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The continuing deluge of nucleotide polymorphism data is
providing insights into the role of adaptation in shaping
genome-wide patterns of variability and molecular evolution.
Population genetic models in which linkage and selection
interact (i.e. hitchhiking) predict that selection can leave
‘footprints’ in closely linked genomic regions. New analytical
approaches show promise for distinguishing the signature of
adaptation from that of several non-adaptive alternatives.
Accounting for the effects of population structure and history
poses a challenge for future investigations. 
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Introduction
Most nucleotide variability observed in natural populations
may be neutral, or nearly so [1]. Even so, natural selection
can play an important role in shaping this variability
through the effects of genetic linkage. In particular, neutral
variants linked to a strongly favoured mutation can ‘hitch-
hike’ to fixation in the population, while other variants are
lost [2]. More generally, because selection affects closely
linked neutral variability, one can use the latter to draw
inferences about the frequency and mode of adaptive 
evolution at genes of interest.

What is the evidence that selection is having an impact
on genome-wide nucleotide variability? The genomes of
sexual organisms often exhibit considerable heterogeneity
in rates of meiotic crossing over. In Drosophila
melanogaster, which is the best-studied species at present,
the local crossing over rate is a strong predictor of levels
of nucleotide variability (reviewed in [3]); regions of
reduced crossing over harbour reduced variability. A 
similar trend is observed in other species of Drosophila, as
well as a variety of other organisms, including humans
(reviewed in [4–6]).

The positive correlation between nucleotide variability and
the local rate of recombination may be explained by repeat-
ed episodes of hitchhiking (or selective sweeps) caused by
the fixation of newly arising advantageous mutations [7,8].
The average size of a hitchhiked region depends on the
ratio of s to r, where s is the selective advantage of the
favourable mutation and r is the local rate of recombination.
Thus, if selection intensities are similar across the genome,
loci in regions of low recombination will be affected by
more selective sweeps per unit time, and thus are more
likely to be sampled shortly after a hitchhiking event [7]. 

An alternative (non-adaptive) explanation for the 
correlation, however, is purifying selection against strongly
deleterious mutations across the genome, hereafter
referred to as ‘background selection’ [9]. In this model, a
neutral variant will persist in the population only if it 
arises on a deleterious mutation-free chromosome (or 
segment of chromosome) or recombines onto one [9–12]. If
selection coefficients and deleterious mutation rates are
the same in different genome regions, the rate of recombi-
nation will determine the effect of background selection
on linked variability. 

Thus, the correlation between recombination rate and 
variability — though compelling evidence for an interac-
tion between selection and linkage — is not a unique
prediction of adaptive hitchhiking. Although processes like
adaptive hitchhiking and the ‘negative hitchhiking’ effect
caused by background selection undoubtedly occur, there
is considerable uncertainty about the rates of occurrence 
of both advantageous and deleterious mutations and the 
distribution of selection coefficients associated with these
mutations. As a result, a debate has developed concerning
the relative importance of these modes of selection in 
shaping patterns of genome variability. In this review, I
focus on the more recent evidence for adaptive hitchhiking. 

Distinguishing between background selection
and hitchhiking using the frequency spectrum
of polymorphisms
As both adaptive hitchhiking and background selection (as
well as other forms of hitchhiking) predict reduced variability
in regions of low recombination [13,14], recent studies have
focussed on other features of the data to try to distinguish
between alternative models. One example is the distribution
of nucleotide polymorphism frequencies in a population 
sample, hereafter referred to as the ‘frequency spectrum’. An
excess of low-frequency polymorphisms (a negative skew in
the frequency spectrum) is expected at neutral sites closely
linked to recent fixations of advantageous mutations [15].
This effect should be more pronounced in regions of lower
recombination where hitchhiking effects are stronger [15,16].
In contrast, a marked skew in the frequency spectrum is not
generally expected under the background selection model
[10,11]. Langley et al. [17•] have recently exploited this dis-
tinction to interpret nucleotide polymorphism data collected
at two genes located in a region of reduced crossing over in
D. melanogaster. They found marked skews toward low-
frequency polymorphisms in most population samples, 
particularly in older (European) and ancestral (African) 
populations, consistent with the adaptive hitchhiking model.
Similarly, M Przeworski and I [18•] have investigated the 
relationship between the frequency spectrum and local rates
of crossing-over for 29 loci in African (predominantly
Zimbabwe) populations of D. melanogaster. We observed a
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trend toward lower polymorphism frequencies in regions of
reduced crossing-over, a pattern consistent with adaptive
hitchhiking but unlikely under background selection. 

Although these data are consistent with adaptive hitchhiking,
it is difficult to completely rule out more complex 
deleterious mutation models. In particular, models of 
weakly deleterious mutations may also produce a skew in
the frequency spectrum [10,19•]. Such weakly deleterious
mutations may be caused by a fraction of amino-acid
replacement mutations, small insertion–deletion mutations
and transposable elements [13,20]. Weakly selected delete-
rious mutations will contribute little to the reduction of
linked neutral variants unless the recombination rate is very
low relative to the mutation rate; however, a bimodal distri-
bution of deleterious mutation effects, with a large class of
weakly deleterious mutations (e.g. [13]) may help to account
for the frequency spectrum data from D. melanogaster [18•].

Fay and Wu [21•] have recently proposed a new statistical
test of neutrality that focuses on a predicted effect of 
adaptive hitchhiking that is distinct from expectations
under weakly deleterious background selection models: an
excess of high-frequency derived mutations. The latter
can be identified by comparisons with closely related
species in order to infer the ancestral state of each 
polymorphic mutation. As this signature of selective
sweeps is very short-lived ([22•]; M Przeworski, personal
communication), this test is probably best applied to loci
where selection is a priori thought to have occurred recently.
Two recent examples from D. melanogaster may include
desat2 [23], a gene underlying population-specific 
differences in cuticular hydrocarbon pheromones, and
Acp26Aa [21], a protein found in seminal fluid. 

Although weakly deleterious mutation and adaptive hitch-
hiking models make partially overlapping predictions in
regions of reduced recombination, of the two, only selective
sweeps can account for departures from a ‘neutral panmictic
population’ model in regions of high recombination. Yet,
there are an increasing number of reports (in various organ-
isms) of extreme diversity reductions and negative skews in
the frequency spectrum at specific loci in regions of high
recombination [24,25•,26,27]. There has also been a recent
burst of studies showing unusually strong linkage disequi-
librium patterns (or ‘haplotype structure’) at loci in
high-recombination regions [28–40]. The latter may be con-
sistent with selective sweep models if selection was strong
and recent ([30]; M Przeworski, personal communication).

Comparing levels of variability on different
chromosomes
Another approach to distinguishing between hitchhiking
and background selection has been to compare patterns of
variability on different chromosomes. For example, in a
recent study of the Y chromosome of D. melanogaster and
D. simulans, Zurovcova and Eanes [41] demonstrated that
nucleotide variability is markedly reduced. As genes, and

thus targets for deleterious mutations, on this chromosome
were thought to be few, the authors argue that background
selection is an unlikely explanation. Carvalho et al. [42],
however, have since demonstrated that the Y chromosome
in D. melanogaster harbours more genes than was previously
thought. Thus, the ability of deleterious mutation models
to account for the Y chromosome is still an open question.
With the recent completion of several genome projects, we
should soon see the integration of detailed information on
gene density into linkage-selection models.

Recessive mutations are more visible to selection on the
sex chromosomes relative to autosomes. Aquadro et al. [3]
have suggested that if mutations are recessive, and all other
factors are equal, adaptive hitchhiking models predict
lower diversity on the X chromosome relative to the auto-
somes, whereas the background selection model predicts
the opposite pattern [13]. Although this prediction has yet
to be quantified, Begun and Whitley [43•] have recently
demonstrated that X-linked nucleotide variability is signif-
icantly lower than autosomal variability in D. simulans, even
after correcting for the sex-specific inheritance of these
chromosomes. Background selection is an unlikely expla-
nation for this observation [13]. However, this pattern may
not be a general prediction of adaptive hitchhiking models
either. Orr and Betancourt [44•] have recently investigated
models in which advantageous mutations were previously
deleterious, and thus held at low frequencies by a balance
between mutation and purifying selection. Under this
model, the probability of fixation of advantageous muta-
tions is largely independent of their degree of recessivity.
This implies that the prediction of lower diversity on the X
as a result of hitchhiking is specific to the case in which
most advantageous mutations are newly arising, and may
not apply to models under which selection pressure on
mutations changes over time [14,44•,45].

The problem of population structure and history
In addition to natural selection, patterns of variability within
species can also be shaped by demographic history, that is,
the structure and size of populations over time. Humans
[6] and D. melanogaster [46] are thought to have African 
origins and, perhaps like most species, are likely to have
complicated population histories and structures. In both
species, multi-population surveys of nucleotide variability
are beginning to reveal differences in patterns of 
variability between African (ancestral) and other (derived)
populations [6,17•,18•,29,47–51]. Uncertainty about the
impact of demographic history on genome-wide patterns of
variability poses a difficult problem when interpreting data
in the context of models of selection (as above).

For example, like selection [3], departures from assump-
tions like constant population size, random mating and
equal male and female reproductive success can affect 
patterns of variability in a chromosome-specific manner
(e.g. [52,53]). In this light, it is noteworthy that the reduced
variability observed at X-linked relative to autosomal genes
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in predominantly non-African (derived) populations of
D. simulans [43•] is less apparent in African (ancestral) 
populations [48]. This may not be unexpected if most 
hitchhiking has been confined to non-African populations
(i.e. local adaptation). X-linked loci in the non-African
D. simulans data [43•], however, do not show a greater skew
towards low-frequency polymorphisms — as expected
under increased hitchhiking — than do autosomal loci. In
fact, the opposite pattern is observed [54]. These features of
the data suggest demographic departures from model
assumptions or a more complicated model of hitchhiking (or
both, see below).

Demographic perturbations can also increase statistical
noise from locus to locus relative to expectations under
panmictic, constant population size null models. In the
absence of demographic information, this will limit the
interpretation of various proposed statistical tests of 
neutrality at specific loci (e.g. see [21•,30,31,55] and others
reviewed in [56]). In principle, demography and selection
can be distinguished by considering data from multiple
loci; demography will have a similar effect on the whole
genome, whereas selection will have locus-specific 
effects. Thus, genome-wide patterns favour demographic 
explanations over hitchhiking. By this line of reasoning,
the evidence for hitchhiking based on excess haplotype 
structure in D. melanogaster and D. simulans is made less
convincing by the generality of this pattern observed in the
two species ([57•,58]; J Wall, P Andolfatto, M Przeworski,
unpublished data). D. simulans, in particular, exhibits a
marked paucity of haplotypes at many independent loci
[28,32,34,35,37,39,43•,59,60].

Considerably more information can be mined from 
multi-locus data where samples have been drawn identically
from a population for each locus. Sophisticated statistical
approaches have recently been employed to distinguish
between population bottlenecks and hitchhiking in such
samples [61•]; Wall, this issue [pp 647–651]). Galtier et al.
[61•] employ a ‘full likelihood’ statistical approach to rule
out a population bottleneck as the cause for differences in
variability of patterns observed at three loci from a single
population of D. melanogaster. However, in some cases,
demographic effects on variability patterns can also be 
identified. We have recently used a ‘summary likelihood’
method (J Wall, P Andolfatto, M Przeworski, unpublished
data; see also Wall, this issue, pp 647–651) to show that a
recent bottleneck is a more likely explanation than recurrent
hitchhiking for chromosome-specific variability patterns in a
D. simulans population [43•]. These approaches appear to be
promising ways to untangle the effects of background 
selection, adaptive hitchhiking and demography.

Selection models almost always assume that populations
are panmictic. In addition to generating patterns that mimic
selection in neutral populations, demography can also alter
expectations in the presence of selection. For instance, 
geographically localised selection (i.e. local adaptation) can

increase differentiation between populations at closely
linked neutral sites [62,63]. Indeed, much of the evidence
for adaptive hitchhiking in human populations is observed
at genes that underlie locally adapted traits such as 
resistance to malaria [40,64•], lactose tolerance [65] and
skin melanisation [66]. However, adaptation need not be
local to increase population differentiation at linked neutral
sites. Two recent studies have demonstrated that globally
advantageous mutations can also increase population differ-
entiation at linked neutral sites when migration is limited
between sub-populations of a species [67,68].

For D. melanogaster and D. simulans, both historically 
tropical species, it is possible that the recent colonisation of
temperate habitats was accompanied by increased adaptive
hitchhiking. In this case, several key assumptions of 
simple hitchhiking models — on which many of our 
intuitions are based — may be violated. First, selection
would be episodic rather than constant over time. Second,
selection on many traits may be operating on variants
already segregating in the population (i.e. standing 
variation) rather than on newly arising variants. Third,
selection would be geographically localised rather than
species-wide. Departures from simple hitchhiking model
predictions may account for the unexpectedly positive
skew in the frequency spectrum on the X chromosome of
D. simulans [43•,54]. They may also explain why the 
skew toward low-frequency polymorphisms in regions of
reduced crossing over [18•] was not apparent in similar
data collected from a North American population of
D. melanogaster [3]. Multi-population variability surveys
and extensions of simple hitchhiking models that relax some
common assumptions [14,44•,45] may provide new insights.

Rates of advantageous mutations and
interference among positively and negatively
selected mutations
Although their relative importance is uncertain, processes
like background selection and hitchhiking most likely
operate in concert. Selection at one locus will limit the 
efficiency of selection at linked loci [69]. If deleterious
mutations have the potential to impede adaptation, it
makes sense to model background selection and hitchhik-
ing together. Kim and Stephan [22•] present a model of the
joint effects of these forces on linked neutral variation. If
background selection is caused by strongly deleterious
selection, it can be approximated as a local reduction in
population size [9,11,12,22•]. An approximate equation is
provided [22•] that predicts the effects of hitchhiking in
the presence of background selection. Figure 1 shows a fit
of this model (equation 6 of [22•]) to X chromosome data
from D. melanogaster [18•].

First, consider the fit of the recurrent hitchhiking model in
the absence of background selection. A reasonably good fit
to the data is obtained for αv on the order of 10–7

(Figure 1b), where α is a measure of the intensity of selec-
tion — 2Ns, where N is the population size and s is the
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selection coefficient — and v is the rate of sweeps per 
generation. A similar value was obtained by Stephan [70]
using data from Aquadro et al. [3]. Interestingly, with this αv,
moderate levels of background selection make little differ-
ence to the fit of the hitchhiking model to variability levels
(Figures 1a and 1b), but simply imply a larger πo (expected
variability in the absence of hitchhiking effects). With an αv
on the order of 10–8 or smaller (see Figure 1a,c), the com-
bined background selection and hitchhiking models appear
to fit the data better than either process modelled alone.

Can advantageous mutations alone account for the 
correlation between diversity and recombination in
D. melanogaster? Assuming an αv = 10–7 (see Figure 1) a
large population size (2N = 107) and strong selection
(s = 0.01), the advantageous mutation rate (~v/2s) will be
on the order of 10–10; only two orders of magnitude 
smaller than several estimates of the neutral mutation rate
(reviewed in [57•]). A smaller average s would require a
higher advantageous mutation rate to achieve the same
mean effect on diversity. Thus, it appears that advanta-
geous mutations would have to be both extremely
common and strongly selected to account for the correla-
tion between diversity and recombination alone. In
humans, this requirement is even more extreme as the
(historical) population size is several orders of magnitude
smaller; the advantageous mutation rate would have to be
on the order of the neutral mutation rate (cf. [71]) or higher.
As only a small fraction of newly arising mutations are
expected to be strongly advantageous in a given environ-
ment, this seems highly unlikely. As a result, adaptive
hitchhiking may only be a minor factor contributing to the
correlation between diversity and recombination in
humans. In Drosophila, hitchhiking probably shares a role
with background selection in accounting for this pattern. 

In addition to ‘variability levels’, other aspects of the data,
such as the frequency spectrum, can inform us about the
relative importance of adaptive hitchhiking. The frequency
spectrum can be summarised with the statistic Tajima’s D
[55]. Under the standard neutral model, the expectation of
D is close to zero; D will be negative when there is an
excess of low frequency polymorphisms, as expected
under adaptive hitchhiking models [15,16]. As an illustra-
tion, let us assume that variability is reduced 10-fold below
the neutral expectation (πo) in regions of high crossing over
(silent variability for r > 1 cM/Mb is ~2% per site in
D. melanogaster, Figure 1). In recurrent hitchhiking simula-
tions (program courtesy of M Przeworski), the expected D
[55] under this model is about –1 in a sample of 500 
neutral sites from 10 chromosomes, indicating a sharp
skew towards low-frequency polymorphisms. For a
2.5-fold reduction in variability (as expected for
αv = 2 × 10–7, Figure 1a and b), the average D is ~ –0.7. In
comparable D. melanogaster data [18•], the average Tajima’s
D in regions of high crossing over on the X chromosome is
–0.07, whereas the expectation under strict neutrality (i.e.
setting αv = 0) is –0.08. A tentative conclusion is that 

638 Genomes and evolution

Figure 1

A recurrent hitchhiking model with background selection. The background
selection parameters were arbitrarily chosen to give moderate reductions
in variability, as a more extreme model need not invoke hitchhiking to
account for the data [13]. (a) The reduction in variability (π) relative to the
neutral model expectation (πo) for background selection (BGS, thin black
line), and recurrent hitchhiking using equation 6 of [22•] with αv set to 
2 × 10–8 (dark grey lines) and 2 × 10–7 (light grey lines). The reduction
due to hitchhiking alone is given in thick dashed lines; hitchhiking with
background selection with thick solid lines. (b) Fit of D. melanogaster
X chromosome data of [18•] as (open circles) to the above hitchhiking
model (as above, αv = 2 × 10–7) in the absence (dashed line, πo = 3.5%)
and in the presence (solid line, πo = 4.5%) of background selection.
(c) Fit of the hitchhiking model (as above, αv = 2 × 10–8) to the same
data in the absence (dashed line, πo = 2.2%) and in the presence (solid
line, πo = 3.0%) of background selection.

BGS

Rate of crossing over (cM/Mb)

αν = 2 × 10–7

αν = 2 × 10–8

0.0 0.5 1.0 1.5 2.0 2.5

0.0 0.5 1.0 1.5 2.0 2.5

0.0 0.5 1.0 1.5 2.0 2.5

0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.5

1.0

1.5

2.0

2.5

π/
π o

%
 s

ile
nt

 d
iv

er
si

ty
 (

π)
%

 s
ile

nt
 d

iv
er

si
ty

 (
π)

(a)

(b)

(c)

Current Opinion in Genetics & Development



recurrent hitchhiking, and other modes of selection that
produce a marked negative skew in the frequency spectrum,
may have a minor impact on average variability over most
of the highly recombining portion of the D. melanogaster
genome. Still, adaptive hitchhiking may be frequent
enough to account for the skew toward rare polymorphisms
observed in regions of reduced crossing over [18•].

Conclusions
Our understanding of the interaction of selection and link-
age and its effects on patterns of genome-wide variability
is improving, but uncertainty about the demographic 
history of a species poses two problems. On one hand, the
effects of demography on patterns on nucleotide variability
can be conflated with those of hitchhiking. On the other,
demographic structure will modify our expectations under
selection relative to panmictic population models. 

If we are to continue making progress in understanding the
impact of hitchhiking on genome variability, it will be crucial
to understand more about the demographic structure and
history of the populations being studied. Multi-population
variability surveys are beginning to reveal the extent to
which geographically distant populations differ in various
aspects of nucleotide variability patterns. It will be impor-
tant to focus part of these surveys on ancestral populations
as they comprise the source for all other populations.
Recent multi-locus statistical approaches show promise for
untangling the effects of demography and selection. 

Under the neutral model, nucleotide diversity at neutral
sites is directly proportional to N [1]. It has been suggest-
ed that a steady stream of advantageous mutations,
through the effects of linkage, can uncouple the relation-
ship between population size and levels of nucleotide
diversity, even in regions of ‘high’ recombination [2,16].
Here, I have argued that hitchhiking models that predict a
marked skew in the frequency spectrum are probably 
having a minor impact on variability levels in high cross-
ing-over regions of D. melanogaster. This, in turn, limits the
ability of such models to account for diversity reductions in
regions of reduced recombination in this species (see
Figure 1). Adaptive hitchhiking in humans may not be an
important factor producing the observed correlation
between variability and crossing-over rate. Yet the signa-
ture of adaptive hitchhiking is apparent in the vicinity of a
number locally adapted traits in humans. Future investiga-
tions should consider not just genome-wide variability
levels but also the frequency spectrum, patterns of linkage
disequilibrium (see Wall, this issue [pp 647–651]) and the
geographic distribution of these features of the data. 
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