to differences in paternal
and maternal DNA. It seems that, in general, the
repair of such mismatches is biased towards GC: the
repair system favours the G/C allele to the A/T allele
when the mismatches are A-G, A-C, T-G, or T-C
(Birdsell, 2002). The meaning of this bias is not yet
fully understood but an expected effect of BGC is the
increase of the G+ C content of DNA where recom-
bination occurs. It should be realized that the recom-
bination rate has been measured with genetic maps in
D. melanogaster (see above). Thus, it corresponds to
the rate of crossover. Some evidence indicates that the
crossover rate and the gene-conversion rate are not
totally correlated. For instance, in D. melanogaster,
chromosome 4 does not make any crossover but does
experience some gene conversion (Jensen et al., 2002 ;
Wang et al., 2002) and the telomeric region of the X
chromosome has a very low rate of crossover but a
normal rate of gene conversion compared to the re-
maining of the genome (Langley et al., 2000). Thus,
when recombination is measured by the rate of cross-
over, the BGC model does not necessarily predict a
strong correlation with base composition. When the
recombination rate is measured directly by double-
strand-break mapping (which has been done in yeast
(Gerton et al., 2000)), the correlation between recom-
bination rate and G + C content is much stronger, in
agreement with a causal effect of BGC on base com-
position (Birdsell, 2002).

Our analyses confirm that the association between
neutral substitution patterns and recombination rate
(possibly explained by BGC) contributes to the posi-
tive correlation between codon bias and recombi-
nation rate. However, this does not mean that HRi
does not exist. As mentioned in our previous article,
we think that the neutral and the selective models are
not mutually exclusive (Marais et al., 2001; Duret,
2002). Indeed, the fact that recombination rate is
more strongly correlated with non-coding G+C
content than with Frop-GC might reflect such a dual
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impact of recombination (both neutral and selective)
on synonymous sites. But our analyses show that the
impact of HRi on codon usage is obscured by vari-
ation in neutral substitution patterns associated with
recombination rate. Thus, it is essential to take into
account the neutral effect of recombination to be able
to detect HRi. Hey & Kliman (2002) attempted to do
this by computing the residuals of the regression
analysis of GCnc and synonymous-codon frequencies.
However, GCnc might not be the appropriate index to
remove precisely the neutral effect of recombination
on codon usage, for the reasons already mentioned in
section 2 and also because non-coding DNA and syn-
onymous sites might be affected by different neutral
substitution patterns (owing to transposable elements,
which are often AT-rich and are mainly located in the
non-coding DNA (Lerat et al., 2000, 2002)). Another
possibility would be to analyse genes with low ex-
pression level. Such genes have a weak codon bias
(Shields et al., 1988 ; Duret & Mouchiroud, 1999) and
a high rate of synonymous substitution (Shields et al.,
1988; Sharp & Li, 1989; Powell & Moriyama, 1997;
but see Dunn ez al., 2001) and so their codon usage
is thought to be influenced mainly by neutral substi-
tution pattern.

By using synonymous sites of such lowly expressed
genes as markers of neutral substitution patterns, we
found that ~4% of the D. melanogaster genes have
their codon usage affected by HRi and the decrease in
codon bias caused by this effect is ~5% (Marais &
Piganeau, 2002). This indicates that HRi exists but
can be considered a minor determinant of variation
in codon bias across the D. melanogaster genome.
Another piece of evidence from HRi in the D. melano-
gaster genome comes from a recent study by Betan-
court and Presgraves (2002), who showed that the
interference between advantageous non-synonymous
mutations and synonymous mutations could lead to a
decrease in codon bias. However, this might only
concern genes under positive selection. Although no
estimate of the proportion of such genes in the
D. melanogaster genome is available, it seems reason-
able that they are few. Recent theoretical and empiri-
cal findings by Comeron & Kreitman (2002) indicate
that HRi could explain variation in codon bias inside
the D. melanogaster genes. However, little is known
about the effect of BGC on base composition pattern
at the gene scale. Moreover, the current population
genetics models of codon usage evolution do not
take BGC into account. Their predictions might be
changed after incorporating this parameter.
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