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ABSTRACT
It has been hypothesized that the ratio of X-linked to autosomal sequence diversity is influenced by
unequal sex ratios in Drosophila melanogaster populations. We conducted a genome scan of single
nucleotide polymorphism (SNP) of 378 autosomal loci in a derived European population and of a subset
of 53 loci in an ancestral African population. On the basis of these data and our already available X-linked
data, we used a coalescent-based maximum-likelihood method to estimate sex ratios and demographic
histories simultaneously for both populations. We confirm our previous findings that the African population experienced a population size expansion while the European population suffered a population size
bottleneck. Our analysis also indicates that the female population size in Africa is larger than or equal
to the male population size. In contrast, the European population shows a huge excess of males. This
unequal sex ratio and the bottleneck alone, however, cannot account for the overly strong decrease
of X-linked diversity in the European population (compared to the reduction on the autosome). The
patterns of the frequency spectrum and the levels of linkage disequilibrium observed in Europe suggest
that, in addition, positive selection must have acted in the derived population.

I

N recent years genomic scans of DNA sequence
variation using single nucleotide polymorphisms
(SNPs) have been performed for multiple species.
These studies became possible by the availability of full
genome sequences, and data are now available from
a variety of organisms such as Drosophila melanogaster
(Glinka et al. 2003; Orengo and Aguadé 2004;
Ometto et al. 2005), humans (Akey et al. 2004), and
Arabidopsis thaliana (Schmid et al. 2005). These data sets
provide useful tools to address questions such as estimating population sizes and demographic histories of
a species. One of the main conclusions of the work
performed on D. melanogaster was that demographic
events are major factors in shaping the patterns of DNA
polymorphism (e.g., Andolfatto 2001; Glinka et al.
2003; Haddrill et al. 2005b). D. melanogaster is thought
to have originated in sub-Saharan Africa and to have
only relatively recently (10,000–15,000 years ago) colonized the rest of the world (David and Capy 1988;
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Lachaise et al. 1988). Populations that reside in the
ancestral species range show signatures of population
size expansion (Glinka et al. 2003; Pool and Aquadro
2006), while derived populations have polymorphism
patterns compatible with population size bottlenecks
(e.g., Andolfatto 2001; Glinka et al. 2003). Theoretical studies have since utilized the data obtained from
genome scans to estimate the parameters of these demographic events (Haddrill et al. 2005b; Li and Stephan
2006).
The aforementioned SNP-based genome scans in D.
melanogaster were performed solely for noncoding regions on the X chromosome. This leaves us virtually
ignorant about noncoding autosomal variation on a
chromosomal scale. In general, data quantifying the
amount of autosomal variation based on SNPs is rather
scarce for D. melanogaster. Only recently a study surveying SNP polymorphism in an autosomal set of coding
regions was published (Shapiro et al. 2007). Yet this
study does not address the relationship between autosomal and X-linked diversity. Andolfatto (2001) used
a data set compiled from different previous studies to
compare levels of X-linked and autosomal diversity in
African and non-African flies. The drawback of this
study, however, is that it combines samples from many
different publications. The data set is therefore not a
representative population sample. In addition, the loci
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are mostly genes that were chosen in the original studies
because of their unusual patterns of polymorphism.
Thus, they may not represent an unbiased set of loci
such as those used in genome scans (see above). That
being said, the comparison of X-linked and autosomal
diversity showed a clear pattern: the relative levels of
polymorphism on the X chromosome and the autosomes did not accord with standard neutral expectations. Under the standard neutral model the ratio of
X-linked to autosomal polymorphism should be equal
to the relative population sizes of the chromosomes,
which is 3/4. In the data set of Andolfatto (2001) the
X chromosome exhibited more variation than expected
under standard neutrality in Africa and too few polymorphisms outside Africa.
These deviations from standard neutral expectations
can be caused by the action of natural selection (Aquadro
et al. 1994). In the case of positive Darwinian selection
X-linked loci are believed to be more affected by genetic
hitchhiking than autosomes (Maynard Smith and Haigh
1974; Charlesworth et al. 1987), which will lead to an
X/A ratio of diversity lower than the neutral expectation
of 3/4. If background selection (Charlesworth et al.
1993) is predominant, then this ratio is expected to be
.3/4. Alternatively, nonselective forces can also alter
the ratio of X-linked to autosomal diversity. There is
evidence that effective population sizes for males and
females are not equal in natural populations of D.
melanogaster (reviewed in Charlesworth 2001). If this
is the case then the ratio of X-linked to autosomal
variation will not correspond to the standard expectation. Since females carry two-thirds of the X chromosomes
in a population but only one-half of the autosomes,
changes in female population size will affect X chromosomes more strongly than autosomes. In other words, if
the female population size is larger than the male one,
the X-chromosomal to autosomal ratio of diversity is
expected to be .3/4, while a smaller female population
size leads to ratios ,3/4.
Kauer et al. (2002) performed a genome scan of
variability of 133 microsatellite loci in African and nonAfrican populations on both the X chromosome and
autosomes. Comparing heterozygosities of microsatellites can be problematic, because each locus has a
specific mutation rate. Thus, there is a risk of having
mutational biases. The data were again from multiple
populations in and outside Africa, but the authors corrected for possible biases by forming across-population
averages. The results of this study confirm the findings
of Andolfatto (2001). The authors conclude that
background selection shaped polymorphism in the ancestral African populations while positive selection was
prevalent outside Africa. However, unequal sex ratios
could also have contributed to the patterns (Kauer et al.
2002). Both the SNP and the microsatellite studies did
not account for the demographic history of Drosophila.
Events such as population size expansions and bottle-

necks may have different effects on X chromosomes and
autosomes, which may further complicate a direct comparison of both chromosomes.
We present here the first genome scan of an autosome
in D. melanogaster using noncoding SNP markers. We
surveyed a total of 378 loci located on chromosome 3
in a European population. In addition, we analyzed a
random subset of 53 loci in an African population to get
an estimate of autosomal diversity for an ancestral population. The individuals analyzed come from the same
populations that have already been used in previous
scans of X-linked diversity (Glinka et al. 2003; Ometto
et al. 2005). By combining the data sets we now have the
opportunity to study X chromosomes and autosomes
within a single ancestral and a derived population. To
make use of the additional information that SNP data
can provide, we also analyzed statistics describing the
frequency spectrum of mutations as well as linkage disequilibrium (LD). To address the possibility of unequal
sex ratios and demography shaping polymorphism, we
extended the likelihood method described in Li and
Stephan (2006). This approach allows us to estimate
the most likely sex ratios in both populations while
taking their demographic history into account.

MATERIALS AND METHODS
Biological material: The individuals come from a total of 24
highly inbred lines sampled from an African population from
Zimbabwe and a European population from The Netherlands
(Glinka et al. 2003).
Chromosomal inversions: For inversion analysis we individually crossed male flies to virgin Canton-S females, homozygous for the standard chromosome arrangement. We
prepared salivary glands from late F1 third-instar larvae, maintained at 18°. Several larvae per D. melanogaster line were
dissected to account for low-frequency inversions. Polytene
chromosomes were prepared using the lacto-acetic orcein
method and viewed under an inverted phase contrast microscope. Banding patterns and inversion breakpoints were
identified according to standard chromosome maps (Lefevre
1976).
Data collection: Primers for 378 loci (125 on chromosome
3L, 253 on chromosome 3R) were designed on the basis of the
D. melanogaster genome Release 3.2 (http://www.flybase.org).
Loci were chosen evenly spaced along the chromosome and
located in intronic or intergenic regions. All 378 genomic
regions were sequenced in the European sample, while only
a random subset of 53 fragments (17 on 3L, 36 on 3R) was
sequenced in the African one.
Sequence data were obtained by means of capillary sequencing on both strands. As the D. melanogaster genome
Release 4.2.1 became available during the course of our study,
we rechecked all our loci for overlap with coding regions. One
locus (namely 3-480) overlapped partially with a coding exon.
The overlapping part was removed from the alignment and
only the noncoding sequence was used for analysis. The
new sequences were deposited into the European Molecular
Biology Laboratory (EMBL) database under accession nos.
AM701830–AM706343. To obtain an outgroup sequence for
each of our fragments homologous sequences were searched
in the D. simulans genome, Mosaic Assembly Release 1.0 (Genome
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Sequencing Center, Washington University School of Medicine,
St. Louis), via BLAST. Only for four fragments a homolog could
not be found, resulting in a total of 374 alignments in the
European and 51 alignments in the African population that
contain outgroup information. On the basis of the annotation
of the D. melanogaster genome Release 4.2.1, we updated our
published data on the X-linked noncoding loci (Ometto et al.
2005). Loci that showed complete or almost complete overlap
with coding regions were removed from the data set. Where
only a partial overlap existed, the coding regions were removed
from the alignments. The final X-chromosomal data set
consisted of 259 loci for the European and 249 loci for the
African population.
Statistical analysis: We estimated basic population genetic
statistics, such as levels of nucleotide diversity per site measured as average pairwise distance p (Tajima 1983) and
Watterson’s estimator u (Watterson 1975) as well as Tajima’s
D statistic (Tajima 1989). We calculated the P-value of Tajima’s
D on the basis of coalescent simulations assuming the standard neutral model (10,000 iterations). Schaeffer (2002)
noted that it is difficult to compare values of Tajima’s D between different loci, if they show differences in sample size
and/or number of segregating sites. Schaeffer therefore suggests using the ratio of Tajima’s D to Dmin to overcome this
limitation, where Dmin is the absolute value of the theoretical
minimum of D. Thus, the D/Dmin statistic and D have the
same sign. Since the loci we are dealing with here do indeed
vary greatly in sample size and number of segregating sites, we
used the D/Dmin statistic (Schaeffer 2002) to summarize the
frequency spectrum when building averages over multiple loci
or comparing loci among each other. The LD statistic ZnS
(Kelly 1997) and divergence (K) corrected for multiple hits
(Jukes and Cantor 1969) to D. simulans were estimated by the
program VariScan (Hutter et al. 2006). Since ZnS values are
biased by the sample size of the locus we cannot compare loci
with different allele numbers directly (similar to Tajima’s D).
We therefore used the following approach: only loci with eight
alleles or more were considered.
If a locus contained more
 
than eight alleles all n8 combinations of alignments with
exactly eight alleles were generated and the average ZnS value
was calculated. This statistic, which we call ZnS8, was used to
describe the locus-specific LD. To estimate recombination
rates for each locus we used the program Recomb-Rate
(Comeron et al. 1999), which follows an approach by Kliman
and Hey (1993). Levels of recombination are given as recombination rate per base pair per generation 3 108. A supplemental
table describing the summary statistics for all loci used in this
study is available at http://www.genetics.org/supplemental/.
Demographic modeling and estimation of the sex ratio in
the African population: For a diploid sexual population, we
denote the number of females as Nf ; the number of males as
Nm ; the effective population size of the X chromosome as Nx ;
the effective population size of the autosome as Na ; and the sex
ratio as b ¼ Nf =Nm : We assume that the sex ratio is constant
(over time) within a population, but may vary from one
population to another one.
ThenwehaveNx ¼ 9Nm Nf =ð4Nm 1 2Nf Þ ¼ ð9b=ð4 1 2bÞÞNm ;
and Na ¼ 4Nm Nf =ðNm 1 Nf Þ ¼ ð4b=ð1 1 bÞÞNm (Hedrick
2000), where Nx and Na are large relative to the sample size.
Their ratio is
Nx =Na ¼ 9ð1 1 bÞ=8ð2 1 bÞ:

ð1Þ

Nx =Na has the lower bound limb/0 ðNx =Na Þ ¼ 0:5625 and
the upper bound limb/‘ ðNx =Na Þ ¼ 1:125:
Following Li and Stephan (2006), we assume that the
demographic history of the African population is characterized by an instantaneous expansion model. That is, the
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effective population size of the X chromosome increased
instantaneously from Nx1 to Nx0 at 2Nx0 tx ð¼ 2Na0 ta Þ generations ago, where Nx1 and Nx0 are the ancestral and current
effective population sizes of the X chromosome in the African
population, respectively, and Na0 is the current effective
population size of the autosome in the African population.
Then we have ta ¼ ð9ð1 1 bÞ=8ð2 1 bÞÞtx : Thus the time back
to the expansion for the autosome (in units of 2Na0) may be
different from that for the X chromosome (in units of 2Nx0 ),
while the strength of the expansion is the same (i.e.,
Nx0 =Nx1 ¼ Na0 =Na1 ), where Na1 is the ancestral effective
population size of the autosome in the African population.
The average mutation rates of the X and the autosome are
denoted by m
 x and m
 a (per base pair per generation), respectively. We assume a generation time of 10 generations per
year. Mutation rates are estimated from divergence between
D. melanogaster and D. simulans, assuming a species split 2.3
x
million years ago (Li et al. 1999). We then have ux ¼ 4Nx0 m
and ua ¼ 4Na0 m
 a ¼ ð8ð2 1 bÞ
ma =9ð1 1 bÞ
mx Þux : Thus, the unknown parameters in the model are ux ; tx ; Nx0 =Nx1 ; and b:
Following Li and Stephan (2006), we summarize the SNP
data in terms of the mutation frequency spectrum (MFS). The
likelihood for the kth locus on
X chromosome is then
Q kthe
1
P ðjik j Eðlik ÞÞ; where Gxk is
given as Lxk ¼ P ðMFS j Gxk Þ ¼ ni¼1
a set of ðnk  1Þ expected branch lengths under the demographic scenario for the X chromosome. The branch
length is scaled so that 1 unit represents 2Nx0 generations,
nk is the sample size of the kth locus, jik is the number
of derived mutations carried by i sampled chromosomes for
the kth locus, and Eðlik Þ is the expected length of branches
with i descendants for the kth locus under the demographic
scenario. P ðjik j Eðlik ÞÞ is given by the Poisson probability;
i.e., P ðjik j Eðlik ÞÞ ¼ ljikik e lik =jik !; with lik ¼ Eðlik Þuxk =2; where
uxk ¼ 4Nx0 mk ; and mk is the mutation rate of the kth locus (per
locus).
The likelihood for the
locus on the autosome is given
Qnkth
k 1
as Lak ¼ P ðMFS j Gak Þ ¼ i¼1
P ðjik j Eðlik ÞÞ; and P ðjik j Eðlik ÞÞ ¼
ljikik e lik =jik !; with lik ¼ Eðlik Þuak =2; where uak ¼ 4Na0 mk ; and the
branch length is scaled so that 1 unit represents 2Na0 gener
ations. Gxk is defined
in analogy
Q a
Qmx to Gak for the X chromosome.
Then L ¼ m
k¼1 Lak 3
k¼1 Lxk ; where ma and mx are the
numbers of loci on the autosome and the X chromosome,
respectively. A grid search is performed to maximize the
likelihood.
Demographic modeling and estimation of the sex ratio in
the European population: Since there is convincing evidence
that the European population is derived from an ancestral
African population (Glinka et al. 2003; Baudry et al. 2004), we
use a two-population model (Figure 2 of Li and Stephan
2006) to infer the demographic history and the sex ratio of the
European population. In the following, the indexes A and E
distinguish the model parameters for the African and the
European populations, respectively.
Similar to the definitions for the African population, we have
NxA0 =NaA0 ¼ 9ð1 1 bA Þ=8ð2 1 bA Þ;
uxA ¼
bA ¼ NfA =NmA ;
4NxA0 m
 x ; uaA ¼ 4NaA0 m
 a ¼ ð8ð2 1 bA Þ
ma =9ð1 1 bA Þ
mx ÞuxA ; and
taA0 ¼ ð9ð1 1 bA Þ=8ð2 1 bA ÞÞtxA0 : For the European population, we have bE ¼ NfE =NmE ; NxE0 =NaE0 ¼ 9ð1 1 bE Þ=8ð2 1 bE Þ;
 x ; and uaE ¼ 4NaE0 m
 a ¼ ð8ð2 1 bE Þ
ma =9ð1 1 bE Þ
mx Þ
uxE ¼ 4NxE0 m
uxE : We assume that the sex ratio of the European population
is constant and may be different from that of the ancestral
African population.
Following Li and Stephan (2006), we assume that the
demographic history of the European population is characterized by an instantaneous bottleneck model. The demographic history of the European population for the X
chromosome is parameterized by txE0 ; txE1 ; strengthxE ð¼ NxE0 =
NxE1 Þ; and ratioxE ð¼ NxA0 =NxE0 Þ; where time is given in units

472

S. Hutter et al.

Figure 1.—Empirical distribution of z ¼
logðmax L1 =max L0 Þ that is obtained by analyzing
1000 simulated African data sets conditional on
the null hypothesis (see text). The analysis is
based on the profile likelihood for sex ratio.
The critical value (z95% ¼ 44:46) is obtained from
the empirical distribution and is further used in
the LRT.

of 2NxA0 generations. Similarly, the demographic history of
the European population for the autosome is parameterized
by taE0 ð¼ ð9ð1 1 bA Þ=8ð2 1 bA ÞÞtxE0 Þ; taE1 ð¼ ð9ð1 1 bA Þ=8ð2 1
bA ÞÞtxE1 ), strengthaE ð¼ NaE0 =NaE1 ¼ strengthxE ), and ratioaE
ð¼ NaA0 =NaE0 ¼ ðð2 1 bA Þð2 1 bE Þ=ð1 1 bA Þð1 1 bE ÞÞratioxE Þ;
where time is measured in units of 2NaA0 generations. Thus,
the unknown parameters in the two-population model are txE0 ;
txE1 ; strengthxE ; ratioxE ; and bE because the parameters for the
African (ancestral) population are estimated according to the
procedure described above.
We summarize the SNP data in the two populations in terms
of the joint mutation frequency spectrum. The maximumlikelihood method outlined previously (Li and Stephan
2006) is used to estimate the demographic scenario and the
sex ratio in the derived European population. In this analysis,
we used only the fragments that are sequenced in both
populations.
Likelihood-ratio test and likelihood-based confidence
intervals: The likelihood-ratio test (LRT) is a statistical test
of the goodness-of-fit. If the null model and the alternative
model are hierarchically nested, and the former model has
one parameter less than the latter, then we define z ¼
logðmax L1 =max L0 Þ; where L1 and L0 are the likelihoods for
the alternative and null models, respectively. Then we have
z $ 0 because of max L1 $ max L0 : Since z may not be
approximated by a x2 -distribution with 1 d.f., we obtain the
empirical distribution of z from 1000 simulated data sets
under the null model. The LRT (a one-tail test) is conducted
as follows: we reject the null model at the 5% significance level
if z95% , zobs ; where z95% is the critical value.
For the African population, polymorphism data sets of the
X and the autosome are simulated conditional on the constant population size model and the local recombination rate
(Comeron et al. 1999). The coalescent process was described
previously (Li and Stephan 2006). We assume that there is no
recombination within loci since the average fragment length
is 500 bp. The sex ratio is 1. An empirical distribution of z
is shown in Figure 1.
For the European population, a two-population model is
used to simulate the joint MFS (Li and Stephan 2006). The
estimated African expansion scenario is used, and we assume
that no bottleneck occurred when the European population is
derived from the ancestral African population. The current
population size is equal between the two populations. The
joint MFS of the X chromosome is simulated conditional on
the local recombination rate (Comeron et al. 1999). To sim-

ulate the joint MFS of the autosome, we assume that the
autosomal loci are independent. The sex ratio is 1 for both
populations.
In the case of a multiparameter model (q1 ; q2 ; . . . ; qk ), we
may be interested in the confidence interval (C.I.) of one
parameter at a time, say in q1 : Let Lp ðq1 Þ ¼ maxq2 ; ... ;qk
Lðq1 ; q2 ; . . . ; qk Þ be the profile likelihood. Then the likeli^ 1 Þ=
hood-based approximative 95% C.I. is fq1 ; logðLp ðq
^ 1 is the maximum-likelihood estiLp ðq1 ÞÞ # z95% g; where q
mate of q1 (Pawitan 2001).

RESULTS

Inversion patterns: In the African sample we detected
inversions on chromosome 3L in line 145. Inversions
on 3R were found in lines 131, 157, and 229. In the
European sample we detected an inversion on 3R in line
13. We did not observe any 3L inversions in Europe.
Genes included in an inversion do not recombine with
genes on the standard chromosome, with the exception
of rare double crossovers (Wesley and Eanes 1994;
Aulard et al. 2002). Therefore, we excluded lines showing an inversion from subsequent analyses.
Autosomal polymorphism patterns of the European
population: We analyzed a total of 378 fragments located on both arms of chromosome 3 (125 fragments on
3L and 253 fragments on 3R) in 11 inversion-free lines
of the European population. The length of fragments
(excluding insertions and deletions) ranges between
162 and 672 bp with a mean of 536 bp. On average data
could be obtained from 10.8 lines. Fragments located
on 3L have an average distance of 63 kb encompassing a
total of 7.2 Mb and show recombination rates of 3.7–5.0
3 108. Fragments located on 3R are on average 46 kb
apart, spanning a total region of 11.7 Mb. Their recombination rates lie between 1.2 and 3.9 3 108.
Data from both chromosomal arms were pooled and
analyzed jointly to cover a broad range of recombination rates.
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TABLE 1
Summary statistics of the four data sets analyzed
Autosome

No. of loci
Average sample size
Average length of alignmenta
Average (SE) recombination rates 3 108
Average (SE) GC content in %
No. of invariant loci
Average (SE) u in %
Average (SE) p in %
Average (SE) divergence (K) in %
Average (SE) u/K
Average (SE) D/Dmin
Significant Tajima’s D values (1/)
Average (SE) ZnS8
a
b

X chromosome

Europe

Africa

Europeb

Africab

378
10.96
536.1
3.3 (0.06)
41.4 (0.003)
1
0.68 (0.02)
0.66 (0.03)
5.0 (0.16)
0.16 (0.005)
0.08 (0.027)
15/32
0.40 (0.010)

53
7.96
510.5
3.4 (0.16)
41.6 (0.007)
0
1.14 (0.11)
1.04 (0.10)
5.2 (0.46)
0.25 (0.025)
0.25 (0.052)
0/3
0.29 (0.019)

259
11.86
527.7
3.5 (0.07)
39.1 (0.004)
21
0.47 (0.03)
0.48 (0.03)
6.8 (0.22)
0.08 (0.004)
0.09 (0.045)
25/50
0.51 (0.018)

249
11.72
501.3
3.5 (0.07)
39.0 (0.004)
0
1.34 (0.05)
1.17 (0.04)
6.4 (0.19)
0.22 (0.006)
0.32 (0.018)
0/21
0.20 (0.005)

Excluding indels.
The updated data set (Ometto et al. 2005) based on the annotation of the D. melanogaster genome Release 4.2.1.

Of the 378 loci surveyed, only a single fragment has
no polymorphism. This lack of polymorphism does
not result from an overly short alignment (639 bp) or reduced mutation rate (divergence to D. simulans is 0.084).
The u value averaged over all fragments is 0.0068
with a standard error (SE) of 0.0002. This is only approximately half as high as the diversity levels reported
for synonymous sites on autosomes in non-African
populations (0.0155; Andolfatto 2001). This difference can be explained by the fact that the numbers from
Andolfatto (2001) come from a data set that combined multiple populations, hence inflating estimates
of diversity. Additionally there is evidence that there is a
systematic difference between noncoding and silent
sites, indicating that there seems to be more purifying
selection on sites located in noncoding regions compared to nonsynonymous sites (Andolfatto 2005).
The mean (SE) divergence to D. simulans is 0.050
(0.0016). For the D/Dmin statistic describing the frequency distribution we observed a mean (SE) of 0.08
(0.027), which is close to the standard neutral expectation. When looking at Tajima’s D values of the loci
individually we found that a total of 47 of 377 fragments
differ from standard neutral expectations; 15 are
significantly positive and 32 significantly negative. ZnS8
values show an average (SE) of 0.40 (0.010). The summary statistics are shown in Table 1.
Autosomal polymorphism patterns of the African
population: A random subset of 53 fragments was
sequenced in the African population. Thirty-six fragments are located on 3R and 17 on 3L. Again only lines
harboring no inversions were used. On average data
could be obtained for 7.96 lines.
The mean (SE) level of diversity is 0.0114 (0.0011).
No invariant loci were observed. Comparing this to

previous results from synonymous sites in African
populations we can see that our diversity estimates are
again lower (0.0161 on autosomes; Andolfatto 2001).
D/Dmin has a mean of 0.25 with a SE of 0.052. A locusby-locus inspection of the frequency spectrum revealed
that three loci deviate significantly from the standard
neutral model; all of them have negative values. Values
of ZnS8 show a mean (SE) of 0.29 (0.019). The numbers
are summarized in Table 1.
Contrasting autosomal patterns between populations: At first we investigated if our African subset of
loci deviates from the European set in terms of average
recombination or mutation rate (estimated by divergence to D. simulans). Neither recombination rate (Mann–
Whitney U-test, P ¼ 0.77) nor divergence (Mann–
Whitney U-test, P ¼ 0.91) is statistically different. These
factors should therefore not influence our comparisons
between the populations. Average levels of diversity are
significantly lower in Europe (Mann–Whitney U-test,
P , 0.001). The mean D/Dmin is significantly higher in
Europe (Mann–Whitney U-test, P ¼ 0.02). Both populations are known to have undergone different demographic events (Li and Stephan 2006). Such events
affect not only means of summary statistics describing
patterns of polymorphism but also their variance. Therefore contrasting variances of statistics such as D/Dmin
and ZnS8 can provide useful information on the demographic history (e.g., Haddrill et al. 2005b). Tables 2
and 3 summarize the variances of D/Dmin and ZnS8 for
our data sets. To find out if empirical variances differ
between chromosomes and populations we conducted
Levene tests. Comparing variances of D/Dmin between
European and African autosomes we find that the
empirical variance is significantly higher in Europe
(Levene test, P ¼ 0.01). To check if this larger variance
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TABLE 2
Pairwise tests for differences in variance of D/Dmin
D/Dmin

Europe
Africa
Levene test

X chromosome

Autosome

Levene test

0.492
0.085
P , 0.001

0.269
0.144
P ¼ 0.009

P , 0.001
P ¼ 0.012

also results in an increase of significant Tajima’s D
values we conducted a Fisher’s exact test. Neither the
number of positive values (P ¼ 0.14) nor the number of
negative values (P ¼ 0.37) is significantly increased in
the European population. LD behaves similarly to the
frequency spectrum: the mean value of ZnS8 (Mann–
Whitney U-test, P , 0.001) and its variance (Levene test,
P , 0.001) are significantly elevated in Europe.
X-linked data: We calculated the same statistics from
the updated X-linked data set of Ometto et al. (2005)
for comparison although the updating produces little
difference in the summary statistics (Table 1).
We compared the X-linked data between populations
in the same way as the autosomal ones. Mutation and
recombination rates do not differ between Africa and
Europe (Mann–Whitney U-test, P ¼ 0.30 and P ¼ 0.84,
respectively) as found for the autosomal loci. Average
levels of diversity and the variance are significantly
reduced in Europe (Mann–Whitney U-test, P , 0.027,
and Levene test, P , 0.001). The average D/Dmin value is
higher in Europe than in Africa, but this difference is
not statistically significant (Mann–Whitney U-test, P ¼
0.27). The failure to detect a difference here might be
due to the high variance in the European population. It
is significantly higher than that in in Africa (Levene test,
P , 0.001) and in fact it is the highest in our data set
(Table 2). This high variance in the frequency spectrum
also leads to an increased number of significant Tajima’s
D values in Europe. Both the number of significantly
positive and the number of significantly negative values
are higher than expected when compared to those in
the African population (Fisher’s exact test, P , 0.001 in
both cases). Comparison of LD showed that the average
value of ZnS8 is higher in Europe (Mann–Whitney U-test,

TABLE 3
Pairwise tests for differences in variance of ZnS8
ZnS8

Europe
Africa
Levene test

X chromosome

Autosome

Levene test

0.068
0.007
P , 0.001

0.038
0.019
P , 0.001

P , 0.001
P ¼ 0.060

P , 0.001), and so is its variance (Levene test, P ,
0.001).
Comparison of X chromosomes and autosomes
within populations: It is important to note that levels
of divergence are different when comparing the chromosomes. Divergence is elevated on the X chromosome
in the European (Mann–Whitney U-test, P , 0.001) and
the African data sets (Mann–Whitney U-test, P ¼ 0.001).
This cannot be due to systematic differences in mutation rates since studies have shown that evolutionary rates do not differ between the chromosomes in
D. melanogaster (Betancourt et al. 2002). Haddrill
et al. (2005a) found a negative correlation of divergence
and GC content in introns and concluded that base
composition influences the local mutation rate. Confirming this hypothesis, we observed a significantly
elevated GC content in our autosomal loci for both
populations (Mann–Whitney U-test, P , 0.001 in
Europe and P ¼ 0.008 in Africa). To account for the
resulting differences in mutation rate we corrected the
levels of diversity by dividing individual u-values by
the local divergence. These u/K values were then used
for estimating the ratios of X-chromosomal to autosomal diversity. Expanding the results of Haddrill et al.
(2005a) we find that the effect of base composition is
not only confined to introns. We took the combined 232
purely intergenic loci from both chromosomes of the
European data set and correlated the GC content with
divergence. A significant negative correlation can be observed (Spearman’s correlation coefficient R ¼ 0.477,
P , 0.001).
We also tested if levels of recombination are comparable between our X-linked and autosomal data sets. A
Mann–Whitney U-test shows that levels of recombination are not different for either the African data sets
(P ¼ 0.47) or the European ones (P ¼ 0.057). It should,
however, be noted that the P-value of the European
population is close to significance.
The ratios of X-linked to autosomal polymorphism
are 0.49 for the European and 0.90 for the African
population. Previous studies report much higher numbers. Andolfatto (2001) finds a ratio of 0.66 in nonAfrican and 1.60 in African flies using synonymous sites.
Kauer et al. (2002) used microsatellite heterozygosity
and observed ratios of 0.78 outside of Africa and 1.20
in Africa. It should be noted that these studies do not
correct for possible differences in mutation rate so these
ratios might be subject to mutational biases. When
leaving u-values uncorrected for our data set we observe
ratios of 0.66 and 1.17 in Europe and Africa, respectively. These numbers are in good agreement with the
uncorrected numbers reported in previous studies.
Begun and Whitley (2000) looked at ratios of diversity
in non-African D. simulans populations. They could
correct for different mutation rates since D. melanogaster
was available as an outgroup. Using these corrected
diversity levels they found a X-chromosomal to
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autosomal ratio of polymorphism of 0.49, which is
exactly the value we obtained for our European data set.
We wanted to know if the observed diversity ratios
were significantly different from the expected 0.75
assuming a sex ratio of 1:1 in an equilibrium population.
To do this we multiplied X-linked data by 43 and
performed Mann–Whitney U-tests. We find that the X
chromosome lacks diversity in Europe (P , 0.001) but is
too diverse in Africa (P , 0.001). We also compared the
patterns of the frequency spectrum and LD. In Europe
the average values of D/Dmin do not differ between the
X chromosome and the autosome (Mann–Whitney
U-test, P ¼ 0.48) while the variance is increased for the
X chromosome (Levene test, P , 0.001). This larger
variance leads to significantly more loci deviating from
standard neutral expectations on the X chromosome.
There are more loci with significantly positive (Fisher’s
exact test, P ¼ 0.003) and significantly negative values
(P , 0.001) than expected in comparison with the
autosome. The ZnS8 statistic shows an elevated level of
LD on the X chromosome (Mann–Whitney U-test, P ,
0.001) along with an elevated variance (Levene test, P ,
0.001). A study examining the pattern of LD in nonAfrican D. simulans found a very similar pattern (Wall
et al. 2002). In the African population mean D/Dmin
values do not differ statistically either (Mann–Whitney
U-test, P ¼ 0.13) while the variance is higher on the
autosome (Levene test, P ¼ 0.012). The mean LD is
higher on the autosome (Mann–Whitney U-test, P ¼
0.001) while the variances do not differ significantly
(Levene test, P ¼ 0.06). The means and 95% confidence
intervals of u/K, D/Dmin, and ZnS8 for all four data sets
are shown in Figure 2 for better comparison.
Inferring the demographic history and the sex ratio
in the African and European populations: On the basis
of X-linked data it has been proposed that the African
population has expanded in recent time (Ometto et al.
2005; Li and Stephan 2006). To further examine this
hypothesis, we compare the instantaneous population
expansion model with the standard neutral model,
using both our X-linked and our autosomal data sets.
That is, the null hypothesis is NxA0 ¼ NxA1 and NaA0 ¼
NaA1 (the simple model), and the alternative hypothesis
is NxA0 $ NxA1 and NaA0 $ NaA1 (the complex model).
The LRT (P , 0.01, the critical value z99% ¼ 41:21)
suggests that the expansion model ½maxlogðLÞ ¼
4754:2 explains the features of the polymorphism
data in the African sample significantly better than the
standard neutral model ½maxlogðLÞ ¼ 4896:3.
Since the D. melanogaster lineage split from D. simulans
2.3 million years ago (Li et al. 1999) and the average
divergence over loci on the X and third chromosome is
0.0667 and 0.0522, respectively, m
 ¼ 1:450 3 109 and
9
1:135 3 10 per site per generation (assuming 10 generations per year). Thus, in the expansion model,
^
uxA0 ð¼ 4NxA0 m
 x Þ ¼ 0.050 (i.e., ^
uaA0 ¼ 4NaA0 m
 a ¼ 0:047).
^ xA0 and N
^ aA0 are 8:621 3 106 and 10:40 3 106 ;
Then N
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Figure 2.—Means of (A) u/K, (B) D/Dmin, and (C) ZnS8 for
both populations. X chromosomes are solid and autosomes
are shaded. The error bars indicate 95% confidence intervals.

respectively, and the ratio of population sizes (NxA0 =
NaA0 ) is 0.829 with a 95% confidence interval of (0.636,
1.08). The ratio NxA0 =NaA0 is slightly less than the ratio
of X-linked to autosomal polymorphism obtained from
Watterson’s u (0.90). When the ratio of X-linked to autosomal polymorphism is inferred as the ratio NxA0 =NaA0 ;
it is assumed that the African population is under equilibrium. However, after the population size expands, genetic
diversity on the X chromosome is expected to reach equilibrium before that of autosomes because of the smaller
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effective population size of the X chromosome, resulting
in an excess of diversity on the X (see also discussion).
The estimated time to the expansion in the past is
60,300 years with a 95% confidence interval of (13,800,
172,000) years, which is very similar to our previous estimate (Li and Stephan 2006). The strength of the expansion, measured by the ratio of the current size to the
size before the expansion, is 5.0 (2.0, 12.0). The sex ratio
(Nf =Nm ) is 1.8, but the LRT suggests that the number of
females in the African population is not significantly
larger than the number of males ½P . 0.05; maxlog
ðLÞ ¼ 4756:6 vs:  4754:0; the critical value z95% ¼
44:46.
For the European population, the time of the out-ofAfrica migration is 17,500 years, which is similar to our
previous estimate from the X-linked data set (Li and
^xE0 ¼ 0:958 3 106 : We find b̂ ¼ 0
Stephan 2006), and N
(0, 0.082), and the ratio of population sizes (NxE0 =NaE0 )
is 0.5625. The LRT suggests that there is a vanishingly
small percentage of females in the European population ½P , 0.01; maxlogðLÞ ¼ 12452:9 vs:  12548:8;
the critical value z99% ¼ 8:45. The unrealistic estimate
of the sex ratio suggests that the low diversity on the X
chromosome in the European population cannot be
explained by the bottleneck and the smaller effective
population size for the X chromosome alone.
Compared to the autosomal diversity in the European
population, the reduced diversity on the X chromosome could be due to purifying selection alone. Pool
and Aquadro (2006) found that purifying selection
might at least be partly responsible for the occurrence of
low-frequency variation in D. melanogaster populations.
For this reason, following Fu (1997) and Smith and
Eyre-Walker (2002), we repeated the analyses disregarding the singletons (i.e., the mutations carried by a
single chromosome in the sample). In this case, we also
have b̂ ¼ 0 (0, 0.31), which may suggest that purifying
selection does not play a major role.
DISCUSSION

Different levels of nucleotide diversity between the
X and the third chromosome and between ancestral
and derived populations: Our scan of sequence diversity on the third chromosome in an ancestral African
and a derived European population of D. melanogaster
shows a pattern similar to that already found by Glinka
et al. (2003) on the X chromosome in the same populations: the European population exhibits reduced
levels of polymorphism. However, while the level of
diversity drops to 35% on the X chromosome (relative
to the ancestral one), the European autosome retains
62% of the ancestral u-value. Thus, the question arises
what forces lead to these differences in reduction of
polymorphism. In addition, the ancestral population
shows a ratio of X-chromosomal to autosomal diversity
of 0.90, which is significantly higher than the expecta-

tion of 0.75 under standard neutral conditions. Following the more severe drop-off of diversity on the X
chromosome, this leads to a ratio of 0.49 in Europe that
is significantly lower than the standard neutral expectation. Such disparities have already been reported in
previous studies (Andolfatto 2001; Kauer et al. 2002).
It is now well established that the reduction of variation in the derived population can be attributed mainly
to a population size bottleneck during range expansion
(Haddrill et al. 2005b; Ometto et al. 2005; Li and
Stephan 2006). However, it appears that autosomes and
sex chromosomes were affected differently during this
colonization process. Charlesworth (2001) suggested
that an unequal sex ratio might explain these observations. If any of both sexes experiences a large variance in
reproductive success (Nunney 1993) or if a substantial
fraction of individuals fail to reproduce during their
lifetime (Charlesworth 2001), this will lead to a reduction of effective population size. Reproduction in
natural populations of Drosophila is highly unlikely to
occur by random mating, and in fact there is abundant
evidence (Crow and Morton 1955; Boulétreau 1978;
Soller et al. 1999) that sexual selection and environmental factors might lead to different population
sizes for males and females. If these effects cause an
unequal sex ratio, this will be reflected in the ratio of
X-chromosomal to autosomal effective population sizes.
Since males carry only one X chromosome as opposed
to two in females, differences in male population size
have a smaller effect on X-linked than on autosomal
diversity. Therefore, unequal sex ratios will lead to a
deviation from the standard expectation of 0.75 for
ratios of diversity. A goal of this study was to obtain
accurate estimates of the sex ratios in both populations,
taking their demography into account.
Demography and sex ratio in the African population:
Our estimation of the demographic history of the African
population using the combined X-chromosomal and
autosomal data set confirms the results of Li and
Stephan (2006) where only X-linked data were used,
although we find that the empirical distribution of z
does not follow a x2 -distribution (Figure 1), which was
used in our previous analysis (Li and Stephan 2006).
The most likely scenario for the African population is a
population size expansion 60,000 years ago. The estimate of the sex ratio suggests that the female population
size is 1.8 times larger than the male one in Africa.
Although this difference is not significant, it may suggest that an unequal sex ratio played an important role
in shaping X-chromosomal and autosomal diversity
in Africa. Charlesworth (2001) tried to explain the
excess of female effective population size in the ancestral
population: females are in good breeding condition in
Africa, so there is little variance in reproductive success.
Males, on the other hand, are subject to strong sexual
selection that reduces the male effective population size
(Crow and Morton 1955; Nunney 1993).
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In addition to our maximum-likelihood approach, an
estimation of the sex ratio can be obtained directly from
levels of diversity. If we take the ratio of u/K values as a
proxy for the ratio of population sizes of X chromosomes and autosomes and plug them into Equation 1,
we obtain a female/male ratio of 3.0 for the African
population. This ratio is larger than the estimate (1.8)
from our analysis. The difference between both values
may be understood as follows. The populations are not
in equilibrium. In such a case estimating population
sizes from diversity (using Watterson’s u) will lead to an
underestimation of effective population size. Since the
X chromosome has a smaller population size than autosomes it will reach equilibrium faster after the expansion. Therefore the underestimation of population size
will not be as extreme on the X as on the autosome. This
leads to a bias toward higher female/male ratios. Even
though we estimate an elevated population size for
females, the population size of the X chromosome is
still considerably smaller than that of autosomes. Following Equation 1 one would need a sevenfold excess of
females to achieve equal population sizes for X chromosomes and autosomes, but our estimate is well below that value. Therefore the argument of a smaller
X-chromosomal Ne still holds.
Kauer et al. (2002) used Equation 1 to test if unequal
sex ratios could explain their data. But even when they
assumed a 50-fold excess of female population size the
X chromosome seemed too variable. This is because their
ratio of microsatellite heterozygosity was 1.21, which is
larger than the limiting value of 9/8 that can be achieved
when male population size approaches zero. A reason for
this high ratio could be a bias in mutation rate. If we leave
u uncorrected for our SNP data set we find that the ratio
equals 1.18 for the African population. This ratio corresponds well with the microsatellite data; so a biased
mutation rate might indeed explain these findings.
Not only do we see differences in overall levels of
diversity between X chromosomes and autosomes but
there are also differences in the frequency spectrum.
D/Dmin values are slightly (although not significantly)
more negative on the X chromosome and the variance is
reduced. Population size expansions are known to lead
to an increase of low-frequency variants (i.e., creating
negative Tajima’s D values) and reduce the variance of
Tajima’s D across the loci. The magnitude of this effect
depends on the parameter values of the expansion. Although the population size expansion affects both the
X chromosome and the autosome, the effect may not be
the same, and the expansion scenario is different for the
X chromosome and the autosome from a coalescent
point of view. Since NxA0 , NaA0 ; we have tx ¼ 0.035
and ta ¼ 0.029. Coalescent simulations show that the
expansion scenario for the X chromosome results in
more negative values of Tajima’s D and a lower variance
than that for the autosome (results not shown). Therefore, our observation on D/Dmin supports the hypoth-
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esis that the African population may have undergone a
population size expansion.
D/Dmin is not the only summary statistic that shows
differences between chromosomes. The average ZnS8 is
significantly lower on the X chromosome, implying that
there is less LD. The variance is also lower on the X
chromosome, and this difference is marginally significant (P ¼ 0.06). The effect of population size expansions on LD is very similar to that on the frequency
spectrum. Average LD tends to get lower and the variance becomes smaller if the population underwent a
size increase. Coalescent simulations show that expansions with X-chromosomal parameter values produce
lower averages and smaller variances, in accordance
with the trend we find in our data.
Andolfatto (2001) suggested that the presence of
common autosomal inversions in African D. melanogaster
populations and the action of positive selection might
play a role in reducing autosomal diversity compared to
the X chromosome. If such chromosomal inversions are
present at considerable frequencies, population recombination rates are lowered because inversions suppress
crossing over when in a heterozygous state. The effect of
genetic hitchhiking associated with positive selection
will then be more pronounced on the autosomes compared to the X chromosome. If the action of positive
selection was the main reason for the reduced variability
on the autosome (relative to the X), then this should
also be visible in the frequency spectrum. However, the
observed patterns of D/Dmin argue against this hypothesis, as we see a larger proportion of low-frequency variation on the X chromosome compared to the autosome
(Figure 2B). While we cannot exclude that inversions
might affect patterns of nucleotide diversity in Africa,
their relative contribution seems to be rather low compared to the effects of demography. Our analyses suggest that the population size expansion (60,000 years
ago) together with an unequal sex ratio can account for
the genomewide patterns of polymorphism that we
observe on the X chromosome and the autosome in
the African population.
Demography and sex ratio in the European population: Our inference of the demography and sex ratio for
the European population produced a surprising result.
The most likely demographic scenario is a population
bottleneck with subsequent expansion, but the estimated female/male ratio is zero, implying that an extremely small percentage of females are present in Europe.
In such a case, we have Nf ¼ 4=9Nx : We estimate that the
current effective population for the X chromosome in
the European population is 0:958 3 106 ; which suggests
that the number of females is 0:426 3 106 ; whereas the
number of males in the European population is much
larger. Our estimate of the female/male ratio has an
upper 95% confidence interval of 0.082. Therefore a 12fold excess of male effective population size relative to
females might be sufficient to explain the patterns we
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observe. Such an extreme excess of males is highly
unlikely in natural populations of Drosophila. On the
one hand Boulétreau (1978) showed that a large proportion of females fail to breed in European populations, which may effectively reduce their population size
relative to males. On the other hand there is abundant
sexual selection on males in natural populations that in
turn reduces male effective population size (Crow and
Morton 1955; Nunney 1993). Depending on the
relative magnitudes of these effects this might indeed
lead to a male-biased sex ratio, but Charlesworth
(2001) showed that expectations of this bias are not as
extreme as the ratios required to explain the data we
observe. This suggests that the lower X-linked diversity
cannot be explained by a biased sex ratio alone.
Previous work on non-African D. melanogaster
(Andolfatto 2001; Kauer et al. 2002) found higher
ratios of X-chromosomal to autosomal diversity than we
observed. However, since these analyses do not control
for mutation rate, they may be biased (see above).
Another study comparing X-chromosomal and autosomal polymorphism in non-African D. simulans (Begun
and Whitley 2000) found exactly the same estimate we
obtained in our European data set. This work provides a
good comparison to our analysis, because levels of diversity were also corrected (by dividing by divergence).
Mutational biases should therefore not affect the results.
While demography and sex ratio alone cannot account for the genomic polymorphism patterns observed they may still have played important roles in
shaping polymorphism in Europe. Our analysis suggests
that the sex ratio was inverted during the colonization
process of Europe. As a consequence of this the X chromosome underwent a more severe bottleneck than
the autosome. Population size reductions, much like
expansions, have distinct effects on the frequency spectrum of polymorphisms and LD. In the case of a population size reduction the frequency spectrum tends to
show an excess of intermediate-frequency polymorphisms. This leads to elevated Tajima’s D values. In addition, the variance of Tajima’s D tends to get larger. A
similar pattern is created for the ZnS8 statistic. Average
LD and its variance increase. It is important to note that
these predictions are sufficiently understood only for
simple models of population size reduction. The demographic history of the European population, however, seems to be rather complex (Figure 1b of Li and
Stephan 2006). First, it was derived from an ancestral
African population that was not in equilibrium (see
above). Of course one could question if the Zimbabwe
population actually reflects the true ancestral population. But recent studies have shown that there is a signal
for expansion in the vast majority of African populations
that have been surveyed (Pool and Aquadro 2006). It
is therefore very likely that the true ancestral population
also showed this pattern. Second, the derived population experienced a population size expansion of its own,

subsequent to the colonization of Europe. It is difficult
to assess how these different events will contribute to the
overall patterns of polymorphism.
For average D/Dmin, we find that it is nearly identical
on the X chromosome and the autosome in Europe.
Interestingly both values are very close to zero as in the
case of a standard neutral population. However, since
our estimation of the European demography rejects this
model, this is most likely the result of a much more
complex process. The variance of D/Dmin shows a large
difference between the chromosomes. The larger variance on the X chromosome may again be explained by
the different times back to the bottleneck event (in the
coalescent view). In the case of very recent bottlenecks
slightly ‘‘older’’ events tend to cause more variance in
D/Dmin. A comparison of means and variances of ZnS8
between the chromosomes also shows a similar pattern.
LD is higher on the X chromosome and has a larger
variance. This is also expected under a simple bottleneck model. In a similar case, Wall et al. (2002) explained the patterns of LD they found in non-African
D. simulans (which mimic our findings) with a simple
bottleneck. Even though the European population has
a complex demographic past the patterns of the frequency spectrum (D/Dmin) and LD agree well with the
predictions of a simple population size reduction. In
conclusion, the bottleneck seams to have been the dominant demographic force shaping the patterns of polymorphism we observe in Europe today.
However, the main question remains: What led to the
extreme differences in average diversity between the X
chromosome and the autosome? We have shown that
demography and unequal sex ratio alone cannot account for these differences. Begun and Whitley (2000)
propose that genetic hitchhiking caused by positive
selection might have played a major role in reducing
X-linked diversity in their D. simulans data, since it is
thought that positive selection should affect X chromosomes more strongly than autosomes (Aquadro et al.
1994). Theoretical work has shown that this claim holds
if recombination occurs in both sexes (Betancourt
et al. 2004). In the case of Drosophila where recombination occurs only in females, on the other hand, this
effect is visible only if mutations are partially recessive
(Betancourt et al. 2004). Thus, if a large fraction of
advantageous mutations are indeed recessive (for instance, as suggested by Zeyl et al. 2003), the effect
should also be visible in Drosophila.
Positive selection might also help explain the pattern
we see for the frequency spectrum in the European population: a population size bottleneck creates an excess of
intermediate-frequency variants and this effect is larger
for the X chromosome. Genetic hitchhiking, on the
other hand, tends to create low-frequency polymorphisms
(Braverman et al. 1995) and also is supposed to influence the X chromosome to a larger extent (see above).
If both forces act simultaneously their effects on the
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average levels of Tajima’s D might cancel out. At the
same time this will result in a large variance of Tajima’s
D. Since we expect the effect of both forces to be more
pronounced on the X chromosome, this might explain
why the X chromosome harbors more loci that deviate
from standard neutral expectations (32% of all loci containing polymorphism) than the autosome (only 12%)
and, at the same time, average levels of D/Dmin are approximately equal. The effects on average levels of
D/Dmin cancel out while the increases in variance add up.
The effect of hitchhiking on the genomewide averages of LD is complex and not well understood.
Przeworski (2002) shows that recent selective sweeps
can substantially increase levels of LD. However, the
created signal disappears rapidly after fixation of the
selected mutation. Furthermore, if there is recurrent
positive selection in the population the overall effect of
multiple sweeps might even lead to a slight decrease in
LD. A more recent study (Stephan et al. 2006) shows
that hitchhiking can destroy preexisting LD. Depending on the haplotype on which a beneficial mutation
appears it will lead to either an increase or a decrease of
already present LD. The average over all possibilities
leads to a level of LD that will then be slightly lower after
the sweep than it was before the emergence of the
positively selected mutation. In summary, both studies
suggest that the overall effect of hitchhiking is not one
of an increase of LD as has been previously thought.
On a genomewide level, hitchhiking rather tends to
slightly decrease LD. It appears that the pattern of LD
we observe in our data was therefore mainly shaped by
demographic events as these leave a more pronounced
signature. This confirms the conclusions made by
Haddrill et al. (2005b) concerning average levels of
LD in the European population. The effects of selection
on the variance of LD are clearer. Stephan et al. (2006)
showed that recurrent hitchhiking increases the variance of LD. This increase in variance will be more pronounced on the X chromosome since we expect positive
selection to be more prevalent there. Therefore, positive selection could have reinforced the differences in
variance of LD between the two chromosomes created
by the bottleneck.
In summary, the observed patterns of polymorphism
provide evidence that population size bottlenecks and
positive selection have acted simultaneously in the
European population.
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