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No effect of recombination on the efficacy
of natural selection in primates
Kevin Bullaughey,1,4 Molly Przeworski,2,3 and Graham Coop2,3

1Department of Ecology and Evolution, University of Chicago, Chicago, Illinois 60637, USA; 2Department of Human Genetics,
University of Chicago, Illinois 60637, USA

Population genetic theory suggests that natural selection should be less effective in regions of low recombination,
potentially leading to differences in rates of adaptation among recombination environments. To date, this prediction
has mainly been tested in Drosophila, with somewhat conflicting results. We investigated the association between
human recombination rates and adaptation in primates, by considering rates of protein evolution (measured by
dN/dS) between human, chimpanzee, and rhesus macaque. We found no correlation between either broad- or
fine-scale rates of recombination and rates of protein evolution, once GC content is taken into account. Moreover,
genes in regions of very low recombination, which are expected to show the most pronounced reduction in the
efficacy of selection, do not evolve at a different rate than other genes. Thus, there is no evidence for differences in
the efficacy of selection across recombinational environments. An interesting implication is that indirect selection for
recombination modifiers has probably been a weak force in primate evolution.

[Supplemental material is available online at www.genome.org.]

Genetic linkage couples the fates of mutations that are located
near one another on a chromosome. As a result, natural selection
is unable to operate independently on linked loci, leading to a
decrease in the efficacy of natural selection dependent on the
rate of recombination (Hill and Robertson 1966; Felsenstein and
Yokoyama 1976). The relationship between the efficacy of selec-
tion and recombination can be seen by considering a pair of
linked loci. When two beneficial mutations arise on different
genetic backgrounds, and unless there are repeated mutations or
recombination, they compete or “interfere” with one another,
and only one of the two mutations can reach fixation in the
population. Whereas if there is sufficient recombination, both
mutations can recombine onto the same background and subse-
quently reach fixation. Thus, recombination decreases the
strength of interference, leading to an increase in the rate of
adaptation (cf. Otto and Lenormand 2002 and references
therein). Similarly, recombination can lead to more effective pu-
rifying selection: When multiple deleterious mutations segregate
in a population, recombination can lead to the creation of hap-
lotypes with fewer such mutations, thereby retarding or prevent-
ing the fixation of harmful alleles (Fisher 1930; Muller 1932;
Felsenstein 1974).

All else being equal, the strength of interference among se-
lected alleles, referred to as Hill–Robertson interference (HRI)
(Hill and Robertson 1966), should vary among recombination
environments, potentially leading to differences in rates of evo-
lution. However, while HRI has received extensive theoretical
attention, notably because of its possible role in the origin of sex
and recombination (Otto and Lenormand 2002), in practice it
remains unknown how important a force it has been in influ-
encing rates of adaptation across genomes. Answering this ques-

tion has important implications for our understanding of adap-
tation and the evolution of recombination (Otto and Lenormand
2002; Coop and Przeworski 2007; Gaut et al. 2007).

To date, the best evidence for the effects of HRI stems from
extreme examples, in which there is a complete or near-complete
absence of recombination, such as heterogametic sex chromo-
somes and endosymbionts. In these cases, deleterious mutations
appear to accumulate at a high rate, presumably because purify-
ing selection is unable to purge them effectively from the popu-
lation (cf. Charlesworth and Charlesworth 2000; Bachtrog 2006).

The role of HRI has also been evaluated by comparing rates
of evolution between species across recombination environ-
ments. Surprisingly, however, given the extensive body of theo-
retical work on this subject, there have been few such studies,
most of which have been conducted in Drosophila. Early investi-
gations of variation in the efficacy of selection focused on the
strength of codon bias within a single genome (Kliman and Hey
1993; Hey and Kliman 2002), finding weaker codon bias in re-
gions of low recombination. While consistent with a lower effi-
cacy of selection, the interpretation of these observations is not
clear-cut (Marais et al. 2003; Singh et al. 2005).

More recently, studies have used divergence data, in particu-
lar the rates of nonsynonymous and synonymous substitution
(dN and dS, respectively) (Yang and Nielsen 1998), as their main
measures of the rate of adaptation. The ratio dN/dS, also referred
to as �, reflects the selective pressures acting on nonsynonymous
sites relative to synonymous ones (cf. Li 1997). Synonymous sites
are thought to be neutral or nearly neutral in many species, in-
cluding primates (Lu and Wu 2005); indeed, while there is some
evidence that they evolve under selection (Chamary et al. 2006;
Comeron 2006), they tend to be much less constrained than do
nonsynonymous sites (Hellmann et al. 2003b). Thus, a high ratio
of dN/dS (close to or greater than one) indicates relatively little
constraint on replacement sites, while a lower ratio points to
greater constraint.

Considering the relationship between dN/dS and recombina-
tion, there are a number of possible predictions: (1) If nonsyn-
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onymous substitutions are largely beneficial and favored muta-
tions occur at a high enough rate that they cannot be fixed se-
quentially or if their dynamics are affected by the segregation of
deleterious alleles (Peck 1994), then increased recombination will
tend to increase the rate of adaptation. In this case, all else being
equal, there should be a positive correlation between the rate of
protein evolution (dN/dS) and the rate of recombination. (2) Al-
ternatively, if most nonsynonymous mutations tend to be
slightly deleterious, then more such mutations would reach fixa-
tion where selection is less effective, leading to a higher dN/dS

ratio in regions of low recombination. This scenario would then
result in a negative correlation between dN/dS and recombination
rate. In practice, both adaptation and purifying selection may
have occurred at numerous genes, with the direction of the rela-
tionship between dN/dS across the genome reflecting whichever
form of HRI is predominant. Finally, it is also possible that most
or all recombining regions of the genome experience enough
genetic exchange that the precise rate does not influence the
efficacy of selection. If so, there may be no relationship between
the recombination environment and rate of protein evolution.

The first two studies that used divergence data (Betancourt
and Presgraves 2002) or divergence and polymorphism data
(Presgraves 2005) focused on genes in Drosophila melanogaster
and Drosophila simulans, many of which were chosen because of
prior evidence for positive selection. For these subsets of the Dro-
sophila genome, consisting of 255 and 98 genes, respectively, the
investigators found a number of relationships between recombi-
nation and selection consistent with widespread HRI. Specifi-
cally, they found (1) higher dN in regions of higher recombina-
tion (but no such pattern for dS), suggesting a higher rate of
protein adaptation in regions of higher recombination (Betan-
court and Presgraves 2002); (2) less codon bias in genes with
more rapid protein evolution, potentially indicating that strong
selection at amino acid sites reduces the efficacy of purifying
selection at linked sites (Betancourt and Presgraves 2002; but see
Marais et al. 2004); and (3) combining inter- and intra-species
data from coding regions, fewer beneficial substitutions and
more weakly deleterious polymorphisms in regions of low re-
combination (Presgraves 2005). In turn, a more recent, genome-
wide study of dN/dS between D. melanogaster and Drosophila
yakuba found that the most pronounced effect of recombination
was a reduction in the efficacy of purifying selection on the
fourth chromosome, which completely lacks crossing-over (Had-
drill et al. 2007). Among regions with some recombination, there
was little evidence for variation in the efficacy of selection. These
seemingly conflicting findings have been partially reconciled in
a recent genomic study by Larracuente et al. (2008), who report
evidence both for ineffective purifying selection in regions of low
recombination and, possibly, for an increased rate of adaptation
among strongly positively selected genes in regions of higher
recombination. In summary, it appears as if there is evidence for
interference in Drosophila, but much of the effect may be in re-
gions of highly reduced or no crossing-over.

A more general understanding of the role of HRI requires
one to examine its role over many species. As a first step in this
direction, we conducted a study of the relationship between re-
combination and selection in primates. The recent availability of
human, chimpanzee, and rhesus macaque genomes provides
high-quality data for three closely related species, allowing us to
evaluate the evidence for HRI with genome-wide divergence
data. Moreover, population genetic parameters for primates dif-
fer markedly from those of Drosophila: The ratio of recombina-

tion rate to mutation rate is thought to be smaller in primates
than in Drosophila (Andolfatto and Przeworski 2000; Kong et al.
2002), genome sizes differ by an order of magnitude, potentially
affecting the density of selection targets, and the human effective
population size is roughly two orders of magnitude smaller than
those in Drosophila (Aquadro et al. 2001; Eyre-Walker 2006).
Thus, these primate data provide an opportunity to test predic-
tions of HRI in primates and to gain more general insights into its
importance in shaping rates of adaptation.

Results

Gene-centric alignments and recombination rate estimates

We used coding region divergence data from high-quality align-
ments of orthologous human, chimpanzee, and rhesus macaque
genes (Gibbs et al. 2007). The divergence time for human and
chimpanzee is ∼6–7 million years (Myr) (Chimpanzee Sequenc-
ing and Analysis Consortium 2005) and for human–rhesus ma-
caque 25–30 Myr (Gibbs et al. 2007), so that the phylogeny of
these species represents a total of ∼60–70 Myr of primate evolu-
tion. In all, we analyzed ∼10,000 trios of orthologous genes, af-
fording high power to detect even small differences in the effi-
cacy of selection across recombination environments.

Because of uncertainty in a number of important param-
eters, notably the distribution of fitness effects, we did not have
a clear a priori expectation about the genomic scale over which
interference may be important. Indeed, if selection tends to be
strong, only loci far away from the target of selection will escape
its effects through recombination, such that the relevant recom-
bination environment may be over megabases. In contrast, if
selection tends to be weak, the effects of HRI may exert them-
selves on a much finer scale. To try to evaluate both possibilities,
we performed all our analyses using estimates of human recom-
bination rates obtained for two different scales, hereafter referred
to as broad and fine (recombination rate estimates are not avail-
able for chimpanzees and are only available over an extremely
broad scale in rhesus macaques) (Rogers et al. 2006). Broad-scale
recombination rates per gene were estimated using the deCODE
pedigree-based human recombination map (Kong et al. 2002), by
interpolating between markers separated by a median distance of
925 kb. Thus, these estimates provide rates on the scale of a
megabase (for details, see Methods). In turn, fine-scale recombi-
nation rates for each gene were obtained from a recombination
map inferred from human linkage disequilibrium (LD) data (My-
ers et al. 2005). Each gene was assigned a rate based on a 40-kb
window centered on the gene (see Methods). Using these two
scales allowed us to test for an effect of interference over scales
that differ by two orders of magnitude.

We note that the recombination estimates reflect only or
primarily the cross-over rate, rather than rates of both crossing-
over and gene conversion (although the LD-based estimates may
reflect some contribution of gene conversion as well) (Przeworski
and Wall 2001). Both crossing-over and gene conversion events
can break down allelic associations, thereby uncoupling the fates
of linked alleles. However, while a cross-over anywhere between
two sites will decrease the association, a gene conversion event
will only do so if the conversion track (on the order of ∼100 bp)
overlaps one of the two sites. Thus, even if the per base pair rate
of gene conversion is several fold higher than crossing-over (Jef-
freys and May 2004), the allelic association between sites that are
more than a couple of hundred base pairs apart will primarily be
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