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Abstract

Theoretical and empirical work indicates that patterns of neutral polymorphism can be affected by linked, selected mutations. Under

background selection, deleterious mutations removed from a population by purifying selection cause a reduction in linked neutral diversity.

Under genetic hitchhiking, the rise in frequency and fixation of beneficial mutations also reduces the level of linked neutral polymorphism.

Here we review the evidence that levels of neutral polymorphism in humans are affected by selection at linked sites. We then discuss four

approaches for distinguishing between background selection and genetic hitchhiking based on (i) the relationship between polymorphism

level and recombination rate for neutral loci with high mutation rates, (ii) relative levels of variation on the X chromosome and the

autosomes, (iii) the frequency distribution of neutral polymorphisms, and (iv) population-specific patterns of genetic variation. Although the

evidence for selection at linked sites in humans is clear, current methods and data do not allow us to clearly assess the relative importance of

background selection and genetic hitchhiking in humans. These results contrast with those obtained for Drosophila, where the signals of

positive selection are stronger. q 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The observation that only a small fraction of nucleotide

sites in the human genome code for genes suggests that the

evolutionary dynamics of most human DNA polymorph-

isms may be governed primarily by an interaction between

the forces of mutation and genetic drift. This ‘neutral

theory’ (Kimura, 1983) has been largely successful in

explaining many patterns of molecular evolution in humans

and other species. However, because of linkage, sites may

not evolve independently of one another. Consequently, in

many regions of the genome, polymorphisms that do not

affect fitness may occasionally be linked to those that do.

Theoretical and empirical work indicates that this linkage

can substantially affect levels of neutral polymorphism,

whether selection acts primarily against deleterious

mutations (as envisioned by Kimura) or often favors

advantageous mutations. This result means that we can

use patterns of polymorphism at neutral sites to detect

selection acting at the molecular level.

Neutral variants linked to deleterious mutations will

indirectly experience selective pressure to be removed from

populations. This idea, termed background selection (Char-

lesworth et al., 1993), predicts that genomic regions of

reduced recombination will exhibit decreased polymorphism

levels. Additionally, neutral variants linked to selectively

favored polymorphisms can be driven to high frequency and

fixed. Such genetic hitchhiking (Maynard Smith and Haigh,

1974) also predicts a reduction of polymorphism in regions of

low recombination. If selection is sufficiently common, both

theories indicate that levels of polymorphism should be

positively correlated with recombination rate overall (Hud-

son and Kaplan, 1995; Wiehe and Stephan, 1993).

Nucleotide polymorphism data from Drosophila mela-

nogaster strongly support these predictions. The tiny fourth

chromosome and the tip of the X chromosome, two genomic

regions that rarely recombine, have reduced nucleotide

variation (Aguade et al., 1989; Begun and Aquadro, 1991;

Berry et al., 1991; Jensen et al., 2002; but see Wang et al.,

2002). Furthermore, there is an overall positive correlation

between nucleotide polymorphism and recombination rate

throughout the D. melanogaster genome (Begun and

Aquadro, 1992; Moriyama and Powell, 1996). Similar (but

weaker) patterns are observed in other Drosophila species

(Begun and Aquadro, 1991; Berry et al., 1991; Hilton et al.,

1994; Stephan and Langley, 1989), mice (Nachman, 1997),

sea beets (Kraft et al., 1998), tomatoes (Stephan and

Langley, 1998), goatgrasses (Dvorak et al., 1998), and

0141-933/02/$ - see front matter q 2002 Elsevier Science B.V. All rights reserved.

PII: S0 37 8 -1 11 9 (0 2) 00 8 49 -1

Gene 300 (2002) 31–42

www.elsevier.com/locate/gene

* Corresponding author. Tel.: þ1-520-626-4747; fax: þ1-520-621-9190.

E-mail address: payseur@email.arizona.edu (B.A. Payseur).

Abbreviations: SNP, single nucleotide polymorphism.

http://www.elsevier.com/locate/gene


maize (Tenaillon et al., 2001). Recent work has demon-

strated that nucleotide variation and recombination rate are

also correlated in humans (Nachman et al., 1998; Prze-

worski et al., 2000; Nachman, 2001).

At present, it remains unclear whether background

selection, genetic hitchhiking, or some combination of

these processes best explains the reduced level of genetic

variation observed in genomic regions with little recombi-

nation. Unfortunately, the detailed information on levels

and patterns of polymorphism and recombination needed to

address this problem are available in only a few species. At

present, the two best candidates are D. melanogaster and

humans. Here, we review the evidence that selection acting

at linked sites shapes patterns of variation across the human

genome. We discuss the results of work aimed at

distinguishing between background selection and genetic

hitchhiking as causes of observed patterns in humans, and

we suggest avenues for further research.

2. Selection at linked sites in humans

2.1. The effect of selection on neutral nucleotide

polymorphism in humans

Two estimates of the neutral parameter, 4Nem (where Ne

is the effective population size and m is the per-generation

mutation rate), are ûw (Watterson, 1975) and p̂ (Nei and Li,

1979). The proportion of segregating nucleotides in a

population sample, corrected for sample size (ûw), is

independent of the frequencies of segregating sites, while

the average number of nucleotide differences between two

randomly chosen sequences in a population (p̂) includes

information about polymorphism frequencies. Background

selection and genetic hitchhiking each predict reduced

values of p̂ and ûw in genomic regions experiencing low

recombination rates. This prediction can be tested in

humans by comparing polymorphism levels from popu-

lation surveys of non-coding sequences to recombination

rate. Human recombination rates can be estimated by

comparing the positions of markers on genetic and physical

maps (e.g. Payseur and Nachman, 2000). Using this

approach, Nachman (2001) demonstrated a strong positive

correlation between nucleotide variation and recombination

rate (ûw, R2 ¼ 0:63, P , 0:001; p̂, R2 ¼ 0:54, P , 0:001)

for 17 loci scattered throughout the genome. Recombination

rate and divergence (measured by comparing human and

chimpanzee sequences) were not correlated, arguing against

a neutralist interpretation that recombination is mutagenic.

The effects of background selection and genetic hitchhik-

ing on neutral polymorphism depend (inversely) on the local

recombination rate. The magnitude of these effects may also

depend on the number of selective targets linked to neutral

variants. Therefore, if selection acts disproportionately on

coding regions (relative to non-coding regions), the number

of genes in a genomic region may be related to observed

levels of polymorphism. Specifically, background selection

and genetic hitchhiking both predict reduced polymorphism

in gene-rich regions. Using the same set of loci as Nachman

(2001) and gene density estimates from the human genome

sequence, Payseur and Nachman (2002) tested this predic-

tion. There is a significant negative correlation between the

residuals of the regression reported above (comparing ûw and

recombination rate) and gene density (R2 ¼ 0:25, P ¼ 0:04).

Moreover, there is weak evidence that ûw alone is negatively

correlated with gene density (R2 ¼ 0:17, P ¼ 0:10). These

results provide further support for the importance of selection

acting at linked sites and suggest, perhaps not surprisingly,

that genes rather than non-coding regions may be most

frequently targeted by selection. The combined ability of

recombination rate and gene density to explain levels of

polymorphism (adjusted R2 ¼ 0:68, P ¼ 0:0001) motivates

attempts to distinguish between models such as background

selection and genetic hitchhiking. Below we discuss four

approaches for distinguishing between background selection

and genetic hitchhiking; the predictions under each model

are summarized in Table 1.

2.2. The relationship between polymorphism level and

recombination rate for neutral loci with high mutation rates

The level of nucleotide polymorphism under background

selection (Charlesworth et al., 1993) is given by

p ¼ 4f0p0

p0 is the neutral level of variation and f0, the proportion of

Table 1

Predictions of background selection and genetic hitchhiking models

Comparison Background selection Genetic hitchhiking

1. Polymorphism levels in low-recombination regions

for loci with high mutation rates

Reduced Depends on mutation rate and strength of

selection

2. Relative polymorphism levels on the X chromosome

and the autosomes

Higher on the X chromosome May be lower on the X chromosome

3. Frequency spectra in low-recombination regions Not skewed in large populations Skewed toward an excess of rare variants

4. Patterns of polymorphism in different populations Similar inter-locus patterns of polymorphism

in different populations

Different inter-locus patterns of

polymorphism in different populations
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gametes free of deleterious mutations, is given by

f0 ¼ exp 2
X

i

qi

ð1 þ riÞ
2

 !

where qi ¼ ui=hisi is the equilibrium mutant allele frequency

at the ith selected locus, ri ¼ rið1 2 hisiÞ=hisi, ui is the

mutation rate at the ith locus, hisi is the heterozygous fitness

effect of a mutant allele at the ith locus, and ri is the

recombination frequency between the neutral locus and the

ith selected locus (Hudson and Kaplan, 1995; Nordborg

et al., 1996). The strength of background selection is

indicated by the reduction in f0, which measures the

effective population size of the affected region. f0 does not

depend on the mutation rate at the neutral locus;

consequently, background selection should cause a

reduction of polymorphism in low-recombination regions

without regard to mutation rate. This observation suggests

that if background selection is responsible for the corre-

lation between nucleotide variation and recombination rate

in humans, a similar correlation between polymorphism and

recombination rate should also be observed for markers with

higher mutation rates, such as microsatellites (Slatkin,

1995).

In contrast, the reduction of polymorphism in a low-

recombination region affected by genetic hitchhiking is

related to the mutation rate at the neutral locus and the

frequency of selective sweeps (Wiehe and Stephan, 1993).

For example, if mutation rates are high, variation will be

quickly restored after a hitchhiking event. In this case,

selective sweeps must occur at a relatively high frequency

for their effects to be visible. Wiehe (1998) and Schlötterer

and Wiehe (1999) modeled the conditions under which

positive selection at one site will reduce levels of linked

microsatellite variation. With the high mutation rates

characteristic of human microsatellites (e.g. 1024; Banchs

et al., 1994) genetic hitchhiking is generally unlikely to be

detectable through a reduction in levels of polymorphism

unless selective sweeps are very frequent. For example, if

s ¼ 0:01, Ne ¼ 104, and m ¼ 1024, microsatellite poly-

morphism will be reduced to 10% of its neutral value only in

the case of complete linkage (i.e. no recombination). With

even a little recombination, smaller s, or higher m, little or

no effect on levels of microsatellite polymorphism is

expected. However, since we know little about the rate of

selective sweeps in humans, the effect of hitchhiking on

human microsatellite variation is difficult to predict.

Therefore, the comparison of human microsatellite variation

to recombination rate in humans is best construed as a test of

background selection.

Payseur and Nachman (2000) used published data to

estimate levels of microsatellite variation (based on a

sample of 28 unrelated Europeans) and recombination rates

throughout the human genome. They reported no strong

overall correlation between microsatellite variation and

recombination rate. Additionally, they showed that there is

little difference in polymorphism levels between loci in

regions of very high and very low recombination rates. A

similar result was obtained by Yu et al. (2001a), who

measured variation in recombination rate by comparing the

genetic and sequence-based physical map positions of

markers from the first draft of the human genome. These

authors also found no correlation between recombination

rate and microsatellite variation. Although inter-locus

variation in mutation rate may have partly obscured a

stronger effect in both studies, it seems unlikely that

background selection is a primary determinant of micro-

satellite polymorphism levels in humans.

2.3. Relative polymorphism levels on the X chromosome and

the autosomes

Models of background selection and genetic hitchhiking

make different qualitative predictions about the relative

levels of neutral variation on the X chromosome and on the

autosomes (Aquadro et al., 1994). Under background

selection, the X chromosome is expected to be more

variable than the autosomes (once differences in effective

population size are taken into account: heterozygosity on

the X chromosome is multiplied by 4/3 to account for the

fact that there are three X chromosomes in the population

for every four autosomes when the breeding sex ratio is

one). Under genetic hitchhiking, the X chromosome may be

less variable than the autosomes.

Deleterious recessive mutations will be maintained at

lower frequencies and removed from the population more

quickly on the X chromosome than on the autosomes (e.g.

Crow and Kimura, 1970). Due to the hemizygous nature of

the X chromosome, selection acts every generation in males

to remove these deleterious mutations. At mutation-

selection equilibrium, there will be a larger fraction of

chromosomes that are free of deleterious mutations for the

X chromosome than for the autosomes, causing f0 to be

larger for the X chromosome relative to the autosomes.

Thus, background selection predicts higher levels of

polymorphism on the X chromosome than on the autosomes

(Charlesworth et al., 1993; Charlesworth, 1996). The

magnitude of the difference will depend on the average

recessivity of deleterious mutations.

The predictions concerning relative levels of variation on

the X chromosome and the autosomes under genetic

hitchhiking are more complicated, but generally indicate

that the X chromosome should be less variable than the

autosomes (Aquadro et al., 1994; Begun and Whitley,

2000). The actual effect depends on a number of factors,

including the average dominance of beneficial mutations,

sojourn times as beneficial mutations move to fixation,

whether adaptive evolution results from new mutations or

from standing variation, and possible differences in gene

density on the X chromosome and the autosomes. If, on

average, beneficial mutations are recessive, then fixation

rates will be higher on the X chromosome than on the
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autosomes (Charlesworth et al., 1987) and genetic hitchhik-

ing will be more frequent, causing reduced variation on the

X chromosome relative to the autosomes. However, even if

beneficial mutations are not recessive on average, sojourn

times for beneficial mutations are expected to be shorter on

the X chromosome than on the autosomes due to the partial

haploid nature of the X chromosome (Avery, 1984). If

beneficial mutations spread through a population more

quickly, there will be less opportunity for recombination

and consequently, there will be greater hitchhiking effects

(Begun and Whitley, 2000).

Using published nucleotide data (Nachman, 2001), we

compared X-linked and autosomal polymorphism at mostly

non-coding sites in humans. As in previous sections, we

concentrated only on studies that sampled more than ten

individuals (n ¼ 17 loci). In these data, there is no evidence

for a difference in the level of nucleotide heterozygosity

between X-linked and autosomal loci (multiplying X-linked

values by 4/3; two-tailed t-test; p̂, P ¼ 0:99; ûw, P ¼ 0:23).

The mean, corrected value of p̂ for the X chromosome is

0.101% and the mean value of p̂ for the autosomes is also

0.101%; the mean, corrected value of ûw for the X

chromosome is 0.128% and the mean value of ûw for the

autosomes is 0.098%.

These comparisons assume that the X chromosome and

the autosomes have equal mutation rates and equal

recombination rates. However, male-driven molecular

evolution (Makova and Li, 2002; Miyata et al., 1987;

Nachman and Crowell, 2000a) or selection for modifiers of

mutation rate (McVean and Hurst, 1997) may reduce the

mutation rate on the X chromosome, and the X chromosome

and the autosomes may experience different recombination

rates. To assess the effects of differences in mutation rate

and recombination rate on our comparisons, we performed

two additional sets of analyses. First, we adjusted nucleotide

polymorphism for variation in mutation rate by dividing

each value by divergence (measured by comparing human

and chimpanzee sequences). Comparison of these ratios for

the X chromosome and the autosomes (n ¼ 15) yields no

significant differences, although values of ûw (corrected for

divergence) suggest a marginally significant increase in

polymorphism on the X chromosome (p̂corrected, mean value

for the X chromosome ¼ 0:100, mean value for the

autosomes ¼ 0:080, two-tailed t-test, P ¼ 0:54; ûw corrected,

mean value for the X chromosome ¼ 0:125, mean value for

the autosomes ¼ 0:082, two-tailed t-test, P ¼ 0:09). It is

important to bear in mind that if neutral mutation rates are

lower on the X chromosome, deleterious mutation rates will

also be reduced and background selection may be a weaker

force. However, comparison of divergence values between

X-linked and autosomal loci suggests no strong difference in

neutral mutation rates for these data (P ¼ 0:25).

Second, we compared the residuals of a regression of

nucleotide polymorphism on the recombination rate for the

X chromosome and the autosomes (multiplying X-linked

recombination rates by 2/3 to account for the fact that the X

chromosome spends 2/3 of its time in a recombining sex;

this correction was used in all subsequent analyses) and

again found no significant differences in polymorphism (p̂,

mean value of residuals for the X chromosome ¼ 0:003,

mean value of residuals for the autosomes ¼ 20:004, two-

tailed t-test, P ¼ 0:75; ûw, mean value of residuals for the X

chromosome ¼ 0:014, mean value of residuals for the

autosomes ¼ 20:010, two-tailed t-test, P ¼ 0:11). There-

fore, our results do not appear to be overly sensitive to the

assumption that the X chromosome and the autosomes have

equal mutation rates and recombination rates.

An additional assumption of our polymorphism com-

parisons is that the neutral ratio of effective population sizes

for the X chromosome and the autosomes is 3/4. However,

differences between the sexes in variance in reproductive

success can cause deviations from this ratio (Charlesworth,

2001). In humans, where variance in reproductive success

may be higher in males than in females, the ratio of X

chromosome to autosome effective population sizes may be

larger than 3/4, and multiplying X-linked polymorphism by

4/3 may represent an over-correction. Therefore, this

procedure may bias our results against detecting a reduction

in polymorphism on the X chromosome. Choosing the

appropriate correction factor for these comparisons is

challenging, given our lack of detailed knowledge of

relative male and female effective population sizes.

Differences in patterns of migration between the sexes

may also complicate attempts to compare variation on the X

chromosome and the autosomes. Finally, differences in

effective population size could cause the X chromosome and

the autosomes to respond in different ways to demographic

changes. For example, if human populations have recently

undergone a bottleneck, the lower effective population size

of the X chromosome could allow X-linked variation to

recover from this event more rapidly than variation on the

autosomes. Fay and Wu (1999) described this effect in the

context of disparities between human frequency spectra of

mitochondrial and autosomal loci. The effect is expected to

be less severe for X-autosome comparisons since the X

chromosome has 3/4 the effective population size of

autosomes, while the comparable value for mitochondrial

DNA is 1/4.

Interestingly, if one considers only European populations

(using data for 14 of the same loci and two additional loci; see

Section 2.4), the X chromosome is about half as variable as

the autosomes (p̂, mean for the X chromosome ¼ 0:048%,

mean for the autosomes ¼ 0:096%, two-tailed t-test,

P ¼ 0:12; ûw, mean for the X chromosome ¼ 0:049%,

mean for the autosomes ¼ 0:083%, two-tailed t-test,

P ¼ 0:16), although one recent study found similar levels

of nucleotide variation on the X chromosome and the

autosomes of Europeans (Yu et al., 2002). Geographic

patterns of variation are discussed in more detail below.

A genome-wide assessment of single nucleotide poly-

morphisms (SNPs) in humans was recently reported

(International SNP Map Working Group, 2001). In this
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study, SNPs were not identified in a true population sample,

but primarily through the comparison of two to three

individuals. Using these data (Table 2 from International

SNP Map Working Group, 2001), and correcting for

differences in effective population size between the X

chromosome and the autosomes, average p̂ for the X

chromosome (0.063%) is approximately 20% lower than

average p̂ for the autosomes (0.077%). The comparison of

estimates of 4Nem using variances in allele size for 209 X-

linked and 5048 autosomal microsatellites (data from Dib

et al., 1996), again multiplying X-linked values by 4/3, also

reveals a weak, marginally significant reduction in X-linked

polymorphism (mean for the X chromosome ¼ 25:2, mean

for the autosomes ¼ 28:1, Mann – Whitney U-test,

P ¼ 0:09).

Overall, the comparisons between the X chromosome

and the autosomes do not clearly distinguish background

selection and genetic hitchhiking models. Considering only

European populations (from data analyzed in this paper, the

genomic SNP data, and the microsatellite data), there is at

best weak evidence for a reduction of variation on the X

chromosome relative to the autosomes. However, this is not

the case in analyses of data for African populations (below),

where the X chromosome may be more polymorphic than

the autosomes.

2.4. The frequency spectrum of polymorphisms

Background selection and genetic hitchhiking are

expected to affect the frequency spectrum of polymorph-

isms in different ways. Under most conditions, background

selection is not expected to cause a substantial skew in the

frequency spectrum; the effect is analogous to a reduction in

effective population size (Charlesworth et al., 1995). In

contrast, simple models of genetic hitchhiking in which a

new adaptive mutation quickly spreads through the

population to fixation are expected to cause a strong skew

in the frequency distribution of polymorphisms with an

excess of low-frequency variants (Tajima, 1989a; Braver-

man et al., 1995; Simonsen et al., 1995). Following a simple,

complete selective sweep, all variation will be eliminated,

and new variation will arise solely through the input of new

mutations that begin at low frequencies. Over time, the

distribution of polymorphisms will return to equilibrium.

Tajima’s D (Tajima, 1989a) is a statistic that summarizes

aspects of the frequency distribution of polymorphisms and

is based on the standardized difference between p̂ and ûw.

At equilibrium, D is expected to be approximately 0. When

there is an excess of rare variants D takes on negative

values, and when there is an excess of intermediate-

frequency variants D takes on positive values. If simple

genetic hitchhiking is largely responsible for the correlation

between nucleotide heterozygosity and recombination rate,

we also expect a positive correlation between Tajima’s D

and recombination rate. If background selection is largely

responsible (and effective population sizes are large), then

no correlation between Tajima’s D and recombination rate

is predicted. Nachman (2001) compared Tajima’s D for

human nucleotide polymorphism data with recombination

rate and detected a weak, positive association (Fig. 1;

R2 ¼ 0:17, P ¼ 0:10). Hence, the trend is in the direction

predicted by genetic hitchhiking. However, this observation

does not provide clear support for genetic hitchhiking for

two reasons. First, the trend is very weak and not

statistically significant. Second, if selection against deleter-

ious mutations is weak and effective population sizes are

small (as may be the case in humans), background selection

can also cause a skew in the frequency spectrum in regions

of low recombination.

Summaries of the frequency spectrum other than

Tajima’s D may be more useful for distinguishing between

background selection and genetic hitchhiking. For example,

Fay and Wu (2000) argued that genetic hitchhiking models

uniquely predict an excess of high-frequency, derived

alleles, and devised a test statistic (H ) to measure departures

from a neutral frequency spectrum in this direction.

Therefore, a correlation between H and recombination rate

would not be expected under background selection.

However, although the signal of genetic hitchhiking may

be easier to differentiate from other forces by using the H

test, this signal is expected to persist for a shorter amount of

time than that seen in Tajima’s D (Przeworski, 2002),

suggesting that the power to detect such an association may

be reduced.

2.5. Human nucleotide polymorphism in Africa and Europe

Another approach to evaluating the relative significance

of background selection and genetic hitchhiking is to

compare patterns of polymorphism among different popu-

lations (e.g. Schlötterer and Wiehe, 1999). Because back-

ground selection is an equilibrium process that involves

recurrent deleterious mutations, all populations are expected

to respond in a roughly similar fashion. Alternatively,

genetic hitchhiking may involve the fixation of beneficial

mutations in one population only, or the fixation of different

beneficial mutations in different populations. Thus, popu-

lation-specific deviations from neutrality at particular loci

may identify candidate regions for genetic hitchhiking.

Published sequence-based surveys of human nucleotide

polymorphism differ in the populations sampled, but most

contain information about variation in Africa and Europe.

We assessed levels and patterns of nucleotide diversity for

Africans and Europeans at 16 loci (Table 2).

Consistent with previous studies, average nucleotide

diversity is greater in Africa (p̂ ¼ 0:112%, ûw ¼ 0:134%)

than in Europe (p̂ ¼ 0:069%, ûw ¼ 0:067%), and these

differences are statistically significant (one-tailed, paired t-

test: p̂, P ¼ 0:026; ûw, P ¼ 0:004). The observation that p̂

values are more similar than ûw values suggests that

polymorphic sites are segregating at higher average

frequencies in Europe than in Africa. Indeed, the average
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Tajima’s D is higher in Europe (D ¼ 20:063) than in Africa

(D ¼ 20:420), although these values are close to zero in

both groups, and the difference is not statistically significant

(two-tailed, paired t-test, P ¼ 0:47).

We looked for population-specific differences in several

ways. First, we compared polymorphism to recombination

rate for African and European samples separately.1

Recombination rate estimates were taken from Nachman

(2001). Nucleotide diversity is strongly correlated with

recombination rate in Africans (p̂, R2 ¼ 0:44, P ¼ 0:007;

ûw, R2 ¼ 0:51, P ¼ 0:003). These relationships are similar

in magnitude to the correlations observed when polymorph-

ism data are pooled across groups (Nachman, 2001),

reflecting the fact that much of the nucleotide diversity in

humans is located within Africa. In contrast, there is no

significant association between European nucleotide diver-

sity and recombination rate (p̂, P ¼ 0:36; ûw, P ¼ 0:36).

One explanation for this result is that the power to detect an

association may be too low in Europeans because

polymorphism levels are small. Two arguments suggest

that this is not the case. First, although average polymorph-

ism levels are higher in Africa, the magnitude of the

difference is relatively small. Second, the range of variation

in nucleotide polymorphism is similar between the African

and European groups. The coefficient of variation, the

standard deviation scaled by the average, is similar in

Europe (p̂, CV ¼ 83:3; ûw, CV ¼ 67:9) and Africa (p̂,

CV ¼ 70:4; ûw, CV ¼ 73:7). The absence of a correlation

between nucleotide diversity and recombination rate in

Europe seems to be caused by three high-recombination

genes with low nucleotide diversity (Pdha1, FIX, and

DmdI7 ). All of these regions have been identified as likely

candidates for recent selective sweeps in non-African

populations (Harris and Hey, 1999, 2001; Nachman and

Crowell, 2000b). The absence of a correlation in Europe is

inconsistent with background selection. However, back-

ground selection has only been modeled for populations at

equilibrium. Since European populations are unlikely to be

at equilibrium, theoretical studies of background selection

in non-equilibrium situations (e.g. population bottlenecks

and expansions) would be useful.

Second, we compared levels of variation in Africa and

Europe for each locus; scatterplots of p̂ and ûw for Europe

vs. Africa are shown in Fig. 2. For both measures of

polymorphism there is a general correspondence between

populations: loci that are more variable in Africa tend to

also be more variable in Europe. Nevertheless, correlation

analyses indicate no significant association between poly-

Fig. 1. Scatterplot of Tajima’s D vs. recombination rate (cM/Mb).

1 This comparison did not include the 16p13.3 locus (Alonso and

Armour, 2001). This locus lies at the tip of chromosome 16, making it

difficult to reliably estimate recombination rate.
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morphism levels in Europe and Africa for either p̂ or ûw (p̂,

P ¼ 0:26; ûw, P ¼ 0:10). Again, the absence of a correlation

is caused by a few loci that have low variation in Europe but

not in Africa. There is also no correlation between European

and African values of Tajima’s D (P ¼ 0:88).

Third, we compared X-linked and autosomal variation in

Africa and Europe (Fig. 3). Levels of X-linked polymorph-

ism are not significantly different from levels of autosomal

polymorphism in Africans or Europeans (P . 0:05 in all

tests), consistent with results using data pooled across

populations. However, relative levels of polymorphism are

different in Africans and Europeans. In Africans, average X-

linked variation (p̂ ¼ 0:112%, ûw ¼ 0:121%) is slightly

greater than autosomal variation (p̂ ¼ 0:095%,

ûw ¼ 0:106%). Conversely, in Europeans, average X-linked

variation (p̂ ¼ 0:048%, ûw ¼ 0:049%) is considerably less

than autosomal variation (p̂ ¼ 0:096%, ûw ¼ 0:083%).

All three observations above suggest ‘locus-by-popu-

lation’ interactions that are not predicted under background

selection. However, these interactions appear to be

primarily attributable to only a few loci; patterns at the

majority of loci may still be governed by similar forces in

different populations.

3. Discussion

Empirical work has demonstrated that natural selection

acting at linked sites shapes patterns of neutral polymorph-

ism across the human genome. Selection affects neutral

polymorphism most dramatically in regions of reduced

recombination and may be more frequent in gene-dense

regions. The nature of the selection, however, is not well

understood. Is the reduction of neutral polymorphism in

low-recombination regions primarily caused by consistent

purging of deleterious mutations from the genome or by

frequent events of positive selection?

We considered four criteria for distinguishing between

background selection and genetic hitchhiking in humans:

the relationship between polymorphism level and recombi-

nation rate for loci with high mutation rates, relative levels

of variation on the X chromosome and the autosomes, the

relationship between the frequency spectrum of polymorph-

isms and recombination rate, and patterns of polymorphism

in African and European populations.

Unfortunately, with the available data, these analyses do

not clearly distinguish between background selection and

genetic hitchhiking. Microsatellite polymorphism is not

reduced in regions of low recombination. This observation

is inconsistent with background selection, but does not

speak to the importance of genetic hitchhiking. Polymorph-

ism data from European populations point toward a

potential reduction of variation on the X chromosome

relative to the autosomes, while the autosomes appear to be

less variable than the X chromosome in African populations

and world-wide samples. None of the comparisons between

the X chromosome and the autosomes yield statistically

significant differences. There is weak evidence that

Table 2

Data used for nucleotide polymorphism comparisons between Africa and Europe

Locus Na p (%)b u (%)c Dd Reference

Africa Europe Africa Europe Africa Europe Africa Europe

b-Globin 103 46 0.115 0.130 0.132 0.108 20.358 0.690 Harding et al., 1997

Lpl 48e 48 0.200 0.160 0.180 0.130 0.812 1.007 Clark et al., 1998

Ace 10e 12 0.108 0.073 0.103 0.061 0.227 1.522 Rieder et al., 1999

Apoe 48e 48 0.044 0.056 0.058 0.053 20.736 0.160 Fullerton et al., 2000

22q11.2 40 44 0.085 0.077 0.128 0.074 21.070 20.084f Zhao et al., 2000

1q24 40 21 0.076 0.045 0.076 0.044 0.000 0.145 Yu et al., 2001b

Duffy 24 17 0.040 0.131 0.062 0.108 20.970 0.680 Hamblin and Di Rienzo, 2000

16p13.3 40 10 0.238 0.044 0.432 0.097 21.549g 21.739g Alonso and Armour, 2001

Pdha1 18 6 0.273 0.011 0.225 0.014 0.862 20.933 Harris and Hey, 1999

Xq13.3 22 7 0.047 0.043 0.086 0.046 21.718 20.312 Kaessmann et al., 1999

Zfx 113 93 0.103 0.081 0.161 0.096 20.830 20.510 Jaruzelska et al., 1999

Dmd I44 10 10 0.231 0.192 0.220 0.157 0.223 0.985 Nachman and Crowell, 2000b

Dmd I7 10 10 0.107 0.012 0.117 0.020 20.409 21.176 Nachman and Crowell, 2000b

FIX 18 5 0.031 0.021 0.062 0.017 21.660 1.225 Harris and Hey, 2001

Msn 10 10 0.047 0.017 0.041 0.031 0.566 21.562 h

Alas 10 10 0.054 0.005 0.055 0.009 20.106 21.112 h

a Number of chromosomes sampled.
b Average pairwise difference between two randomly chosen sequences (Nei and Li, 1979), expressed as a percentage. X-linked values are multiplied by 4/3.
c Proportion of segregating sites, corrected for sample size (Watterson, 1975). X-linked values are multiplied by 4/3.
d Tajima’s D (Tajima, 1989a).
e The sample is African-Americans.
f Calculated from total non-African sample (N ¼ 44).
g P , 0:05.
h M.W.N., S. D’Agostino, C. Tillquist, and M. Hammer, unpublished results.
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Tajima’s D and recombination rate are positively correlated.

However, this trend is not statistically significant, and may

be predicted under background selection if selection is

weak. Finally, population-specific patterns of polymorph-

ism suggest three loci with unusually low diversity in

Europeans. Although this result suggests that genetic

hitchhiking may be driving patterns at these loci, it does

not rule out the possibility that background selection is

primarily responsible for polymorphism levels at the

remaining loci.

The analyses described here have also been applied to

Drosophila, and the results provide a useful contrast with

observed patterns in humans. First, in some studies of D.

melanogaster, microsatellite diversity and recombination

rate appear to be correlated (Schug et al., 1998; but see also

Michalakis and Veuille, 1996). The discrepancy between

this pattern and the results for humans may be due to lower

mutation rates at microsatellites in Drosophila (Schug et al.,

1997). Reduced mutation rates would allow the signals of

both background selection and genetic hitchhiking events to

persist over longer time periods. Thus, the correlation

between microsatellite polymorphism and recombination

rate in Drosophila may be consistent with both models.

Second, comparisons of X-linked and autosomal nucleotide

variation in Drosophila have yielded different results in

different species. Drosophila simulans exhibits a clear

reduction in X-linked variation (Begun and Whitley, 2000),

consistent with genetic hitchhiking. In D. melanogaster,

results depend on which populations are surveyed (Andol-

fatto, 2001a). In African populations, there is a trend toward

higher diversity on the X chromosome relative to the

autosomes, while in non-African populations, X-linked loci

appear to be less variable than autosomal loci (this pattern is

also observed at microsatellite loci; Kauer et al., 2002). In

this regard, patterns in humans are more similar to those in

D. melanogaster than to those in D. simulans. Third,

Andolfatto and Przeworski (2001) reported a significant

positive correlation between nucleotide frequency spectra

and recombination rates in D. melanogaster, providing

support for hitchhiking. The trend in humans is weaker but

in the same direction. Finally, relative levels of polymorph-

ism in African and non-African populations of Drosophila

often differ at individual loci (Andolfatto, 2001a). This

result is congruent with observed patterns in humans.

Although nucleotide polymorphism is positively corre-

lated with recombination rate in both Drosophila and in

humans, in general, the signal of positive selection appears

to be stronger in Drosophila (Andolfatto, 2001b). This is

seen in the skews in the frequency spectrum, patterns of

geographic variation, and differences between the X

chromosome and the autosomes. Are there biological

differences between flies and humans that might lead to a

stronger signature of positive selection in patterns of DNA

sequence variation in flies? One obvious and important

difference is in the effective population size, which has been

estimated at 104 for humans (Nachman et al., 1998) and 106

for D. melanogaster (Kreitman, 1983). Since rates of

adaptive evolution are proportional to population size, we

expect, a priori, higher adaptive fixation rates in flies than in

humans. A smaller effective population size for humans also

means that humans have lower average levels of neutral

nucleotide polymorphism. This makes it more difficult to

detect differences in the frequency spectrum, differences

between populations, or differences between the X chromo-

some and the autosomes.

Attempts at distinguishing between background selection

and genetic hitchhiking would also benefit from theoretical

studies incorporating more complex models of selection.

For example, many current models deal with populations at

equilibrium, although humans and flies are known to have

Fig. 2. Scatterplots of European and African nucleotide polymorphism

levels with 95% density ellipses. (A) p (%). (B) u (%). The sole outlier in

(B) is Pdha1.
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undergone major range expansions and changes in popu-

lation size in their recent evolutionary history. Although the

effects of changes in the effective population size or

population subdivision on variation at a single locus have

been studied (e.g. Tajima, 1989b), expected patterns across

loci are less clear. The development of coalescent-based,

multi-locus methods for demographic inference (e.g.

Beaumont, 1999) and empirical attempts to estimate the

degree of inter-locus variance by sampling loci in regions

with similar recombination rates in the same individuals

(e.g. Frisse et al., 2001) are promising, but we need more

theoretical work that makes explicit predictions for different

demographic scenarios. Second, the approaches considered

in this paper are based on the predictions of a genetic

hitchhiking model assuming strong, constant, positive

selection. However, positive selection acting on individual

loci may often be quite weak (Ohta, 1973; Przeworski et al.,

2000) or temporally variable (Gillespie, 1994), suggesting

that theoretical investigation of other models of positive

selection may be useful. Third, it seems unavoidable that

both background selection and genetic hitchhiking play

some role in generating observed patterns. Recent theoreti-

cal work treating these forces simultaneously suggests that

genetic hitchhiking may be the dominant force in low-

recombination regions, while background selection may be

more important in high-recombination regions (Kim and

Stephan, 2000). Additional theoretical studies incorporating

both positive and negative selection will be useful.

Finally, independent estimates of the deleterious

mutation rate and the adaptive substitution rate may allow

us to gauge the likelihood that background selection and/or

genetic hitchhiking are important in humans. For example,

the genomic deleterious mutation rate in humans has been

estimated at approximately two mutations per genome per

generation (Eyre-Walker and Keightley, 1999; Nachman

and Crowell, 2000a). We can calculate the expected

reduction in heterozygosity due to background selection

alone in a region of low recombination using the formula:

f0 ¼ exp 2
U

2hs

� �

(a special case of the more general formula from Section

2.2, where ri ¼ 0 and hs represents the sum of terms across i

loci; Charlesworth et al., 1993). For the centromeric region

of the human X chromosome, the approximate size of the

region of low recombination (less than 0.5 cM/Mb; Payseur

and Nachman, 2000) is 4.9 Mb, comprising about 0.16% of

the genome. Thus, the deleterious mutation rate for this

region is 3.2 £ 1023 (0.16% £ 2). Assuming hs ¼ 0:02

(Crow and Simmons, 1983), the expected reduction in

neutral variation (1 2 f0) is only 8%. In contrast, the

observed level of nucleotide variation in this region of the

genome is about 64% lower than average (Kaessmann et al.,

1999). This discrepancy suggests that background selection

alone may not be sufficient to account for the observed low

levels of nucleotide variation. However, if selection

coefficients are smaller, the fit of the background selection

model to the data will be improved. In order for background

selection to predict a 64% reduction of variation in this

region of the genome, hs would need to be approximately

Fig. 3. Average values of p (%) for X-linked loci and autosomal loci in Africa and Europe. Error bars indicate ^one standard error.
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1.6 £ 1023. Although we know little about the average

strength of selection in humans, this value does not seem

unreasonable.

There are few estimates of the rate of adaptive evolution

in humans, but Fay et al. (2001) recently calculated that

approximately 35% of non-synonymous substitutions

between humans and Old World monkeys were fixed by

positive selection. Humans have 31,778 protein-coding

genes (International Human Genome Sequencing Consor-

tium, 2001), and the average number of non-synonymous

sites per gene is 733 (International Human Genome

Sequencing Consortium, 2001). The average non-synon-

ymous divergence between humans and chimpanzees is

approximately 0.32% (Eyre-Walker and Keightley, 1999;

Ohta, 1995), so the total number of non-synonymous

substitutions between chimpanzees and humans is roughly

74,500, and the number of non-synonymous differences

fixed by positive selection may be approximately 26,000. Is

this number of adaptive substitutions sufficient to account

for the observed differences in levels of polymorphism seen

in humans? Nachman (2001) used the observed correlation

between nucleotide variation and recombination rate and the

model of Wiehe and Stephan (1993) to estimate that 30,000

adaptive substitutions may have occurred since the

divergence of chimpanzees and humans. Although these

estimates are very rough, the general correspondence

between this number and the independent estimate based

on the results of Fay et al. (2001) suggests that rates of

adaptive evolution and associated genetic hitchhiking in

humans may be sufficiently high to account for much of the

observed variation in levels of nucleotide polymorphism.
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