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ABSTRACT
Demography and selection have been recognized for their important roles in shaping patterns of

nucleotide variability. To investigate the relative effects of these forces in the genome of Drosophila melanogas-
ter, we used a multi-locus scan (105 fragments) of X-linked DNA sequence variation in a putatively ancestral
African and a derived European population. Surprisingly, we found evidence for a recent size expansion
in the African population, i.e., a significant excess of singletons at a chromosome-wide level. In the
European population, such an excess was not detected. In contrast to the African population, we found
evidence for positive natural selection in the European sample: (i) a large number of loci with low levels
of variation and (ii) a significant excess of derived variants at the low-variation loci that are fixed in the
European sample but rare in the African population. These results are consistent with the hypothesis that
the European population has experienced frequent selective sweeps in the recent past during its adaptation
to new habitats. Our study shows the advantages of a genomic approach (over a locus-specific analysis)
in disentangling demographic and selective forces.

IN the past decade, evidence that natural selection used a multi-locus approach. The availability of the ge-
nomic sequence of D. melanogaster made this approachplays a key role in shaping genome-wide patterns of

variability in Drosophila has been mounting (Aquadro possible. To be able to discern different selective re-
gimes, we focused on chromosomal regions of normal1997). However, it remains a challenge to discern selec-

tion from other forces, particularly demographic fac- recombination (Kim and Stephan 2002). Furthermore,
we used sequence variation rather than microsatellitestors. Only recently, studies have begun to address this

problem by consistently sampling populations and using (Harr et al. 2002) for the following reasons. One of our
long-term goals is to estimate the rate of advantageousmultiple loci (Begun and Whitley 2000). The rationale

of this approach is that demographic processes affect substitutions in the recent past of D. melanogaster. Advan-
tageous substitutions causing sweeps that have occurredthe entire genome in a similar way, whereas selective

forces tend to leave locus-specific footprints that are no more than �0.1 Ne (effective population size) gener-
ations ago can be detected with sufficiently high powerdetectable in a genome-wide survey.

Drosophila melanogaster, originating from sub-Saharan using single nucleotide polymorphisms (Kim and Ste-
phan 2000; Przeworski 2002). For D. melanogaster, 0.1Africa, is believed to have expanded its range after the

last glaciation (i.e., �10,000–15,000 years ago; David Ne generations correspond to �10,000–15,000 years.
This window of time matches very well the colonizationand Capy 1988; Lachaise et al. 1988). During this habi-

tat expansion, demographic processes (such as bottle- of Europe by D. melanogaster. Thus, the use of DNA
sequence variation should enable us to detect most ofnecks and subsequent population size increases) would

be expected to have occurred. In addition, selective the sweeps that have occurred during this colonization
period and hence to obtain a reliable estimate of theevents are likely to have played an important role in

the adaptation of this species to its new environments. rate of advantageous substitutions. In contrast, with mi-
crosatellites that mutate faster than nucleotides we mayTo distinguish demographic and selective processes

important for the recent adaptations of D. melanogaster, be able to observe only the very recent sweeps. Since
this is the first screen of DNA sequence variation in D.we compared a putatively ancestral population from

Africa (Zimbabwe) with a derived population from Eu- melanogaster, we concentrated on the X chromosome.
rope (The Netherlands). Since a whole-genome scan of
DNA sequence variation is currently not feasible, we

MATERIALS AND METHODS

Population samples: D. melanogaster data were collected
from 24 highly inbred lines derived from two populations:1These authors contributed equally to this work.
12 lines from Africa (Lake Kariba, Zimbabwe; Begun and2Corresponding author: Section of Evolutionary Biology, Department
Aquadro 1993) and 12 lines from a European populationof Biology II, University of Munich, Luisenstrasse 14, D-80333 Munich,

Germany. E-mail: delorenzo@lmu.de (Leiden, The Netherlands). The Zimbabwean lines were
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kindly provided by C. F. Aquadro, and the European ones a computer program of Comeron et al. (1999) to obtain an
were provided by A. J. Davis. Furthermore, a single D. simulans estimate of the recombination rate for each fragment. This
inbred strain (Davis, CA; kindly provided by H. A. Orr) was algorithm follows the method of Kliman and Hey (1993). We
used for interspecific comparisons. compared our results to two other estimators of the recombi-

PCR amplification and DNA sequencing: On the basis of nation rate: the adjusted coefficient of exchange (ACE; Begun
the available DNA sequence of the D. melanogaster genome and Aquadro 1992) and the procedure proposed by Charles-
(FlyBase 2000, Release 2, http://www.flybase.org), we ampli- worth (1996).
fied and sequenced 105 fragments of noncoding DNA (from For the latter method, we used the absolute position of each
63 introns and 42 intergenic regions), randomly distributed fragment to calculate physical distances. The estimate of the
across the entire euchromatic portion of the X chromosome. recombination rate is therefore expressed in centimorgans
Most fragments are located in regions of intermediate to high per megabase instead of centimorgans per band (see Charles-
recombination rates. However, 11 fragments are from the worth 1996). We divided the X chromosome into two regions
telomeric region exhibiting low recombination rates, i.e., distal containing all of our 105 fragments: (I) the distal-white re-
to the white locus (see online supplemental Tables 1 and 2 gion (0.2–2.45 Mb, 0.02–1.5 cM) and (II) the proximal-white
available at http://www.genetics.org/supplemental). We am- region (2.45–16.89 Mb, 1.5–56.7 cM). Following Charles-
plified and sequenced the homologous 105 fragments in a worth (1996), the white locus (2.45 Mb, 1.5 cM) was chosen
single strain of D. simulans. as a transition point between region I and region II.

We extracted genomic DNA from 10 females of each inbred Demographic modeling of the European population: Be-
line using the PUREGENE DNA isolation kit (Gentra Systems, cause extant European D. melanogaster are believed to be de-
Minneapolis). The PCR products were then purified with EX- rived from an ancestral African population (David and Capy
OSAP-IT (USB, Cleveland). Sequencing reactions were per- 1988), we tested the observed data against simple demo-
formed for both strands according to the protocol of the graphic null models: (i) a constant-population-size model and
DYEnamic ET terminator cycle sequencing kit (Amersham (ii) a population-size-bottleneck model with subsequent ex-
Biosciences, Buckinghamshire, UK) and run on a MegaBACE pansion (Wall et al. 2002; Lazzaro and Clark 2003). In the
1000 automated capillary sequencer (Amersham Biosciences). latter model, we simulated a population of initial effective size
Analysis of the data was done using the software Cimarron Ni, crashing Tb generations ago to size Nb. After Tm generations,
3.12 (Amersham Biosciences) for lane tracking and base call- the population was allowed to grow exponentially to the cur-
ing. Only good-quality sequences (MegaBACE quality score rent effective population size, N0.
of at least 95 out of 100) were aligned and checked manually The following parameters had to be specified for each frag-
with the application Seqman of the DNAstar (Madison, WI) ment: the mutational parameter, � (estimated from data);
package. Singletons were confirmed by reamplification and the sample size, n; and the fragment length, L. Constant-
resequencing. The sequences were deposited in the EMBL population-size models were tested using the observed average
database (for accession numbers, see online supplemental � value of the European population, while the bottleneck
information at http://www.genetics.org/supplemental). models were conditioned on the observed average � value of

Statistical analysis: Basic population genetic parameters the African population (i.e., the value of the hypothetical
were estimated with the program DnaSP 3.98 (Rozas and ancestral population). Our simple models assumed no intra-
Rozas 1999). Levels of nucleotide diversity were estimated genic recombination but did assume free recombination be-
using � (Tajima 1983) and � (Watterson 1975). For this tween fragments. We used several combinations of values of
analysis, we considered the total number of mutations rather Nb, N0/Ni, and Tb. Tm was adjusted to obtain a total number
than the number of segregating sites, because in a few in- of segregating sites in a simulation close to the observed value
stances we observed three different nucleotides segregating of 737. For each fragment, 10,000 genealogies were simulated
at the same position. using the program “ms” (Hudson 2002) under the demo-

To test the neutral equilibrium model, we employed the graphic models mentioned above. The probability of observ-
multi-locus Hudson-Kreitman-Aguadé (HKA) and Tajima’s D ing exactly F0 � 13 fragments with no polymorphism in our
tests (Hudson et al. 1987; Tajima 1989). Both tests were done simulation (see results) was then calculated as the propor-
using the program HKA, kindly provided by J. Hey (http:// tion of simulated samples with exactly 13 fragments with no
lifesci.rutgers.edu/heylab), in which the test statistics were polymorphic sites. This probability was used in a two-tailed
compared with the distributions generated from 10,000 coales- likelihood-ratio test as a likelihood of our observation; when
cent simulations (Kliman et al. 2000). the probability was �10�4, we used 10�4 as a conservative

In addition, we used the following statistics: the number of overestimate of this value.
haplotypes, K, and the haplotype diversity, H (Depaulis and
Veuille 1998), and, for the African population, Fay and Wu’s
H (Fay and Wu 2000). These statistics were calculated with
the program DnaSP 3.98 (Rozas and Rozas 1999). We gener- RESULTS
ated the empirical distributions of these statistics for each

DNA sequences for 105 X chromosome fragmentsfragment using coalescent simulations (10,000 iterations;
Hudson 1990, 1993), conditioned on the number of segregat- were obtained from 10–12 lines of an African and a
ing sites (Depaulis et al. 2001), and a population recombina- European population of D. melanogaster (with an average
tion rate, R (programs are available from S. Mousset). Since of 11.9 lines per sample). The size of the fragmentsin D. melanogaster there is no recombination in males, the

varied between 240 and 781 bp (excluding insertionspopulation recombination rate, R, was estimated by 2Nec,
and deletions) with a mean (SE) of 517 bp (11 bp).where c is the female recombination rate per fragment per

generation (Przeworski et al. 2001). Ne was assumed to be The total region from which these fragments derive
106 (Li et al. 1999), and, for each fragment, c was estimated spans �14 Mb. This results in an average distance be-
by multiplying the per-site-recombination rate, r (see below),

tween adjacent fragments of �140 kb (Figure 1).by its length, L.
There are several large gaps in our genome scan (Fig-Recombination rate: We estimated r (recombination rate

per site per generation) for each fragment as follows. We used ure 1), in which we could not recover a sufficient num-
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provide a summary of the polymorphism and diver-
gence data. Of the 54,944 sites sequenced (excluding
insertions and deletions), 2057 are polymorphic. The
mean of � (SE) is 0.0127 (0.0007), which is higher than
the average value of 0.0071 reported for noncoding
regions on the D. melanogaster X chromosome (Mori-
yama and Powell 1996), but lower than the average
value of 0.0257 estimated for synonymous X-linked sites
for African populations from diverse geographic locali-
ties (Andolfatto 2001). For �, the result is similar:
0.0112 (0.0007) to 0.0074 (Moriyama and Powell
1996) and 0.0242 (Andolfatto 2001).

We tested our data for compatibility with the neutral
equilibrium model. The HKA test is used to determine
whether the levels of intraspecific polymorphism and
interspecific divergence at our set of fragments are con-
sistent with the equilibrium model (Hudson et al. 1987).
A multi-locus version of the original HKA test was ap-
plied to all 105 fragments in the African sample (Figure
3a). No significant departure from the equilibrium
model was detected (�2 � 93.31, P � 0.765).

We also calculated the Tajima’s D statistic for each
fragment and tested whether the observed average
across fragments was consistent with the equilibrium
model by estimating the critical values of this distribu-
tion from coalescent simulations (see materials and
methods). In these simulations, we assumed no intra-
genic recombination (but free recombination between
fragments). The African population shows a negative
average value (SE) of Tajima’s D of �0.578 (0.058).
None of the 10,000 simulated samples of 105 fragments
had a more extreme average value of D. This suggests
that our data depart from the neutral equilibriumFigure 1.—Distribution of the sequenced fragments along
model. In fact, most of the fragments have negative Dthe X chromosome. Fragments are shown by their absolute
values (sign test, two-tailed, P � 0.001; Figure 2d).position (distances in megabases from the telomere). Frag-

ments with no polymorphism in the European sample are in To further investigate the pattern of variation in the
boldface type. African sample, we focused on two statistics, the num-

ber of haplotypes, K, and the haplotype diversity, H
(Depaulis and Veuille 1998). Low values of these statis-

ber of sequences (i.e., at least 10 per sample and the tics indicate that there are too few haplotypes in the
sequence of the D. simulans line). The majority of frag- sample due to demographic (e.g., population substruc-
ments (103) are located in two segments (between coor- ture and/or weak bottlenecks) and/or selective events
dinates 1.9 and 4.1 Mb and between 6.5 and 16.4 Mb (e.g., incomplete hitchhiking; Depaulis and Veuille
from the telomere, respectively), thus spanning a region 1998). On the other hand, high values can result from
of 12 Mb with an average distance of 119 kb between population expansion or old, complete hitchhiking
fragments. The region between these two segments ap- events (Depaulis and Veuille 1998). Because recombi-
pears to contain a high density of repetitive DNA (for nation tends to increase both statistics, we used the
instance, microsatellites; Harr et al. 2002) that may have estimated recombination rate (Comeron et al. 1999; see
caused problems with PCR and sequencing. The details materials and methods) for each fragment in the
are being investigated. coalescent simulations. Assuming that this recombina-

In both D. melanogaster samples, intergenic regions tion rate is correct, we can perform a two-tailed test.
and introns did not produce significantly different re- Under neutrality, we expect an equal proportion of
sults when analyzed separately (results not shown) and the observed values to be lower and higher than the
are therefore pooled in the following analyses. simulated median.

Polymorphism patterns in the African population: Fig- We found that the observed haplotype diversity, H,
ure 2, a–c, and Table 1 in the online supplemental was higher than the simulated median in 78 of the 105

fragments; this proportion is significantly larger thaninformation at http://www.genetics.org/supplemental
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Figure 2.—Nucleotide
diversity � and �, diver-
gence K, and Tajima’s D vs.
recombination rate. (a–d)
African population. (e–h)
European population. Re-
combination rate is ex-
pressed in recombination
events per site per genera-
tion � 108 (Comeron et al.
1999).

expected (sign test, two-tailed, P � 0.001). For the num- (Depaulis and Veuille 1998) and Fay and Wu’s H test
(Fay and Wu 2000). Since we were exploring possibleber of haplotypes, K, a significant trend toward a higher

number was also observed (sign test, two-tailed, P � departures of these statistics at their lower bounds, we
used the conservative assumption of zero recombination0.03). High values of haplotype diversity and large num-

bers of haplotypes can result from a star-like genealogy (Depaulis and Veuille 1998). For the 105 fragments,
we observed only one significant Fay and Wu’s H valuedue to population expansion or complete hitchhiking

events (Depaulis and Veuille 1998). (one-tailed, P � 0.03).
These results, together with the observations from theAssuming that recurrent complete selective sweeps

occur along a recombining chromosome, we expected HKA test, argue against a model of recurrent selective
sweeps (Braverman et al. 1995) as an explanation ofto detect the footprints of partial sweeps as well. We

thus examined whether there is evidence for partial the chromosome-wide excess of singletons observed in
the African population. It appears that this pattern ofhitchhiking events using the K- and H-haplotype tests
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Figure 3.—Contribution of each
fragment to multi-locus HKA statistic.
(a) African population and (b) Euro-
pean population. For each fragment,
the contributions to the overall test
statistic by the polymorphism (�)
and divergence (�) data are shown.
Values above (below) the x-axis indi-
cate a larger (smaller) contribution
than expected. Fragments are ranked
along the x-axis according to their
total contribution to the test statistic
(including polymorphism and diver-
gence components). When the 24
fragments at the left of the vertical
dashed line were excluded from the
test (for the European sample), the
value of the overall test statistic
dropped below the critical value.

polymorphism has most likely been shaped by demog- 1992; Aquadro et al. 1994; Andolfatto and Przewor-
ski 2001).raphy.

Is there any evidence for a signature of selection in Polymorphism patterns in the European population:
A summary of the polymorphism and divergence datathe African population? Using two-tailed tests, we found

a (weak) positive correlation between recombination is shown in Figure 2, e–g. Of the 55,150 sites sequenced,
737 are polymorphic. The number of segregating sitesrate and nucleotide variation (as measured by � and �;

see Figure 2, a and b): for �, Pearson’s R � 0.246, P � and estimates of nucleotide diversity for each fragment
are shown in the online supplemental Table 2 available0.02, Spearman’s R � 0.237, P � 0.02; for �, Pearson’s

R � 0.237, P � 0.02, Spearman’s R � 0.234, P � 0.02. at http://www.genetics.org/supplemental/. The means
(SE) of � and � across the X chromosome are 0.0046If this observation were due to a lower neutral mutation

rate in regions of reduced recombination, then these (0.0005) and 0.0044 (0.0004), respectively.
In Figure 2, e and f, the estimates of � and � areregions should also be less diverged. However, we found

no correlation between recombination rate and levels plotted against the recombination rate. We observed no
significant correlation between nucleotide diversity andof divergence (Pearson’s R � 0.003, P � 0.10, Spear-

man’s R � 0.028, P � 0.10; Figure 2c). If we consider any of the three estimates of the recombination rate
(materials and methods). With regard to the first ofonly fragments above a certain recombination rate (for

example, 2 � 10�8 recombination events per base pair these recombination rate estimates, the results of the
correlation analysis are as follows (two-tailed tests): Pear-per generation, which corresponds to our previously

defined region II; see materials and methods), thus son’s R � 0.150 and 0.180 with P � 0.12 and P � 0.06
for � and �, respectively; Spearman’s R � 0.137 andincluding 94 loci, then the correlation between recom-

bination rate and polymorphism disappears (for �, 0.183 with P � 0.16 and P � 0.06. Also, no correlation
between recombination rate and divergence was ob-Pearson’s R � 0.158, P � 0.10; for �, Pearson’s R �

0.115, P � 0.20). These conclusions hold for all three served (Figure 2g; Pearson’s R � 0.035, P � 0.73, Spear-
man’s R � 0.021, P � 0.82). These results contradictmeasures of recombination rates (see materials and

methods), except that the (weak) correlation between to some extent our findings in the African sample, where
a weak positive correlation between recombination ratenucleotide diversity and ACE was still found when the

11 fragments located in regions of low recombination and levels of variation was detected. Since this correla-
tion has been proposed to be an effect of selectionwere excluded (Pearson’s R � 0.203, P � 0.05, and

Pearson’s R � 0.199, P � 0.05 for � and �, respectively). (Maynard Smith and Haigh 1974; Charlesworth
1996), it may indicate that selection in the EuropeanThis suggests that the strong positive correlation be-

tween recombination rates and nucleotide diversity re- population is not as strong as in the African population,
perhaps due to interfering demographic processes.ported in previous studies is attributable mainly to loci

in low recombination regions (Begun and Aquadro Tajima’s (1989) test was applied to the European
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sample as described in materials and methods. The Next we analyze the fragments exhibiting low levels
of variation. In our survey, 13 fragments had no poly-observed average of Tajima’s D (SE) across fragments

is 0.045 (0.574). The average value is not significantly morphic sites at all (Figure 1 and online Table 2 at
http://www.genetics.org/supplemental/). Furthermore,different from zero, but the standard error is (P �

0.0001). Does this mean that the European population 12 low-variation fragments have been identified by the
HKA test, including 8 of the nonpolymorphic fragmentsis in equilibrium with regard to demographic and selec-

tive forces? Several lines of evidence speak against this and 4 with extremely reduced nucleotide variability (� 	
0.0007).hypothesis. Although the mean of Tajima’s statistic is

close to zero, for 11 fragments the data are not compati- We first concentrate our analysis on the set of frag-
ments with zero polymorphisms. We used coalescentble with the neutral equilibrium model. The Tajima test

(in its single-locus version; Tajima 1989) revealed seven simulations to test the hypothesis that simple demo-
graphic null models (see materials and methods)fragments with significantly negative D values and four

with positive ones. Inspection of the data shows that can explain our observation of 13 fragments with zero
polymorphisms. These are a neutral model of constantTajima’s D is negative in the fragments exhibiting a

rare haplotype with many singletons or strongly positive population size and various bottleneck models (Table
1). Since the European population is believed to bewhen most of the variants are organized in a few com-

mon haplotypes (Figure 2h). As a result of this, it ap- derived from Africa (David and Capy 1988; Andol-
fatto 2001), the prebottleneck effective populationpears that the mean of D across fragments does not

differ from zero. size (Ni) is assumed to be equal to the effective size
of the Zimbabwean population (i.e., �106). DifferentUsing the same approach as for the African popu-

lation sample, we computed the distribution of the values of N0 for the European population (between 0.25
and 0.5 Ni)—accounting for the fact that the observedH- and K-haplotype statistics (Depaulis and Veuille

1998) and recorded the proportion of observed values � value in the European population is about one-third of
the estimate of the African population—were assumed.that were lower and higher than the simulated median.

The observed H values were lower than the simulated Severe bottlenecks were introduced mimicking the
founding of the European D. melanogaster population.median for 83 fragments; this proportion is higher than

expected (sign test, two-tailed, P � 0.0001). For K, the The values of the parameters (describing the time of
occurrence, severity, and duration of a bottleneck) weretrend toward fewer haplotypes was also significant (sign

test, two-tailed, P � 0.005). In agreement with this obser- chosen such that the current simulated population has
about the same number of segregating sites as observed.vation, we found 13 fragments with a significantly low

value of K or H, using the conservative assumption of Among the models tested, a likelihood-ratio two-
tailed test shows that some models fit the observationno recombination in one-tailed K or H tests. These ob-

servations are consistent with the occurrence of bottle- of 13 fragments with no polymorphism better than the
neutral (constant population size) model [e.g., bottle-necks and/or selective events in the recent past.

To further investigate whether the data deviate from neck (Bot) 10, G � 14.1, P � 0.014, see Table 1]. Appre-
ciable probabilities of getting at least 13 fragments withthe neutral equilibrium model, we used the multi-locus

version of the HKA test (materials and methods). A no polymorphic sites were obtained only for parameter
values of the bottleneck model in which the effectivesignificant departure of the data from this model was

detected (�2 � 238.28, P � 0.0016). Figure 3b shows the population size recovered to its current size in a rela-
tively short time period (�0.1 N0 generations). Othercontributions of each fragment to the summary statistic

(see also online Table 3 at http://www.genetics.org/ more realistic scenarios, in which the European popula-
tion was founded 10,000–15,000 years ago, correspond-supplemental/ for details). Furthermore, Figure 3b de-

picts whether the observed polymorphism and diver- ing to � �100,000 generations (David and Capy 1988;
Lachaise et al. 1988), and grew more slowly to its cur-gence values are lower or higher than expected. The

HKA test was repeated with the exclusion of just those rent effective size, appear to be inconsistent with our
observation of 13 fragments with no polymorphism.fragments with the strongest departures from expecta-

tion. The value of the overall test statistic dropped below Further evidence against a simple model of popula-
tion founding followed by expansion is provided by thethe critical value at which the test was no longer signifi-

cant, if 24 fragments with the largest contributions were last two columns of Table 1. First, the average value of
Tajima’s D is negative in all simulations of the bottleneckremoved (data not shown; 12 of these fragments show

an excess of polymorphism, and 12 a deficiency of poly- model. Second, very few simulation runs produced val-
ues of Tajima’s D greater than the observed value (acrossmorphism; see Figure 3b). Note that some of these low-

polymorphism fragments contribute to the overall test fragments).
Comparison of the African and European popula-statistic to a very similar degree as the ones following

at higher ranks; i.e., between the fragments at rank 20 tions: The European population shows lower levels of
variation than the African population shows (see above).and at rank 30 the per-fragment contribution differs by

�0.5. All these fragments have values of � 	 0.0011. These differences are statistically significant (Wilcoxon
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TABLE 1

Demographic modeling of the European population

Model parameters
P P P P

Model Tb Nb Tm N0/N i F0 (F0 	 13) (F0 � 13) (F0 
 13) Average D (D 
 0.045)

Constant — — — — 1.26 1 �10�4 �10�4 �0.077 0.0847
Bot 1 100,000 1,000 3,600 0.5 2.60 1 �10�4 �10�4 �0.967 �10�4

Bot 2 100,000 1,000 7,500 0.25 0.60 1 �10�4 �10�4 �1.050 �10�4

Bot 3 100,000 500 1,750 0.5 2.50 1 �10�4 �10�4 �0.955 �10�4

Bot 4 100,000 500 4,150 0.25 0.55 1 �10�4 �10�4 �1.049 �10�4

Bot 5 50,000 1,000 2,900 0.5 9.14 0.9336 0.0512a 0.1176 �0.672 �10�4

Bot 6 50,000 1,000 4,400 0.25 3.13 1 �10�4 �10�4 �1.028 �10�4

Bot 7 50,000 500 1,500 0.5 9.08 0.9314 0.0484a 0.1167 �0.712 �10�4

Bot 8 50,000 500 2,250 0.25 2.94 1 �10�4 �10�4 �1.049 �10�4

Bot 9 25,000 1,000 2,750 0.5 22.40 0.0132 0.0070 0.9938 �0.355 �10�4

Bot 10 25,000 1,000 3,850 0.25 12.51 0.6333 0.1153a 0.4820 �0.790 �10�4

Bot 11 25,000 500 1,300 0.5 20.21 0.0440 0.0210 0.9770 �0.335 0.0013
Bot 12 25,000 500 2,000 0.25 11.56 0.7407 0.1093a 0.3696 �0.850 �10�4

The models are denoted as follows: Constant, constant population size without recombination; Bot 1–12,
bottleneck models without recombination for 12 different sets of values of Tb, Nb, and N0/Ni. A severe bottleneck
of size Nb was introduced Tb generations ago in a population of initial size Ni and maintained for Tm generations.
After that time, the population was allowed to grow exponentially to the current population size N0. Ni � 106

was assumed. The value of the population mutation parameter was 0.0127, which is equal to the observed
average value of � for the African sample. For the constant-size simulations, the corresponding � value of the
European sample was used. The values of Tm were chosen such that the simulated and observed total numbers
of segregating sites across all 105 fragments are in close agreement. F0 is the number of fragments with no
variation; P (F0 	 13), P (F0 � 13), and P (F0 
 13) are the probabilities of obtaining at most, exactly, or at
least 13 fragments with no polymorphism, respectively. Average D is the value of Tajima’s D across all fragments
averaged over all 10,000 simulation runs, and P (D 
 0.045) is the probability of observing a value of Tajima’s
D across fragments equal to or larger than the value observed in the European sample.

a Likelihood-ratio test, two-tailed, P � 0.05 (i.e., the respective bottleneck model fits the observation of F0 �
13 better than the Constant).

matched-pairs signed-ranks test, two-tailed, P � 0.0001 fixed in the European sample are in high frequency in
the African sample. If this were the case, the coloniza-for both � and �). As evident from the larger difference

in the means of � (relative to those of �), the African tion history of Europe by African D. melanogaster may
be explained by a combination of demographic pro-population harbors more rare variants than the Euro-

pean population does. This is also suggested by the cesses and genetic drift without invoking selection.
For each fragment, we recorded the frequency ofsignificantly negative average value of Tajima’s D for

the African population, whereas, in the European popu- the derived variants in the African and the European
samples. A variant was classified as ancestral when pres-lation, average D is close to zero.

A large proportion (65%) of the polymorphisms in ent also in D. simulans; when neither of the two D.
melanogaster variants was found in D. simulans, the segre-the European population are also present in the African

one (comprising �23% of the variation found in the gating site was not considered. A total of 1974 segregat-
ing sites were classified, including shared polymor-African population). This result supports the African

origin of the European population. Nonetheless, both phisms, population-specific polymorphisms, and fixed
differences. The fragments were partitioned into twopopulations are considerably differentiated: average FST

(SE; Hudson et al. 1992) across fragments is 0.293 groups: (i) those with very low polymorphism [using
the HKA test, this was defined in two ways (see above);(0.017; see online Table 3 at http://www.genetics.org/

supplemental/). independent of this definition, however, this group con-
tained the fragments with zero polymorphisms] and (ii)Because of suggestions in the literature of differen-

tial migration patterns of neutral and selected loci the rest of the fragments. Our results of the HKA test
suggest classifying a fragment as a low-variation frag-(Cavalli-Sforza 1966; Lewontin and Krakauer

1973), we have investigated differentiation across frag- ment if (a) � 	 0.0007 (21 fragments) or if (b) � 	
0.0011 (29 fragments).ments in more detail. However, instead of using the FST

approach (which was questioned by many authors, e.g., Figure 4 compares the relative number of segregating
sites for each frequency class for the low-variation frag-Nei and Maruyama 1975 and Robertson 1975), we

asked (more directly) whether derived variants that are ments defined by criterion b; criterion a gave similar
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phism are higher in the African population and that
the majority of the sites segregating in the European
population are also polymorphic in the African sample
confirm previous results (Begun and Aquadro 1993,
1995; Andolfatto 2001). Furthermore, our results are
consistent with the hypothesis that D. melanogaster origi-
nated in sub-Saharan Africa before spreading to the rest
of the world (David and Capy 1988; Lachaise et al.
1988).

A surprising observation, however, was that the Afri-
can population shows a signature of a recent population
size expansion, i.e., a significant excess of singletons at a
chromosome-wide level. The reason for this population

Figure 4.—Relative count of derived variants that are fixed size expansion remains unclear. Since we found only
in the European sample against their frequency in the African

very little evidence for selective adaptations in the Afri-sample. The count of variants across frequency classes is nor-
can population (see below), the population size increasemalized to one. Shaded bars denote variants found in low-

variation fragments; solid bars denote variants in the rest of the does not appear to mirror a change of or an expansion
fragments. Low-variation fragments are defined by criterion b to a new habitat.
(see Comparison of the African and European populations). The demographic processes that have occurred in

the European population are more complex. Our obser-
vation that a large number of loci have strongly positive

results (data not shown). In this analysis, a total of 260 and negative D values (although the mean of Tajima’s
segregating sites with the variant fixed in the European D across loci is close to zero) argues against the simple
population sample have been used (53 and 72 in the explanation that the European population is in equilib-
low-variation fragments for a and b, respectively). In rium. It is more likely that several different confounding
the fragments with low variation, there is an excess of processes have occurred during the habitat expansion
derived variants that are fixed in the European sample of D. melanogaster, thus producing a mean value of D
and rare in the African population. The difference be- close to zero with a significantly higher-than-expected
tween the low-variation fragments and the rest of the variance. Since some fragments show a significant haplo-
fragments is highly significant. If all 12 frequency classes type structure (see results and online supplemental
are considered separately, �2 � 28.72, d.f. � 11, P � Table 2 at http://www.genetics.org/supplemental/), ad-
0.0025, and �2 � 32.39, d.f. � 11, P � 0.0007 for a and mixture following different colonization events may
b, respectively; if the low-frequency classes “0” and “1” have shaped the observed pattern of polymorphism (in
are lumped together into a single category, leaving all addition to the occurrence of a bottleneck). This sce-
the other classes as the second category, �2 � 25.19, nario should lead to positive D values. The observed
d.f. � 1, P � 0.0001, and �2 � 26.42, d.f. � 1, P � mean of Tajima’s D of �0 may therefore be explained
0.0001 for a and b, respectively. by counteracting demographic and selective effects (i.e.,

A neutral model, in which the European variants were population size expansion following colonization and
“sampled” from the African pool and, after colonization, positive directional selection due to local adaptation,
reached high frequency by drift, cannot explain the both producing negative D values).
observed excess of derived variants that are fixed in the Selection: The influence of demographic factors on
low-variation fragments of the European sample and in the patterns of variation poses a problem for detecting
low frequency in Africa. This observation is consistent possible footprints of selection. However, at least to
with the result that the European population is signifi- some extent, this difficulty was overcome by our multi-
cantly more diverged from D. simulans than is the Afri- locus approach using a large number of fragments. As
can population (Wilcoxon matched-pairs signed-ranks discussed above, it allowed us to get insights into demo-
test, two-tailed, P � 0.001). graphic forces that shaped the standing variation in

both populations. However, since the level of polymor-
phism across all fragments is on average relatively high,

DISCUSSION
it was also possible to search for fragments with low
variation that may be footprints of recent positive direc-Our genomic scan of X-linked variation in an African

and a European D. melanogaster population provides evi- tional selection (selective sweeps).
In the highly variable African population, we did notdence for the impact of demography and natural selec-

tion in the recent past during which this species ex- find clear evidence for positive selection. Although we
employed a series of neutrality tests (including the HKApanded its range. The main features of our data are

discussed below. test, Depaulis and Veuille’s haplotype tests, and Fay and
Wu’s H test), only one test was significant in one frag-Demography: Our findings that levels of polymor-
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