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ABSTRACT
Assessing the rate of evolution depends on our ability to detect selection at several genes simultaneously.

We summarize DNA sequence variation data in three new and six previously published data sets from the
left arm of the second chromosome of Drosophila melanogaster in a population from West Africa, the
presumed area of origin of this species. Four loci [Acp26Aa, Fbp2, Vha68-1, and Su(H)] were previously
found to deviate from a neutral mutation-drift equilibrium as a consequence of one or several selective
sweeps. Polymorphism data from five loci from intervening regions (dpp, Acp26Ab, Acp29AB, GH10711,
and Sos) did not show the characteristic deviation from neutrality caused by local selective sweeps. This
genomic region is polymorphic for the In(2L)t inversion. Four loci located near inversion breakpoints
[dpp, sos, GH10711, and Su(H)] showed significant structuring between the two arrangements or significant
deviation from neutrality in the inverted class, probably as a result of a recent shift in inversion frequency.
Overall, these patterns of variation suggest that the four selective events were independent. Six loci were
observed with no a priori knowledge of selection, and independent selective sweeps were detected in three
of them. This suggests that a large part of the D. melanogaster genome has experienced the effect of positive
selection in its ancestral African range.

Y EARS after the neutralist challenge to the Darwin- at the Sdic locus (Nurminsky et al. 2001) detected the
signature of a unique selection event over a very largeian theory (Kimura 1968), the interpretation of

molecular variation still rests on an unresolved combina- region spanning two divisions (�2%) of the Drosophila
melanogaster genome. No such pattern was found in thetion of the two main mechanisms of genetic change,

selection and drift. Our difficulty in integrating these corresponding region for the related D. simulans, thus
providing a neutral standard. This implicitly assumedmechanisms bars us from properly using genomic data

for assessing the level of natural selection involved in that a selective event modifies variation patterns over a
very large region of the genome. With such large effects,species evolution. An illustration of this inability can be

found in the disagreement among studies on the scale independent selection events could be detected in no
more than 25 fruitfly genes.at which hitchhiking events must be investigated in the

genome (Maynard Smith and Haigh 1974; Kaplan et We previously surveyed D. melanogaster molecular vari-
al. 1989). A study of the extent of a selective sweep on ation in Africa, where this species is thought to have
flanking regions in the Drosophila genome found a originated (Lachaise et al. 1988). In a sample from the
significant reduction in variation over �20 kb (Hudson Lamto ecological station (Ivory Coast), the signature of
et al. 1997). Thus the selection event affected several selective sweep events was previously recorded at four
neighboring genes. However, a recent study of the NF- genes: the Accessory gland-specific peptide 26Aa gene (Acp-
�B/I�B region in the same species concluded that the 26Aa; Aguadé 1998; Fay and Wu 2000), the Fat body
expected window of reduced polymorphism caused by protein-2 gene (Fbp2; Bénassi et al. 1999), the vacuolar
selective fixation of a beneficial mutant is only 200 bases ATPase 68 kD gene (Vha68-1; Depaulis et al. 2000), and
(Begun and Whitley 2000), thus suggesting that selec- the Suppressor of Hairless gene [Su(H); Depaulis et al.
tion can potentially be independently detected at virtu- 1999]. These genes are located on the left arm of the
ally any Drosophila locus. The study of a selective sweep second chromosome. Given this, one may ask whether

these sweeps were driven by a single selection event or
were causally independent. The In(2L)t inversion occurs
on the same chromosome arm. Contrary to inversionsSequence data from this article have been deposited with the

EMBL/GenBank Data Libraries under accession nos. AF459524– found in the third chromosome of D. pseudoobscura
AF459586. (Dobzhansky and Queal 1938; Aquadro et al. 1991),

1These authors are listed in alphabetical order. the In(2L)t inversion of D. melanogaster is probably recent
2Corresponding author: Laboratoire d’Ecologie Cc 237, Université

(Andolfatto et al. 1999) and has reached a high fre-Pierre-et-Marie Curie, 75252 Paris Cedex 05, France.
E-mail: mveuille@snv.jussieu.fr quency in the Lamto population (61.4%, n � 88;
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Figure 1.—Map of stud-
ied loci on the left arm of
chromosome 2. Inversion
In(2L)t (shaded arrow).

1999). Figure 1 shows the position of these genes on theBénassi et al. 1993). A parsimonious interpretation
chromosomal map. Their genetic properties are summarizedwould be that selection linked to this inversion has af-
in Table 1. The whole area covers 46.5 cM of genetic map.

fected allele frequency at several loci simultaneously. Data treatment: The effective number of synonymous and
Using available data on DNA variation at Fbp2, Vha68- nonsynonymous sites, descriptive population statistics, and

some statistical tests were performed using the DnaSP3.531, and Su(H), Galtier et al. (2000) could exclude a
program (Rozas and Rozas 1999). Phylogenies were obtaineddemographic interpretation as a unique cause of depar-
using MEGA 2.1 (Kumar et al. 1994). The fixation index FST wasture from equilibrium. However, they could not exclude
computed according to Hudson et al. (1992). Recombination

a single selective sweep involving all loci. The purpose rates were computed from the comparisons of adjusted coeffi-
of this study is to resolve this question. We recorded cients of exchange (Kindahl 1994) and the DNA content

of chromosomal bands (Sorsa 1988).The multiple Hudson-DNA sequence variation at genes located at intervening
Kreitman-Aguadé (HKA) test was run using a program ob-positions in this linear arrangement of genes. We also
tained from Jody Hey (http://lifesci.rutgers.edu/�heylab/).examined genetic structuring between chromosome ar-
Neutral expectations for haplotype diversity, haplotype num-

rangements. We show that independent selective events ber (Depaulis and Veuille 1998; Depaulis et al. 2001), and
were involved. Overall, one-half of randomly examined Fay and Wu’s (2000) H-statistic were obtained by generating

coalescents following standard procedures (Hudson 1993).genes were affected by selection. This is the first estimate
Coalescent simulations using the observed number of segre-of the number of selective events having occurred in
gating sites were run with and without recombination. Recom-the genome of D. melanogaster in its ancestral range.
bination was then set at the value of 4Ner � 0.008 events/bp.

This proportion is much higher than was previously This value is much lower than its estimated value in any of
believed. these genes and resulted in conservative tests. The program

used for simulations (Allelix) can be obtained from S. Mousset
(http://www.snv.jussieu.fr/mousset/).

MATERIALS AND METHODS

Data acquisition: The isolation of 84 chromosome 2 isogenic
RESULTSlines from an Ivory Coast sample from the Lamto ecological

station and the extraction of genomic DNA were previously
Sequence alignments for newly sequenced loci aredescribed (Bénassi et al. 1993). Sequence polymorphism was

shown in Figure 2. Sequence alignments for Vha68-1 andrecorded in the same random subsample of 20 lines as for
other genes (Bénassi et al. 1993; Depaulis et al. 1999). This Su(H) loci obtained from the same sample are shown in
sample includes 11 lines with standard chromosomes and 9 the supplemental data Table S2 at http://www.genetics.
lines with In(2L)t chromosomes. A line of D. simulans was used org/supplemental/. Summary statistics of gene poly-as an outgroup.

morphism are shown in Table 2.Three loci were amplified according to standard polymerase
Sequence polymorphism at dpp, GH10711, and Sos:chain reaction techniques and sequenced (primer sequences

are given as supplemental data in Table S1, available at http:// Sequence polymorphism data from 20 D. melanogaster
www.genetics.org/supplemental/). The following were se- and 1 D. simulans chromosomes were collected at dpp,
quenced: a fragment of the decapentaplegic (dpp) gene con- GH10711, and Sos. In D. melanogaster at dpp, a total ofsisting of the last 441 bp of intron 2 and the first 656 bp of

30 polymorphic sites (corresponding to 31 mutations)exon 3; a fragment of the Son of sevenless (Sos) gene sequence
and five length polymorphisms were identified over the(Simon et al. 1991) consisting of the last 397 bp of exon 5,

the 69 nucleotides of intron 5, the 634 bp of exon 6, and the 1082 bp examined (excluding sites with alignment gaps)
first 49 bp of intron 6; and a fragment of the GH10711 putative and formed 15 haplotypes. At GH10711, 60 polymorphic
gene consisting of 188 bp of exon 4, 794 bp of intron 4, and sites (61 mutations) and six length polymorphisms werethe first 159 bp of exon 5. They were aligned using ClustalX

identified over the 1074 bp examined and formed 14software (Thompson et al. 1997) and checked manually.
haplotypes. At Sos, 23 polymorphic sites (23 mutations)Polymorphism at these loci was compared to sequence poly-

morphism data previously obtained from the same sample for were identified over the 1146 bp examined and formed
Su(H) (Depaulis et al. 1999) and for Vha68-1 (Depaulis et al. 13 haplotypes. A minimum number of four recombina-
2000). It was also compared to other sequence polymorphism tion events between informative sites was inferred usingdata obtained from different subsamples of our Ivory Coast

the four-gamete rule (Hudson and Kaplan 1985) atsample: Fbp2 (n � 10; Bénassi et al. 1999), Acp26Aa and Acp-
26Ab (n � 24; Aguadé 1998), and Acp29AB (n � 14; Aguadé both Sos and dpp, whereas at least nine events were
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TABLE 1

Genetic properties of studied loci

Polytene map Recombination Distance from
Locus position rate (10�8) Type of data telomere (Mb) n Reference

In(2L)t (distal) 22D3-E1 Inversion 1.6
dpp 22F1-F2 1.8 Sequence 1.7 20 This study
Acp26Aa 26A5 1.5 Sequence 5.3 24 Aguadé (1998)
Acp26Ab 26A5 1.5 Sequence 5.3 24 Aguadé (1998)
Acp29AB 29C1 3.1 Sequence 7.7 14 Aguadé (1999)
Fbp2 30B5 3.1 Sequence 8.8 10 Bénassi et al. (1999)
GH10711 32A4-5 3.1 Sequence 10.1 20 This study
Vha68-1 34A5 0.6 Sequence 12.4 20 Depaulis et al. 2000
In(2L)t (proximal) 34A8-9 Inversion 12.5
Sos 34D1-D2 0.6 Sequence 13.1 20 This study
Su(H) 35C1 1.5 Sequence 14.4 20 Depaulis et al. (1999)

inferred at GH10711. Replacement variants were usually tion sample from Ivory Coast and Malawi (Fay and Wu
2000), whereas our study includes only the Ivory Coastfound to occur at low frequency, except at GH10711

where two replacement variants occurred, respectively, subset for consistency with our other data. The P values
indicated marginally significant non-neutrality (P �in 4 and 14 of the 20 sequenced lines.

Neutrality tests: HKA tests (Hudson et al. 1987) were 0.06) for three other loci: dpp, Vha68-1, and Su(H). This
test was run independently on each chromosomal classrun between all pairs of loci (Table 3). One locus, Vha68-1,

consistently showed significant deviation from neutrality and showed significant departure from neutrality at the
Acp26Aa locus for standard lines and at Su(H) for In(2L)twith all other loci, except Acp26Aa and Acp29AB. All

other pairwise comparisons, except the one between lines.
Tajima’s D (Tajima 1989) and Fu and Li’s D (FuAcp26Ab and Acp29AB, were nonsignificant. A multi-

locus HKA test, including all loci, did not show signifi- and Li 1993) neutrality tests were always nonsignificant
(results not shown). However, high positive values werecant deviation from neutrality in the nine-loci sample

(result not shown). found for the two genes that were significant for haplo-
type tests (Fu and Li’s D � 0.682 for Fbp2 and D � 1.181The H- and K-haplotype tests, as proposed by Depaulis

and Veuille (1998), when run with a no recombination for Su(H)).
Genetic structuring between chromosomal arrange-assumption (Table 4), were significant for Su(H) as pre-

viously shown (Depaulis et al. 1999). Adding recombi- ments: Three loci [dpp, Sos, and Su(H)] showed signifi-
cant genetic structuring between chromosome arrange-nation made the H-test (based on haplotype diversity)

also significant for Vha68-1. These tests were also per- ments (Table 6). These genes are the closest to inversion
breakpoints, excluding Vha68-1, which shows too littleformed separately for each chromosomal class. Signifi-

cant deviation from neutrality was found using the H- and variation for homogeneity tests to be applied. Genetic
exchange between In(2L)t and standard lines was de-K-tests for the inverted and the standard class at the Su(H)

locus. The H-test was significant for inverted chromosomes tected at six loci using Betrán et al.’s (1997) procedure.
Phylogenetic analysis of linkage with the inversion:at the GH10711 locus, and the K-test was also significant

for these chromosomes when using a conservative recom- The association of haplotypes with chromosome ar-
rangements is illustrated in Figure 3 using neighbor-bination rate. However, inverted chromosomes are not a

random subsample and deviation from neutrality may joining trees. Since recombination events or gene con-
version was found to have occurred between In(2L)tresult from sampling data within an allelic class (Innan

and Tajima 1997, 1999). Hudson et al.’s (1994) haplo- and standard lines in these genes (see above), internal
branches do not represent true descent relationshipstype test showed significant deviation from neutrality at

Fbp2, as previously shown (Bénassi et al. 1999). This test and, similarly, bootstrap values should be interpreted
with caution. Except where gene conversion was found,uses a sliding window approach, which was inappropri-

ate for the other loci, due to their short fragment length the inverted chromosomes of dpp and GH10711 were
clustered within one or two subsections of the tree. This(see discussion).

Fay and Wu’s (2000) test was not significant for any pattern was less obvious at Sos. The result for dpp strongly
suggests that a single recombination event occurredloci when run without recombination. However, it be-

came significant with recombination at Acp26Aa and after the divergence between standard and In(2L)t, and
this is responsible for the origin of a new family ofSos (Table 5). Significant non-neutrality had previously

been found at Acp26Aa, using a mixed African popula- standard haplotypes. This is compatible with indications
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Figure 2.—Alignment of
polymorphic sites. The an-
cestral state (when avail-
able) inferred from D. mela-
nogaster/D. simulans compar-
ison was used as reference. –,
1-bp deletion; *, deletion �1
bp; i, intronic mutation; s, si-
lent mutation; r, replacement
mutation. Gene conversion
tracts between inverted and
standard chromosomes are
underlined.
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TABLE 2

Summary statistics of sequence polymorphism data

Locus dpp Acp26Aa Acp26Ab Acp29AB Fbp2 GH10711 Vha68-1 Sos Su(H)

Sample size 20 24 24 14 10 20 20 20 20
Length 1082 1053 567 1755 2156 1074 1063 1146 1014
No. of silent sitesa 592 438 351 1197 1529 826 525 372 768
No. of polymorphic sites 30 40 37 56 65 60 11 23 44
Total no. of mutations 31 41 39 56 67 61 11 23 44
No. of singletons 10 11 8 12 15 23 7 4 5
No. of silent mutations 30 21 35 52 62 56 10 20 44
� (10�2)b 0.684 0.962 1.548 1.050 1.165 1.675 0.152 0.571 1.504
�w (10�2)c 0.808 1.043 1.842 1.003 1.098 1.601 0.292 0.566 1.223
� silent (10�2) 1.232 1.106 2.124 1.413 1.566 2.030 0.289 1.651 1.984
�w silent (10�2) 1.428 1.283 2.664 1.365 1.433 1.911 0.537 1.512 1.613
Tajima’s D �0.601 �0.298 �0.612 0.205 0.253 0.186 �1.698 0.038 0.918

a Synonymous and noncoding sites.
b Average heterozygosity per nucleotide (Tajima 1989).
c Mutation parameter estimate (Watterson 1975).

that the age of the In(2L)t inversion is much less than the Detectability of selective sweep events: Detecting se-
lective sweeps depends on the significance of neutralitycoalescence time of autosomes in highly recombining

regions (Andolfatto et al. 1999). This is also compati- tests. Given the depletion of nucleotide polymorphism
after a complete sweep, variation is scarce and evidenceble with previous observations showing an unusual hap-

lotype structure of this gene in an American population, of selection is difficult to obtain from tests such as Taji-
ma’s (1989) or Fu and Li’s (1993) that use a singleeven though no inversions were present (Richter et al.

1997). distribution of variation. Power is presumably greater
for tests such as the HKA test (Hudson et al. 1987) that
use another locus as a reference. In partial selective

DISCUSSION sweeps, recombination has occurred between the se-
lected and the surveyed loci during the selective phase,As D. melanogaster probably originated in Africa
resulting in the preservation of a large amount of varia-(Lachaise et al. 1988), the genes considered here pro-
tion in recombining chromosomes. This leaves aberrantvide an opportunity to examine the effect of natural
haplotype patterns (Kaplan et al. 1989), thus leadingselection on DNA variation in an ancestral population
to increased power. Interestingly, most selective sweepliving in its natural environment. Under these circum-
events detected in Drosophila concern partial sweepsstances, it is more likely that this population is at equilib-
[e.g., at Sod, White, Est-6, Acp70A, Fbp2, Su(H), and In(2L)t;rium for demographic and genetic factors. Nine genes
Kirby and Stephan 1995; Cirera and Aguadé 1997;were examined in a population in which the In(2Lt)
Andolfatto et al. 1999; Balakirev et al. 1999; Bénassiinversion shows a high frequency. The signature of selec-
et al. 1999; Depaulis et al. 1999]. This may indicate thattion was observed in four of these loci [Acp26Aa, Fbp2,

Vha68-1, and Su(H)]. selective sweeps affect polymorphism at many loci in

TABLE 3

Pairwise HKA tests between loci

Locus dpp Acp26Aa Acp26Ab Acp29AB Fbp2 GH10711 Vha68-1a Sos

Acp26Aa 0.719
Acp26Ab 1.07 3.536
Acp29AB 0.966 0 5.373*
Fbp2 0.044 0.483 2.011 0.507
GH10711 0.194 1.685 0.416 2.107 0.446
Vha68-1a 5.045* 2.182 10.553*** 2.221 4.193* 6.658**
Sos 0.14 1.461 0.376 2.059 0.401 0.002 7.047**
Su(H) 0.035 1.096 0.799 1.406 0.164 0.066 5.697* 0.042

�2 and P value when significant. Only silent sites were used. *P 	 0.05, **P 	 0.01, ***P 	 0.001.
a All significant tests for Vha68-1 indicated a defect of polymorphism (or an excess of divergence).
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TABLE 4

H- and K-haplotype tests

Locus dpp Acp26Aa Acp26Ab Acp29AB Fbp2 GH10711 Vha68-1 Sos Su(H)

Sample size (n) 20 24 24 14 10 20 20 20 20
No. of mutations (S) 31 41 39 56 67 61 11 23 44
No. of haplotypes (Kobs) 15 22 21 11 10 14 9 13 7
Sample haplotype diversity (Hobs) 0.92 0.95 0.95 0.90 0.90 0.91 0.67 0.91 0.76
P(K 	 Kobs|S, n)a 0.983 1 1 0.670 1 0.624 0.934 0.961 0.012c,d

P(H 	 Hobs|S, n)a 0.961 1 0.999 0.546 1 0.506c 0.168 0.980 0.017c,d

P(K 	 Kobs|S, n)b 0.928 1 1 0.461 1 0.420c 0.652 0.813 0.001c,d

P(H 	 Hobs|S, n)b 0.856 1 0.999 0.336 1 0.314c 0.049 0.895 0.003c,d

After Depaulis and Veuille (1998), run after (Depaulis et al. 2001).
a Assuming no recombination, computed from 50,000 simulations.
b Assuming recombination parameter 4Ner � 0.008/pb, computed from 20,000 simulations.
c This test was significant for the In(2L)t subsample.
d This test was significant for the standard subsample.

addition to the actual targets of selection or that selec- tial selective sweeps observed at Acp26Aa, Fbp2, Vha68-1,
and Su(H) result from the same selective event. Thetive sweeps are more readily detected in partial sweeps.

The haplotype tests that reveal partial selective sweeps only two possibilities are either a shift in the frequency
of the In(2L)t inversion, which extends over a largeare designed to detect linkage disequilibrium immedi-

ately after the sweep and are thus efficient only for region, or population structuring.
Population structure was previously found in Africanrecent events.

Using computer simulations Fay and Wu (2000; Fig- D. melanogaster (Michalakis and Veuille 1996). Local
genetic drift combined with a low level of migrationure 3) estimated that their test has no power to detect

selective sweeps when the c/s ratio is �0.1 (where c is could produce the observed pattern of variation. Popu-
lation structure, however, increases the length of inter-the rate of recombination between the observed and

the selected loci and s is the haploid selection coeffi- nal branches of a coalescent and thus should lead to
positive Tajima’s D values. This is not observed at thecient). The smallest physical distance between loci show-

ing evidence of selection in our sample is 2 
 106 nucleo- studied loci since four of the nine Tajima’s D are nega-
tive (Table 2).tides (Table 1). The lowest recombination rate at

studied loci is r � 6 
 10�9 event/bp. Assuming this Below we examine whether a recent increase of
In(2L)t frequency, as suggested by Andolfatto et al.value over the whole region, a favored gene occurring

between two observed loci should have a selective advan- (1999), could have caused a general deviation from
neutral expectation. We then try to identify indepen-tage of �0.06 for the selective sweep to be detected at

one of these loci with at least a 5% probability. The dent selective events and to assess whether selection was
suspected before the study or found at random.power of the other haplotype tests is probably not very

different. It is therefore highly improbable that the par- Linkage with the In(2L)t inversion: The frequency of

TABLE 5

Neutrality test based on derived mutations

Locus dpp Acp26Aa Acp26Ab Acp29AB Fbp2 GH10711 Vha68-1 Sos Su(H)

Sample size (n) 20 24 24 14 10 20 20 20 20
No. of oriented mutations (M)a 27 35 37 43 52 57 7 21 40
�� (per gene) 6.62 8.62 8.66 14.16 20.22 16.97 1.13 6.18 13.84
�H (per gene) 12.23 15.82 14.12 14.6 21.11 23.55 3.51 11.29 21.53
P(H 	 Hobs|M, n)b 0.088 0.082d 0.121 0.305 0.297 0.153 0.062 0.071 0.091e

P(H 	 Hobs|M, n)c 0.057 0.047d 0.104 0.379 0.369 0.123 0.051 0.047 0.057e

After Fay and Wu (2000).
a Mutations with a known ancestral state (D. simulans was used as an outgroup).
b Assuming no recombination, computed from 50,000 simulations.
c Assuming recombination parameter 4Ner � 0.008/pb, computed from 20,000 simulations.
d This test was significant for the standard subsample.
e This test was significant for the In(2L)t subsample.
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TABLE 6

Genetic structuring between chromosomal arrangements

Locus dpp Acp26Aa Acp26Ab Acp29AB Fbp2 GH10711 Vha68-1 Sos Su(H)

No. of In(2L)t chromosomes 9 10 10 10 6 9 9 9 9
No. of standard chromosomes 11 11 11 4 4 11 11 11 11
No. of informative sitesa 23 29 25 46 60 46 4 19 57
No. of shared polymorphismsb 7 22 23 30 23 32 0 6 23
No. of genetic exchange eventsc 1 1 1 0 1 4 0 0 2
In(2L)t to standard ratio for � at silent sites 0.618 0.985 0.851 0.951 0.565 0.869 0.289 1.218 0.760
FST 0.190 �0.018 �0.034 �0.011 0.152 0.076 0.095 0.175 0.314
P value 0.002 0.662 0.768 0.466 0.082 0.107 0.083 0.006 0.002

a Including length polymorphisms.
b No fixed differences were found between In(2L)t and standard lines at any locus.
c Computed after Betrán et al. (1997).

In(2L)t varies widely in Africa (Veuille et al. 1998). This 5), which are always associated with significant FST values
(Table 6). At Vha68-1 and Su(H), however, there is inde-may result from selection or from drift. The absence of

nucleotide variation at its breakpoints suggests that the pendent evidence of a selective sweep, suggesting that
patterns of variation in each of these genes were alteredinversion is very young (Andolfatto et al. 1999). Old

world populations of D. melanogaster are genetically dif- by different events: a selective sweep and a shift in the
inversion frequency. A single selective sweep occurs atferentiated for silent variation in Adh slow haplotypes,

which are in linkage disequilibrium with this inversion a given time and extends over a given area. Considering
the time parameter, Galtier et al. (2000) showed that(Bénassi and Veuille 1995). No such structuring was

observed for microsatellites from other regions of the a single bottleneck could not have caused the deviation
from neutrality observed at Fbp2, Vha68-1, and Su(H).second chromosome (Michalakis and Veuille 1996).

These observations suggest that the very high frequency Polymorphism data from the three newly sequenced
intervening loci (dpp, GH10711, and Sos) enable us toof this inversion in Ivory Coast results from selection.

In this study, genetic structuring between inverted and partition the deviations from neutrality previously de-
tected at other loci [Acp26Aa, Fbp2,Vha68-1, and Su(H)]standard chromosomes was found for loci close to

In(2L)t breakpoints [dpp, Sos, and Su(H)]. into effects from different selective events.
Selective sweep at Su(H): Sequence variation in thisIn a comparison of nucleotide diversity between

In(2L)t and standard, inverted chromosomes were less gene was substantial, and yet was distributed among few
haplotypes, thus departing significantly from neutralpolymorphic in eight out of nine loci (Table 6). This

result was significant in a sign test (P � 0.02). The trend equilibrium in a haplotype test (Depaulis et al. 1999).
This departure from neutrality was also observed in each(nonsignificant) is the same for Watterson’s estimator

of nucleotide diversity, which should be equal to nucleo- chromosomal class (Table 4), suggesting that the shift
in inversion frequency was not responsible for the ob-tide diversity under a neutral model, since only seven

out of nine loci are less polymorphic within the inverted served pattern of variation at this locus. There were few
singletons (5 out of 44 polymorphisms), suggesting thatthan within the standard chromosomal class (P � 0.11).

However, this trend suggests that the In(2L)t chromo- the sweep is recent and that few mutations have accumu-
lated since. This polymorphic pattern makes it unlikelysomal class is less polymorphic. This is consistent with

a recent increase of In(2L)t frequency (Andolfatto et that the observed 1-kb DNA fragment was the focus of
the sweep. More likely, selection occurred in a nearbyal. 1999). The significant lack of haplotype diversity for

In(2L)t at GH10711 (Table 4) could also result from a region, within or outside Su(H), and some haplotypes
were rescued from the sweep through recombination.recent shift in In(2L)t frequency. However, these results

should be interpreted with caution since a chromosomal Linkage disequilibrium with In(2L)t at Su(H) was first
noticed during a microsatellite survey (Depaulis et al.class isolated from the rest of the population does not

constitute a random sample of chromosomes, and 1999). Sequence variation then showed that two phe-
nomena were superimposed; there was structuring withapplying neutrality tests on this subsample may lead to

invalid conclusions (Innan and Tajima 1997, 1999). the inversion, but there was also a selective sweep within
each chromosomal arrangement. This means that thisA recent shift in In(2L)t frequency may have skewed

the frequency spectrum of mutations at loci where sig- gene was taken at random with respect to the selective
sweep, but not with respect to linkage disequilibriumnificant structuring is observed with respect to the inver-

sion. This may explain the low P values obtained from with the inversion.
Selective sweep at Vha68-1: Variation in this gene wasFay and Wu’s test for dpp, Vha68-1, Sos, and Su(H) (Table
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Figure 3.—Neighbor-joining trees of haplotypes at dpp, GH10711, and Sos. Bootstrap percentages were calculated among 5000
replicates; sequences for which genetic exchange between In(2L)t and standard lines was identified are underlined.

very low and significantly departed from neutrality in a class (�2 � 5.474, P � 0.019), suggesting that the selec-
tive sweep was not driven by the inversion shift only.HKA test (Hudson et al. 1987) when other genes were

used as a reference. An HKA test performed against the Moreover, the 11 variants found in this gene were not
very frequent; 8 of them are singletons and the otherGH10711 locus led to significant results both within

In(2L)t (�2 � 8.441, P � 0.004) and within the standard 3 are rare variants. A selective sweep possibly occurred
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across this gene or very close to it, and observed poly- dently affected variation patterns at four genetic loci
morphisms probably result from mutations occurring [Acp26Aa, Fbp2, Vha68-1, and Su(H)]. The contrasting
afterward. In the standard arrangement, this gene is patterns of polymorphism observed between loci in our
located between two neutral loci (GH10711 and Sos). African sample make alternative demographic explana-
This suggests that the selective sweep at this locus is tions, such as bottleneck, founder effects, or population
independent of those found elsewhere. Departure from structure unlikely, although these events may have in-
neutrality in this gene was initially unexpected when creased the variance over loci. In addition, a selective
first observed, as the authors’ purpose was to study popu- sweep was probably transmitted to several genes through
lation structuring at a gene close to In(2L)t (Depaulis a change in In(2L)t frequency. An obvious consequence
et al. 2000). of this shift in inversion frequency is the lower level of

Selective sweep at Fbp2: Sequence variation in this polymorphism in inverted chromosomes, as previously
gene deviated from equilibrium using a haplotype test observed by Andolfatto et al. (1999) at the proximal
based on the frequency of the major haplotype (Hud- breakpoint of this inversion. As the four regions lying
son et al. 1994; Kirby and Stephan 1995). This gene proximally and distally to breakpoints cosegregate as
lies within the In(2L)t inversion. Of 10 sequences, 5 a single unit, an inversion can also be considered a
showed the same haplotype over the entire coding unit, “locus.”
3 of them belonged to the In(2L)t class, and 2 belonged However, this sample of loci was not taken at random,
to the standard class. The Fbp2 gene probably underwent since selection was already suspected for Acp genes, and
hitchhiking due to selection at a nearby locus (Bénassi since inversion polymorphisms are considered potential
et al. 1999). The driving gene of this selective sweep targets for selection in many population genetics stud-
probably lies close to Fbp2 within the inversion. Nucleo- ies. Sequence variation was blindly examined at only six
tide variation was first investigated at Fbp2 to examine loci. Three loci [Fbp2, Vha68-1, and Su(H)] out of the
amino acid variation as this gene encodes a protein that six deviated from neutrality. Some of these deviations
is methionine rich (Rat et al. 1991; Meghlaoui and may be due to a demographic event. For instance, we
Veuille 1997). There was no segregating methionine would expect about three genes out of six to depart
in the data set and no methionine was fixed in the D. significantly from neutrality using a test with 50% power
melanogaster lineage since its speciation with D. simulans. to detect an event. Although this proportion is impre-
However, inspection of the silent sites showed evidence cise, it suggests that “footprints” of positive selection are
of hitchhiking due to an undetermined selection event. present in a substantial proportion of genes.
After this study, we changed our sampling method and D. melanogaster is a reference organism that has been
recorded polymorphism �1 kb from intronic regions

used in many evolutionary studies. Most of these studies
in 20 lines rather than 2 kb from coding regions in 10

were conducted in “derived” populations that may havelines. This change aimed to use a priori tests like H- and
been affected by adaptation to new environments andK-tests rather than a posteriori tests that use a sliding
to founding events. Such a high proportion of non-window approach. Despite these changes in the sam-
neutral loci has been previously recorded in a samplepling design, Fbp2 significantly departed from neutrality.
of 20 genes from highly recombining regions in D. mela-Therefore, it is valid to compare Fbp2 results with those
nogaster (Moriyama and Powell 1996). However, thisof other loci, even though more satisfying tests were
initial review considered data from studies carried outapplied to them.
on a nonrandom sample of genes. Furthermore, all ofSelective sweep at Acp26Aa: In this study, we con-
these elementary studies consisted of data for derivedfirmed that sequence variation in this gene deviated
populations of D. melanogaster. The present study is thefrom neutral equilibrium using Fay and Wu’s test (Fay
first to consider sequence polymorphism in severaland Wu 2000) for our population sample. This test
genes from the same African population of D. melanogas-remained significant when run on standard chromo-
ter, thus providing a rough idea of selection pressure insomes, showing that the shift in In(2L)t frequency is
this organism in its original habitat. The shift in In(2L)tunlikely to be the cause of departure from neutrality.
frequency was observed both at neutral loci (dpp, Sos,Fay and Wu (2000) previously showed this result to be
GH10711) and at Su(H). In dpp, a family of haplotypesassociated with the absence of polymorphism �200 bp
recombined away from the inversion, thus generatingin this gene (Aguadé 1999). As Drosophila Acp genes
a singular haplotype structure of the sample. It is proba-encode sex peptides that are thought to contribute to
bly the same pattern that was observed in a New Jerseysperm competition, hypotheses on selection clearly mo-
population (Richter et al. 1997). However, the lowtivated population genetics studies in these genes (Agu-
frequency of this inversion in North America did notadé et al. 1992; Aguadé 1998, 1999), meaning that Acp-
allow the authors to make any definitive conclusions.26Aa was not chosen at random in the Drosophila
Our observations show that haplotype patterns can havegenome.
a complex historical origin and that populations areProportion of selective events in a random sample of

genes: In this study, selection was shown to have indepen- likely to be by no means simple. The impact of selection
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pseudoobscura inhabiting isolated mountain ranges. Geneticsupon Drosophila genome variation in the recent history
23: 463–484.

of this species appears very substantial. Chromosomal Fay, J. C., and C.-I Wu, 2000 Hitchhiking under positive Darwinian
inversions could play an important role in shaping varia- selection. Genetics 155: 1405–1413.

Fu, Y. X., and W. H. Li, 1993 Statistical tests of neutrality of muta-tion along chromosomes. It would be of interest to sur-
tions. Genetics 133: 693–709.vey molecular polymorphism from regions where no Galtier, N., F. Depaulis and N. H. Barton, 2000 Detecting bottle-

common inversions occur in the range of the species. necks and selective sweeps from DNA sequence polymorphism.
Genetics 155: 981–987.
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