
In eukaryotes, the disjunction of homologous cen-
tromeres in the first division of meiosis results in the inde-
pendent assortment of genes on different chromosomes;
recombinational exchange (gene conversion and recipro-
cal crossing-over) reshuffles the genetic material between
the homologous chromosomes contributed by the two par-
ents. These processes cause different sites in the genome
to have more or less distinct ancestries, unless recombina-
tion is absent or ineffective. Recombination can therefore
have important consequences for the effectiveness of se -
lec tion (Barton, this volume). In particular, Fisher (1930,
p.103) pointed out that there may be an evolutionary cost
to recombination. When two loci are each polymorphic for
two alleles with epistatic fitness effects that create linkage
disequilibrium (LD), recombination re duces the frequen-
cies of the selectively favorable combinations of alleles.
He concluded that if there is genetic variability in the fre-
quency of recombination, this “…will always tend to
diminish recombination, and therefore to increase the
intensity of linkage in the chromosomes… .” Subsequent
theoretical work has put this verbal argument on a firm
theoretical basis (Zhivotovsky et al. 1994; Otto and
Lenormand 2002). 
Why, therefore, does the genome not “congeal” to a

state of zero recombination (Turner 1967)? There is evi-
dence pointing to a countervailing selective advantage to
recombination; for example, several ecological factors
correlate with rates of crossing-over. Mammalian species
with long development times tend to have higher rates of
crossing-over per chromosome than fast-developing
species (Burt and Bell 1987; Sharp and Hayman 1988),
and highly self-fertilizing species of plants tend to have
higher rates of cytologically detectable crossovers than
related outcrossing species (Roze and Lenormand 2005).
Recombination rates therefore appear to vary in response

to selective pressures, so that we need to search for popu-
lation genetic processes that relate recombination to
higher fitness. Several credible candidates for this have
been identified (Barton, this volume). The challenge is to
identify biological patterns that indicate that the level of
recombination has evolutionary consequences and that
also shed light on which processes may be involved. 
We argue that a variety of lines of evidence suggest that,

as proposed by Felsenstein (1974), Hill–Robertson (HR)
effects have a major role in causing the evolutionary
effects of recombination. Hill and Robertson (1966)
showed that selection at one site in the genome impedes
the action of selection at another site, especially when re -
combination between them is rare or absent (Fig. 1). This
is because a finite population cannot contain all possible
combinations of variants at different sites. If mutations
arise in different individuals, a favorable variant at one site
will generally be present in a genotype with a deleterious
variant at another site, i.e., negative LD exists among
selectively favorable variants. Because recombination
breaks down this LD, it enhances the population’s ability
to respond to selection. Table 1 lists the main types of HR
effects.
A useful way to understand HR effects is to consider

them in terms of the effective population size Ne
. This is

essentially the number of individuals in the population
that successfully transmits genes to the next generation
and is often much smaller than the number of individuals
of breeding age (Wright 1931; Charlesworth 2009).
Selection implies the existence of heritable variance in
fitness among individuals; this reduces N

e
because genes

are preferentially transmitted through the fittest members
of the population (Robertson 1961). A nucleotide site that
is closely linked to another site with variants that are
under selection experiences an especially large effect,
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because the influence of the variance in fitness at one site
on the behavior of closely linked sites is maintained for
many generations (Santiago and Caballero 1998; Barton,
this volume). 
The equilibrium level of diversity at neutral nucleotide

sites is equal to the product of 4N
e
and the mutation rate

u provided that 4N
e
u << 1 (Kimura 1971). In addition, the

probability that genetic drift fixes a deleterious mutation
that reduces the fitness of its homozygous carriers by s
(the selection coefficient) is close to the value for a neu-
tral mutation when N

e
s < 1 but is negligible when N

e
s >>

1 (Fisher 1930, ch. 5; Kimura 1962). Similarly, the chance
that a selectively favorable mutation with selective advan-

tage s becomes established in a population is close to the
neutral value when N

e
s << 1 but approaches the value for

an infinitely large population when N
e
s > 1. Not all fea-

tures of HR effects can be interpreted simply in terms of
a reduction in N

e
(Comeron et al. 2008; Kaiser and

Charlesworth 2009), but it nevertheless provides a useful
heuristic for their interpretation. 
Reduced N

e 
caused by HR effects is thus expected to

cause a reduction in the level of variability with respect
to neutral or nearly neutral nucleotide variants. It will
also cause loci to accumulate more slightly deleterious
mutations, and fix fewer advantageous ones, than when
HR effects are absent. The following patterns that are
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Figure 1. Hill–Robertson interference between the action of selection for advantageous mutations at two sites in a genome when
recombination between them is rare or absent. The diagram shows two loci or sites, A and B, at which advantageous mutations arise
in a haploid population, and each of which increases fitness. The highest fitness is achieved when both advantageous mutations are
present in an individual.

Fitness = 0.9

Mutation 
A1      A2 

Fitness = 0.95

Fitness = 1

Mutation
 B1      B2 

Fitness = 1.05 A2 B2

A1 B2

A2 B1

A1 B1

Maximum fitness possible with both advantageous 
mutations A2 and B2

Table 1.Main categories of HR effects

1. Interference by Favorable Mutations (Selective Sweeps)
The spread of a favorable mutation drags to fixation any closely linked neutral or deleterious mutant alleles initially associated
with it, so that successive adaptive substitutions in a low recombination region of the genome can lead to a loss in neutral or
nearly neutral variability and the fixation of slightly deleterious mutations at many loci. In addition, the spread of a favorable
mutation at one locus can prevent the spread of a favorable mutation at another, closely linked locus. 

2. Interference by Deleterious Mutations (Background Selection)
Deleterious mutations are assumed to enter the population at sites distributed over the genomic region in question and to be
removed by selection with near certainty. A neutral or weakly selected mutation that arises in a nonrecombining section of the
genome has a nonzero chance of survival only if it arises on a chromosome free of these mutations. This accelerates the fixation
of weakly deleterious mutations and retards the fixation of advantageous mutations.

3. Muller’s Ratchet
This involves the stochastic loss from a finite population of the class of chromosomes carrying the fewest deleterious mutations.
In the absence of recombination and back mutation, this class of chromosome cannot be restored. The next best class then
replaces it and is in turn lost in a process of successive irreversible steps. Each such loss is quickly followed by fixation of a dele-
terious mutation on the chromosome. Mutations at most sites remain close to their equilibrium frequencies.

4. Mutual Interference among Weakly Selected Sites (Weak HR Effects)
With a very large number of closely linked sites, subject to reversible mutation between favored and disfavored alleles, the mean
level of adaptation can be strongly reduced in nonrecombining regions. This is because a mutual interference exists among the
different sites under selection, allowing selectively deleterious variants to become much more frequent than expected under muta-
tion-selection equilibrium frequencies as a result of genetic drift.

For further details, see Otto and Lenormand (2002), Comeron et al. (2008), Charlesworth and Charlesworth (2009, ch. 10), and
Barton (this volume). 
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consistent with these expectations have been uncov-
ered.

1. Regions of the genome with low levels of genetic
recombination often show low levels of genetic diver-
sity (see, e.g., Presgraves 2005).

2. Species with low levels of genome-wide recombina-
tion, such as highly self-fertilizing species of animals
and plants, also show reduced genetic diversity (see,
e.g., Charlesworth 2003).

3. These reductions in diversity are often associated with
reduced levels of adaptation at the molecular level
(see, e.g., Presgraves 2005; Moran et al. 2008).

We examine in detail here some examples of such evi-
dence from our recent work with Drosophila. In addition,
we describe recent theoretical work that helps to resolve
some contradictions between the theoretical predictions
and the data

THE RELATION OF RECOMBINATION 
TO GENETIC VARIATION

Previous Work with Drosophila

About 20 years ago, it was found that within-population
variability was unusually low in regions of the Drosophila
genome with low levels of crossing-over (Aguadé et al.
1989; Stephan and Langley 1989). Begun and Aquadro
(1992) showed that a high correlation exists between the
estimated level of variability in a gene and the local rate of
recombination determined from the standard genetic map,
whereas divergence at silent sites showed no relation to
recombination rates. These observations have been repli-
cated in more recent studies, for example, by Presgraves
(2005). 
Some form of HR effect seems to be the only credible

explanation of these patterns. Begun and Aquadro (1992)
favored hitchhiking effects caused by the spread of favor-
able mutations (Maynard Smith and Haigh 1974), often
now referred to as “selective sweeps” (Berry et al. 1991).
Stephan (1995) showed that it is possible to fit the
observed relation between recombination rate and level of
variability by this model; this has recently been extended
to large Drosophila melanogaster polymorphism data
sets (Andolfatto 2007). However, the alternative mode of
hitchhiking by selection against recurrent deleterious
mutations (“background selection,” Table 1) also fits the
data on the relation between levels of variability and local
recombination rates (Charlesworth 1996). Attempts to
discriminate between selective sweeps and background
selection have largely been inconclusive.

Genetic Diversity on the Dot Chromosome 
of Drosophila Americana

We have recently revisited this question (Betancourt et
al. 2009), using the close relative of D. virilis, D. ameri-
cana, for a survey of within-species variation and diver-
gence among species at 14 genes on the small “dot”

chromosome (Muller’s element F), a chromosome that
shows highly reduced levels of crossing-over (Ashburner
et al. 2005). A data set on variability at 18 genes on other
chromosomes is available for the purpose of comparison
(Maside and Charlesworth 2007). Genetic data show that
there is little population subdivision in D. americana and
little evidence for demographic effects such as population
expansion that complicate the interpretation of population
genetic data (McAllister 2002; Maside and Charles worth
2007); this makes it appropriate material for pop u la tion
genetic studies. 
Silent nucleotide site diversity on the D. americana dot

chromosome is about 17 times lower than the genome-
wide average, a reduction in variability similar to that in
other Drosophila species (Berry et al. 1991; Jensen et al.
2002; Wang et al. 2002, 2004; Sheldahl et al. 2003). As
expected, the polymorphism data show that dot chromo-
some loci have a very low, but nonzero, recombination
rate, as was seen in the other species. These recombina-
tion events are probably due to gene conversion rather
than crossovers (Langley et al. 2000; Gay et al. 2007). 

Interpretation of the Results

Coalescent simulations show that a recent selective
sweep is not compatible with the observed distribution of
frequencies of nucleotide site variants on the D. ameri-
cana dot chromosome (Betancourt et al. 2009): There are
too many intermediate-frequency variants compared with
what is expected after a selective sweep on a nonrecom-
bining chromosome (Braverman et al. 1995; Simonsen et
al. 1995). Can background selection explain these data?
The expected reduction in diversity for the dot chromo-
some can be determined from the classical background
selection equation (Hudson and Kaplan 1995; Nordborg
et al. 1996). For this purpose, we need to know the distri-
bution of selection coefficients against deleterious muta-
tions. Estimates of the parameters of this distribution for
nonsynonymous mutations can be obtained from poly-
morphism data (Loewe and Charlesworth 2006; Loewe et
al. 2006; Keightley and Eyre-Walker 2007; Sawyer et al.
2007). These data show that there is a wide distribution of
the selective effects of deleterious mutations but the mean
selection coefficient against a segregating amino acid
mutation is extremely small (of the order of 10–5 to 10–4).
The classical background selection model with these esti-
mates predicts that the dot chromosome should have
~1000-fold lower variation than the other autosomes
(Loewe and Charlesworth 2007), rather than the 17-fold
lower value in D. americana, and similar values for the
other cases cited above.

EXPLAINING THE OBSERVED 
PATTERNS OF VARIABILITY

Reformulating the Background Selection Model

Both of the standard explanations for reduced variabil-
ity in regions with low levels of recombination appear to
be incompatible with our data on patterns of variability on
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the dot chromosome. To try and resolve this paradox, we
have reexamined the theory of background selection in a
large, low recombination genomic region. The standard
model assumes that the frequencies of deleterious mutant
variants involved are close to those expected under muta-
tion-selection balance equilibrium in an infinite popula-
tion (Charlesworth et al. 1993; Hudson and Kaplan 1995;
Nordborg et al. 1996). When recombination rates are
extremely low, however, the model predicts a larger
reduction in variability than is found in simulations
(Charlesworth et al. 1993; Nordborg et al. 1996; Gordo et
al. 2002). This suggests that low recombination may
cause HR interference among the sites involved (for
which N

e
s > 1 when there are no HR effects), undermin-

ing the effectiveness of selection on these sites and caus-
ing the frequencies of deleterious mutations to drift up to
much higher values than with mutation-selection balance.
HR interference of this type has been studied previously
by Monte Carlo simulations of selection at many linked
sites (for review, see Comeron et al. 2008). These studies
used fixed selection coefficients at each site and were
designed primarily to model weak selection on codon
usage (except for Tachida 2000). 
In view of the recent increase in our knowledge of the

intensity of purifying selection on nonsynonymous muta-
tions (see above), it seemed important to model HR effects
with realistic selective effects to see whether they can
explain the Drosophila data on variability in genomic
regions that lack crossing-over. We have performed Monte
Carlo simulations of randomly mating populations with
either normal or reduced rates of recombination (Kaiser
and Charlesworth 2009). Haploid populations of 1000
individuals (equivalent to N = 500 diploids) were modeled.
The state of a site under selection is represented as 1 or 0,
where 0 is wild type and 1 is a deleterious alternative vari-
ant (Fig. 2). The fitness effect of a mutation at the ith chro-
mosomal site under selection is denoted by s

i
; the fitness,

w, of an individual carrying a set of mutations is given by
the standard multiplicative model (Haldane 1937), such
that ln(w) = Σ

i 
ln(1 – s

i
).

Pairs of adjacent selected sites followed by neutral sites
were distributed along the chromosome, with the total

number of sites (L) varying between simulations. The
selected sites correspond to first and second codon posi-
tions, where all mutations were assumed to be nonsyn-
onymous; the neutral sites correspond to third codon
positions that experience only synonymous mutations.
Mutations at both types of sites arise at a rate u per base
pair in each direction. This reversible mutation model
applies to nucleotide mutations and allows the population
to reach statistical equilibrium between drift, mutation,
and selection (McVean and Charlesworth 2000). When
the evolutionary forces are all weak, measures of the
deterministic forces scaled by multiplying their values by
N

e
completely describe the system if time is measured in

units of N
e
generations (Ewens 2004). We can thus infer

the behavior of large natural populations from our small
simulated populations by using these scaled parameter
values (McVean and Charlesworth 2000). 
We chose mutation rates, recombination rates between

adjacent sites, and a distribution of selection coefficients
such that the products of N and the relevant parameter val-
ues are similar to those for genes in regions of normal
recombination in a Drosophila population (Loewe and
Charlesworth 2007). As a measure of the effectiveness of
background selection, we used the ratio B of the mean
pairwise diversity at the simulated neutral sites, relative to
the theoretical equilibrium value for a population free of
HR effects (π = 4Nu; Kimura 1971). Figure 3 (top) shows
the effects of selection at the “nonsynonymous” sites on B.
For noncrossover regions, there is a rapid initial decline of
B with L, but B is always much larger than predicted by the
classical background selection formula (Fig. 3, bottom)
(Hudson and Kaplan 1995; Nordborg et al. 1996).
Importantly, when there is no crossing-over, B levels off at
a value of ~0.015 for L > 640,000 sites. This suggests that
the HR effects between sites under selection progressively
undermine the effectiveness of selection as more selected
sites are packed into a region where crossing-over is
absent, so that additional selected sites eventually have no
further effect on variability at the linked neutral sites.
Selection also distorts the gene genealogies at linked

sites, especially when a large number of sites are under
selection (Gordo et al. 2002; Williamson and Orive
2002), so that the reduction in N

e
is not a complete

descriptor of HR effects, as mentioned earlier. This dis-
tortion can be examined using Tajima’s D

T
statistic,

which measures the difference between the estimate of
variability from the mean number of sequence differences
between all pairs of alleles in a sample and the estimate
from the number of segregating sites in the sample
(Tajima 1989). This has been used to test for selective
sweeps, because these are expected to cause negative D

T

values, reflecting an excess of rare variants (Braverman et
al. 1995; Simonsen et al. 1995). Our simulations show
that D

T
for neutral sites is negative and increases in mag-

nitude with L; with no crossing-over, it approaches its
maximum value with the largest L values that we have
simulated (Kaiser and Charlesworth 2009). 
How do the simulation results relate to observations on

genomic regions with low levels of recombination? As
described in the previous section, the observed mean diver-
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Figure 2. Schematic view of the representation of chromosomes
and the simulation methods.

Wright-Fisher population of 1000 haploid individuals

Two selected sites alternate with one neutral site along each chromosome;
each site is represented by one digit (”0” or  “1” ):

 01101010011110100110101001010011110

Mutation:   0          1     or      1          0       (equal rates)

Crossing-over/gene conversion:

0110101001111010011010
0110101001010011110001

Parents

0110101001111011110001
0110101001010010011010

O!spring

recombination breakpoint
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sity value on the dot chromosome in several Drosophila
species is ~5% of the genome-wide average, close to the
value of 6.5% in our simulations of a non-crossing-over
region of this size (Fig. 3, top). In addition, in D. ameri-

cana, the observed value of D
T
is not significantly different

from the predicted value for a noncrossover region of this
size (Kaiser and Charlesworth 2009).
Similarly, the neo-Y chromosome of D. miranda com-

pletely lacks recombination, and it contains ~3.7 Mb of
coding sequence, of which approximately one-half are
nonfunctional and thus unlikely to cause HR effects
(Bachtrog et al. 2008). The mean average silent-site diver-
sity for genes on the D. miranda neo-Y is ~1% of the
value for their homologs on the recombining neo-X chro-
mosome (Bartolomé and Charlesworth 2006), which is
quite close to the predicted value with large L (Kaiser and
Charlesworth 2009). There is a large negative D

T
for the

neo-Y (Bartolomé and Charlesworth 2006), which has
been interpreted as having been caused by a recent selec-
tive sweep (Bachtrog 2004). However, this D

T
value is

also consistent with our modified model of background
selection (Kaiser and Charlesworth 2009). 
The simulations also show that the frequencies of sites

fixed for deleterious nonsynonymous variants are greatly
increased in large regions with reduced recombination, with
a corresponding reduction in the mean fitness of the popu-
lation (Table 2), as found previously in HR models with
weak selection and fixed selection coefficients (McVean
and Charlesworth 2000; Comeron et al. 2008). Even a small
nonrecombining genomic region can experience a notice-
able reduction in its mean fitness, as illustrated in Figure 4,
where a population with a nonrecombining chromosome of
only 32 kb in length (21,333 sites under selection) equili-
brates at a natural logarithm of mean fitness of –7.78. If we
retain the same N

e
s values but rescale the population size to

1 million, which is reasonable for a Drosophila popula-
tion, most selection coefficients are very small, so that the
expression for ln(w) given above is well approximated by
–Σ

i
s
i
. Using this simplification, the mean of log fitness in

the simulations corresponds to a log mean fitness for
Drosophila of –7.78 x 500/1000000 = –0.0039, whereas the
equilibrium log mean fitness of a freely recombining popu-
lation with the same parameters is –0.0001, using the for-

RECOMBINATION AND MOLECULAR EVOLUTION 5

Figure 3. Effects of Hill–Robertson interference among strongly
selected mutations on levels of diversity at linked neutral sites.
(Dotted line) Free recombination, (dashed line) gene conversion
only, (solid line) no recombination. (Top) B(observed) = π /(4Nu)
plotted against the number of sites. B(observed) decreases with
an increasing number of sites L. An asymptotic value of ~1.5% is
reached for large values of L. (Bottom) The logarithm to base 10
of B(expected) as a function of L, where B(expected) is calculated
from the standard background selection formula. With an
increasing number of sites, neutral diversity is expected to de -
cline exponentially, and the rate of decline is greater if recombi-
nation rates are low.

Table 2. Effect of zero recombination on the proportion of selected sites with deleterious muta-
tions and on the mean fitness of the population

Length of Proportion of sites Mean s at Relative 
chromosome carrying a deleterious fixed sitesb reduction in 

(kb) mutationa (x105) Log fitnessc log fitnessd

3.2 0.00104 0.16 0 0
32 0.0168 0.63 –0.002 0.002
64 0.0254 0.83 –0.009 0.009
192 0.0377 1.19 –0.057 0.056
320 0.0464 1.35 –0.134 0.131
640 0.0533 1.58 –0.360 0.358
1280 0.0620 1.80 –0.952 0.948

aThis is for a chromosome chosen randomly from the population after 10,000 generations.
bMean s is scaled to a population size of 106 (the simulation value is multiplied by 500/106).
cThis is the negative of the number of nonsynonymous sites (two-thirds of column one) multi -

plied by the product of columns two and three. It provides a lower bound to the equilibrium
reduction in fitness per nonsynonymous site, because the mean selection coefficient at sites that
are fixed is lower than average.

dThis is the difference in the estimated log fitness for the nonrecombining chromosome and the
equilibrium log fitness for a freely recombining chromosome. The latter is calculated from the
product of the mutation rate per site by the number of nonsynonymous sites (Haldane 1937).
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mula of Haldane (1937). The relative reduction in mean fit-
ness is thus ~0.0038.
It is harder to estimate this reduction for cases with large

numbers of sites, because the time to reach equilibrium
with respect to mean fitness becomes very long. Table 2
shows some estimates of this reduction. With large L, there
is a large reduction in mean fitness for a nonrecombining
population, with the mean fitness approaching 39% of the
free recombination value. The equilibrium mean fitness of
a completely asexual population of a higher eukaryote,
where a whole genome of more than 1 million nonsyn-
onymous sites is nonrecombining, must therefore be
extremely small, so that this effect may contribute to the
apparent long-term evolutionary disadvantages of asexual
lineages (Maynard Smith 1978; Bell 1982; Otto and
Lenormand 2002; Normark et al. 2003).

EVIDENCE FOR A REDUCED EFFECTIVENESS
OF SELECTION IN LOW RECOMBINATION

GENOMIC REGIONS 

These results lead naturally to the question of the extent
to which levels of adaptation at the protein and DNA
sequence level are indeed reduced in low recombination
genomes or genomic regions. A severe reduction in effec-
tive population size should be reflected in a reduction in
the efficacy of both purifying selection and positive selec-
tion, as well as a reduction in diversity. Various studies
have found evidence for such effects, primarily in nonre-
combining genomes or chromosomes. For example,
codon usage bias is reduced in regions of the Drosophila
genome that lack crossing-over, especially the dot chro-
mosome (Kliman and Hey 1993, 2003; Marais et al.
2003; Haddrill et al. 2007), as we also found for the D.
americana dot chromosome (Betancourt et al. 2009). 
Studies of the relationships between local recombination

rate and protein sequence variation and between-species
divergence in Drosophila (Betancourt and Presgraves
2002; Presgraves 2005; Haddrill et al. 2007) also suggest
that recombination affects the efficiency of selection on

amino acid sequences, with reduced rates of adaptive evo-
lution in regions of low recombination and relaxed selec-
tion against deleterious mutations. We used our D.
americana data to ask if dot chromosome loci experience
relaxed purifying selection on amino acid mutations. As
expected, protein sequence divergence between D. ameri-
cana and two related species, D. virilis and D. ezoana, is
elevated on the dot chromosome (Betancourt et al. 2009).
This pattern can be explained by relaxed purifying

selection on the dot chromosome causing the fixation of
slightly deleterious amino acid variants, but it is also pos-
sible that it is due to a higher rate of fixation of beneficial
mutations, although this is contrary to theoretical expec-
tations. We can distinguish between these alternatives
using the D. americana polymorphism data, because ele-
vated levels of protein polymorphism relative to silent
polymorphism indicate relaxed purifying selection: The
D. americana dot chromosome loci indeed show such an
effect (Betancourt et al. 2009). The average strength of
purifying selection acting on the heterozygous carriers of
segregating amino acid variants was estimated to be Ne

s ≈
4 for dot loci and N

e
s ≈ 29 for nondot autosomal loci.

Provided the two sets of loci experience similar levels of
functional constraints, these results suggest that selection
against amino acid variants is less effective in low recom-
bination regions.
We also investigated whether adaptive evolution is sim-

ilarly compromised on the D. americana dot chromo-
some. We used the combination of polymorphism and
divergence data to estimate α, the proportion of nonsyn-
onymous between-species differences caused by positive
selection (Fay et al. 2002; Smith and Eyre-Walker 2002;
Bierne and Eyre-Walker 2004). Using a maximum likeli-
hood implementation of this method (Welch 2006), we
found a significantly lower α estimate for the dot chro-
mosome loci than for the other genes. This not only sug-
gests that adaptive evolution may be compromised on the
dot chromosome, but also excludes the possibility that the
elevated protein sequence for dot chromosome loci is due
to more frequent selectively driven substitutions.

6 CHARLESWORTH ET AL.

Figure 4. The decline in the natural logarithm of the mean fitness of a population without recombination, relative to the expected fit-
ness under free recombination, plotted against the number of generations since the start (when the population was at equilibrium), for
simulations without recombination and a chromosome length of 32 kb. The initial decline is linear, similar to what is found with
Muller’s ratchet, but eventually, statistical equilibrium is reached.
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DISCUSSION

The data that we have presented on sequence diver-
gence and polymorphism on the dot chromosome of D.
americana show that both levels of variability and the
effectiveness of selection on protein sequences and codon
usage are significantly reduced. These findings are in
agreement with those previously reported for this small
(~80 genes), non-crossing-over component of the
Drosophila genome, but ours is the most comprehensive
study that combines both polymorphism and divergence
data for this chromosome. We observed an apparent
absence of amino acid sequence differences that have
been fixed by positive selection, in contrast to the ~60%
fraction for genes on other chromosomes. This agrees
with the proposal of Betancourt and Presgraves (2002)
and Presgraves (2005) that recombination accelerates
adaptive protein sequence evolution.
The main caveat is that we cannot exclude the possibil-

ity that the two sets of genes which we have studied differ
in properties that affect the rate of protein sequence. We
note, however, that the major determinant of the rate of
protein sequence evolution is the level of gene expression,
with low expression genes showing higher rates of non-
synonymous substitutions (Drummond and Wilke 2008).
There is, however, no significant difference in expression
levels between the dot chromosome genes and the rest of
the genome in D. virilis (Betancourt et al. 2009), so that
this factor can be ruled out. Indeed, Haddrill et al. (2008)
found significantly higher expression levels for genes on
the D. melanogaster dot chromosome compared with the
rest of the genome, and they suggested that this might
reflect an adaptation to compensate for the lower func-
tionality of protein sequences on this chromosome. It is
interesting to note that a protein Painting of fourth (POF)
has been characterized that binds specifically to the dot
chromosome in D. melanogaster and appears to increase
the expression of genes on this chromosome (Larsson et
al. 2004; Johannson et al. 2007).
The only way of definitively dealing with this difficulty

is to exploit systems in which the same genes can be com-
pared in different recombinational environments. This is
possible for homologous genes located on the two differ-
ent sex chromosomes, when the Y or W chromosome
does not recombine in the heterogametic sex. In the case
of the D. miranda neo-Y and neo-X chromosomes men-
tioned above, there is evidence for accelerated protein
sequence evolution associated with relaxed purifying
selection on the nonrecombining neo-Y chromosome
(Bartolomé and Charlesworth 2006; Bachtrog et al.
2008). The reduced levels of gene expression on this
chromosome, and losses of gene function due to major
mutational lesions, do not account for this effect
(Bachtrog 2006). Similarly, accelerated protein sequence
evolution and reduced variability have been observed on
the W chromosome of birds (Berlin and Ellegren 2006)
and the recently evolved Y chromosome of the white cam-
pion Silene latifolia (Marais et al. 2008). In all of these
cases, the same genes are being compared between the
two recombinational environments.

This strongly suggests that selective forces in a low
recombination environment do indeed reduce Ne

, leading
to an impaired effectiveness of selection. It is difficult to
be sure which of the factors listed in Table 1 is likely to
be the most important cause. However, our study of the
D. americana dot chromosome shows that it is appar-
ently impossible to account for its reduced N

e
by a recent

selective sweep—we observe too many variants at inter-
mediate frequencies to be consistent with such an event.
As mentioned earlier, the levels of variability on both the
dot chromosome and the D. miranda neo-Y chromosome
are also inconsistent with the classical background selec-
tion model. 
We propose that this paradox can be resolved by invok-

ing HR interference among the sites subject to reversible
mutation and purifying selection, when a large number of
such sites are included in a low recombination genomic
region. Our simulation results show that this produces
weakening of the effective strength of selection on non-
synonymous variants. The HR effects mean that these
variants are more likely to drift to intermediate frequen-
cies and can become fixed more easily than with normal
levels of recombination. This reduction in the effective-
ness of selection means that the mutations in question
have reduced effects on variability at linked neutral sites.
As we discussed above, it seems likely that an asymptotic
state is reached as the extent of a nonrecombining region
increases, whereby adding more selected sites into a low
recombination region has little or no effect on levels of
variability. This may well account for the observation that
the D. miranda neo-Y has a silent-site diversity value that
is 1% of the neo-X value, despite the very large number
of functional genes that it carries (Bachtrog et al. 2008). 
We can also ask whether this type of process may pro-

vide a selective advantage to recombination at the indi-
vidual level (see Barton, this volume), i.e., will selection
resist the invasion of a freely recombining population by
a genetic factor or chromosome rearrangement that
reduces recombination or favor the invasion of a low
recombination population by a modifier that increases it?
Keightley and Otto (2006) investigated a similar model,
but assumed unidirectional mutation from wild-type to
deleterious alleles. This type of system cannot reach an
equilibrium, and so is more similar to Muller’s ratchet
(Table 1) than ours (Gordo and Campos 2008).
We have therefore explored the possibility that HR

interference among relatively strongly selected mutations
may cause individual selection on modifiers of recombi-
nation, using simulations similar to those of Keightley
and Otto (2006), but with populations at statistical equi-
librium under reversible mutation, selection, and drift,
similar to those described above. We introduced a single
copy of a modifier allele that either completely sup-
presses recombination (if the initial population has a nor-
mal level of recombination) or increases it (if the
population has zero recombination). To save computer
time, a fixed selection coefficient was assigned to each
site. The results are shown in Table 3. The advantage of
increased recombination and disadvantage of decreased
recombination tend to level off as the number of selected
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sites increases, similar to the effects on neutral diversity
that we have described. The results show that HR effects
among nonsynonymous mutations can have a significant
influence on individual-level selection for recombination.
This raises the question of why some regions of the

genome have low frequencies of recombination if selec-
tion generally favors increased recombination. The
answer must lie in a selective advantage to recombination
suppression that is sufficient to overcome selection in
favor of recombination. In the case of Y chromosomes, a
plausible scenario is that suppression of crossing-over
between incipient X and Y chromosomes is advantageous
because it prevents alleles that are favored in one sex, but
deleterious in the other, recombining into the “wrong” sex
(Charlesworth et al. 2005). It is less clear why certain
regions of the genome, such as centromeres and telo-
meres, are associated with suppression of crossing-over
(Sherman and Stack 1995; Gerton et al. 2000; Ashburner
et al. 2005). (The lack of crossing-over on the dot chro-
mosome probably reflects the fact that its small size
means that its euchromatin is adjacent to both the telo-
mere and the centromere.)
Centromeres in most species are compound structures,

containing repetitive sequences around which the struc-
ture that binds the spindle fiber to microtubules forms
(Charlesworth et al. 1986; Ashburner et al. 2005).
Telomeres are also made up of repetitive units, of a dif-
ferent type from the centromere (Chan and Blackburn
2004). Unequal crossing-over between the repeat units
would produce aberrant numbers of repeats, which could
lead to aberrant chromosome segregation in mitosis and
meiosis, resulting in aneuploid cells and reduced fitness
(Charlesworth et al. 1986). This could result in a selective
advantage to reduced crossing-over near centromeres and

telomeres (Charlesworth et al. 1986). Additionally,
exchanges near centromeres (even without unequal cross-
ing over) may directly interfere with centromere disjunc-
tion in meiosis, again leading to aneuploidy. There is
evidence for this from the smut fungus Microbotryum
violaceum (Cattrall et al. 1978), yeast, Drosophila, and
humans (Rockmill et al. 2006). The suppression of cross-
ing-over in these genomic regions is thus likely to have an
adaptive basis. 
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