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ABSTRACT
The recent action of positive selection is expected to inßuence patterns of intraspeciÞc DNA sequence

variation in chromosomal regions linked to the selectedlocus. These effects include decreasedpolymor-
phism, increased linkage disequilibrium, and an increased frequency of derived variants. These effects
are all expected to dissipate with distance from the selected locus due to recombination. Therefore, in
regions of high recombination, it should be possible to localize a target of selection to a relatively small
interval. Previouslydescribedpatternsof intraspeciÞcvariation in three tandemly arranged, testes-expressed
genes ( janusA, janusB, and ocnus) in Drosophila simulans included all three of these features. Here we
expand the original sample and also surveynucleotide polymorphism at three neighboring loci. On the
basisof recombination eventsbetween derived and ancestralalleles,we localize the target of selection to
a 1.5-kb region surrounding janusB. A composite-likelihood-ratio test based on the spatial distribution
and frequency of derived polymorphic variants corroborates this result and provides an estimate of the
strength of selection. However, the data are difÞcult to reconcile with the simplest model of positive
selection, whereasa new composite-likelihood method suggeststhat the data are better described by a
model in which the selectedallele has not yet gone to Þxation.

THE recent action of positive selection is expected will be singletonsor of low frequency, producing a skew
to leavea footprint on patternsof intraspeciÞcDNA in the site-frequency spectrum (Aguade« et al. 1989;

sequencevariation. This footprint results from the ef- Braverman et al. 1995). However, both the reduction
fects that selection imposeson the genealogyof geno- in polymorphism and the site-frequency skew are ex-
mic segments linked to the selected variant and the pected to dissipatewith distancealong the chromosome
spatial localization of these effects due to recombina- from the selectedsite becauseof recombination. This
tion. Becauseall sequenceswith complete linkage to the dissipation should produce avalleyof minimal heterozy-
beneÞcial mutation must coalescebefore the mutation gosity in the region containing the selected site, with
event (going backward in time), these sequenceswill decay on either side of the valley to neutral levels of
form a star-like tree of relationships with very short heterozygosity(Maynard Smith and Haigh 1974;Kim
branch lengths relative to the neutral coalescentexpec- and Stephan 2002).
tation (Kaplan et al. 1989). The star phylogeny results The combination of positiveselectionand recombina-
in a decreasein heterozygosityassociatedwith the rapid tion producesdistinctive patterns at sitesthat are linked
increasein frequency of the beneÞcialmutation, which to the selected mutation, but distant enough that at
has been called genetic hitchhiking (Maynard Smith least one sequencein the sample has undergone a re-
and Haigh 1974) or selectivesweep.The extent of the combination event between the neutral and selected
region affectedbyasweepisdetermined by the strength sites. In such a region, the genealogy will resemble a
of selection and the local rate of recombination (May- star phylogeny connected by a long branch to other
nard Smith and Haigh 1974;Kaplan et al. 1988,1989). lineages with a more neutral-looking set of coalescent
Asneutral mutations accumulateon apostsweepgeneal- relationships (Fay and Wu 2000). This particular topol-
ogy,most of those present in samplesof reasonablesize ogy results in an excessof rare polymorphic variants

due to the long branches between the swept lineages
and the recombined lineages.Furthermore, becauseof
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The excessof high-frequency-derived variants should selectivesweeps(Kim and Stephan 2002) to allow dis-
crimination between the hypothesesof complete andtherefore be diagnostic of a region with partial linkage

to a sweptsite. incomplete sweeps.The results indicate that a partial-
sweep model Þts the data signiÞcantly better than aThese genealogical relationships will also affect the

haplotype structure among sampledchromosomes.The completed sweepand suggestthe historical or current
action of more complex evolutionary forces, such as bal-relatively long branchesbetweensweptand recombined

alleles should produce an excessof linkage disequilib- ancing or epistatic selection, in thisregion of the genome.
rium, due to the large number of polymorphic variants
that are Þxed betweenthe haplotype groups (Przewor-

MATERIALS AND METH ODSski 2002). Furthermore, when a recombination event
occurs early in the sweep,then two or more chromo- Fly stocks: D. simulans lines were provided by P. Capy and

Y.Tao. All lines were derived from a single female and main-somes, each with itsown distinctive set of polymorphisms,
tained by full-sib matings for ! 50 generations. The majoritymay rapidly move to high frequency, producing multi-
of lines were initially collected by Rama Singh in 1983, andple haplotype groups with little or no variation within
a number of others are described in Atlan et al. (1997). This

each, but an excessof variants Þxed between them. As worldwide collection of isofemale lines reßects the history of
with the patterns of heterozygosityand polymorphism collection by researchersmore than any aspectof D. simulans

population structure. All ßies were raised on standard corn-frequencies, this pattern of haplotype structure is also
meal agar medium at 25".expected to decaywith distance from the selectedsite,

DNA sequencing:Genomic DNA wasextracted from asingleand the observationof suchblocksof linkage disequilib-
maleof eachline asdescribedpreviously(Parsch et al. 2001b).

rium has been proposed asa method for mapping the The janA-ocn region was PCR ampliÞed as a single 2.4-kb
recent action of positive selection from genome sequence fragment from genomic DNA using primers and conditions

described previously (Parsch et al. 2001a). Four primer pairsdata (Sabeti et al. 2002).
designed using the published D. melanogaster genome sequenceA region located within polytene band 99D on chro-
(Adams et al. 2000) were usedto amplify a ! 700-bpfragmentmosome arm 3R in Drosophila simulans wasrecently shown
from sry#, a! 900-bpfragment from sry$, and two overlapping

to contain apattern of nucleotide polymorphism consis- fragments totaling ! 1200 bp from sry%. PCR products were
tent with the recent action of positive selection by the used assequencing templates following puriÞcation with the

QIAquick PCR puriÞcation kit (QIAGEN, Valencia, CA) orcriteria outlined above (Par sch et al. 2001a). Thisregion
after treatment with the SAP/EXO reagent (United Statescontains three paralogous, testes-expressed genes, janusA
Biochemical, Cleveland). Gene-speciÞcinternal primers and( janA), janusB ( janB), and ocnus (ocn; Yanicost as et al.
the original ampliÞcation primers were used for sequencing

1989; Parsch et al. 2001b). A comparison of DNA se- with the BigDye2.0 cyclesequencingkit (Applied Biosystems,
quencessampled from a worldwide collection of eight Foster City, CA) following the manufacturerÕsprotocol. Se-

quenceswere run on an ABI 3100automated sequencer,andD. simulans lines revealed that this region contains low
each fragment wassequencedat least once on both strands.levels of DNA polymorphism and an excessof high-
DNA sequenceshave been submitted to GenBank under thefrequency-derived alleles. In addition, this region showed
accessionnumbers AY663111ÐAY663284.

strong haplotype structure, with ahigh-frequency haplo- DNA polymorphism and haplotype analysis:Nucleotide se-
type group containing very little heterozygosityand a quence data were extracted in Sequencher4.1 (Gene Codes,

Ann Arbor, MI) and aligned in Clustal X (Thompson et al.low-frequency haplotype group with levelsof variation
1997). Nucleotide polymorphism, haplotype and recombina-that are more typical for D. simulans. The previousstudy
tion statistics, and tests of neutrality were calculated usingrevealeda break in the haplotype structure located be-
DnaSP3.99(Rozas et al. 2003) and SITES(Hey and Wakeley

tween janB and ocn; however,recombination eventsthat 1997). The probabilities associatedwith TajimaÕsD (Tajima
could deÞne the proximal limit of the haplotype struc- 1989), haplotype diversity, and Fu and LiÕsD and F statistics

(Fu and Li 1993) were calculated using DnaSP3.99. Fayandture were not observed, leaving the extent of the selected
WuÕsH statistic (Fay and Wu 2000) and associatedprobabili-region in question. To further characterizethegeographic
ties were calculated using a program available from J. Fay,and chromosomal extent of this haplotype structure,
assumingno recombination and a probability of back-muta-

wereport here asurveyof DNA sequencepolymorphism tion of 0.03 (using D. melanogaster as the outgroup) or 0.05
in a worldwide sample of haplotypes from D. simulans (using D. yakuba asthe outgroup). The haplotype testof Hud-

son et al. (1994) wascalculated using a program provided byat the jan-ocn region and in the three serendipity ( sry)
J.Braverman. This test compares the observedconÞgurationgenes,sry%, sry#, and sry$, which are located just proxi-
of segregatingsitesamong haplotypeswith that expected un-mal to janA. The resultsindicate distinct recombination
der neutrality. This comparison is done by partitioning the

eventsdisrupting the haplotype structure on either side data into two groups of sequencesand determining the proba-
of janB, suggestingthat the target of positive selection bility of observing i sequenceswith j or fewer segregatingsites.

Partitions that maximized i and minimized j werechosenandlies in or near this gene. Application of a likelihood-
corrected for the a posteriori choice of i and j by including theratio test for a selectivesweepalsolocalizesthe selected
probability of all possible conÞgurations more extreme thansite to janB. Because the presence of low-frequency,
that observed.Probabilities of summary statisticsand of con-

ancestralallelesthroughout the putative selectedregion Þgurationsof the haplotype testweredetermined from 10,000
is inconsistent with a single, completed sweep,we have random coalescentsimulations with no recombination, condi-

tioned on the observednumber of segregatingsites.Heteroge-elaborated previously developed methods for detecting
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Figure 1.ÑDiagram of
the portion of chromo-
somal band 99D studied
here. Solid bars represent
exonsand intervening lines
represent introns. Barsabove
represent sequenced regions.

neity in the ratio of polymorphism and divergencewasassessed identiÞed by comparison with the published D. melanogaster
sequence(Adams et al. 2000). The scaledper-nucleotide re-using the DNA Slider program (McDonald 1998) with the

published D. melanogaster sequenceasan outgroup. Following combination parameter Rn wasestimated as0.065.This num-
ber was obtained from seven alleles of haplotype group IIthe logic outlined by McDonald (1996), 100 neutral simula-

tions were run with the per-locus scaledpopulation recombi- (Parsch et al. 2001a) using the method of Hudson (1987).
We also estimated Rn using &, a coalescentestimator of thenation parameter (R ) set to 1, 2, 4, 8, 16, 32, and 64. The

value(s) of R that maximized the probability of the data were population recombination rate (Hey and Wakeley 1997),
which gives values ranging from 0.009 (using all of the se-then chosen,and the probability wasrecalculated with 10,000

simulations. quenced sites and all 36 lines) to 0.027 (using sites in the
janA-ocn region with the samesevenalleles asabove). TheseComposite-likelihood analysis: Kim and Stephan (2002)

proposed a composite-likelihood method to detect the diag- are likely to be lower bounds on the true population recombi-
nation parameter, as& under most circumstancesunderesti-nostic featuresof a selectivesweepfrom DNA sequencedata.

However, this method assumed that the population from mates the true Rn (Wall 2000). Estimatesfrom the genetic
map, using data from True et al. (1996) and following thewhich the sequenceshavebeen sampled is Þxed for the puta-

tive beneÞcial mutation ( i.e., a complete sweep).Becausewe method of Andolfatto and Przeworski (2000), give an Rn

of 0.037for interval 99D in D. simulans. We therefore includedsuspectedthat the pattern in the jan-ocn region wascaused
by the hitchhiking effect of a beneÞcialmutation that hasnot simulations and testswith Rn ' 0.005,0.03,and 0.1to examine

the effect of Rn on the composite-likelihood analysis,astheseyetÞxed(Parsch et al. 2001a),wemodiÞed the method of Kim
and Stephan (2002) to allow the frequency of the beneÞcial valuesrepresent a reasonablerange of valuesfor the true Rn

in this region of the genome.mutation at the time of sampling, $, to be lessthan one ( i.e.,
an incomplete sweep).The modiÞed method proposesa new
composite likelihood in which $ is an additional parameter
(appendix ). RESULTSFor a given sampleof DNA sequences,the maximum com-
posite likelihood is obtained under three different models: Reduced polymorphism and skewedsite frequencies
the neutral model (L0), the complete-sweepmodel (L1), and at 99D: We sequenced! 5 kb of a 7.5-kbregion locatedthe incomplete-sweepmodel (L2). All three models assume

within cytological band 99D on chromosomearm 3Rfromthat ( (the population mutation parameter 4N) ) and Rn (the
36 lines of D. simulans (Figure 1). The conÞguration ofscaledper-nucleotide recombination rate 4N* ) are known. L1

is the maximum composite likelihood found by varying the segregating sites in this sample is shown in Figure 2.
location of the beneÞcial mutation, X, and the strength of Polymorphism in this region is low relative to other loci
selection, 2Ns ' #, while setting $ ' 1. L2 is obtained by that have been sequenced from chromosome arm 3Rallowing $ to varybetween0 and 1, producing joint estimates

in D. simulans (Begun and Whit l ey 2000) and the otherof X, #, and $. These different hypothesesare tested using
autosomes(Moriyama and Powell 1996). Figure 3Athe likelihood ratios LR1 ' log(L1/ L0) and LR2 ' log(L2/ L1).

To evaluate these likelihood ratios and examine the perfor- depicts polymorphism scaledby divergence (+/ K ) cal-
manceof the parameter estimation, maximum composite like- culated within a sliding window of 400 bp over the sam-
lihoods were calculated for data setssimulated under various pled region. Scaledpolymorphism in this region is low-models. Simulations were conducted according to Kim and

est at the 5, end of janB. The ratio of polymorphismStephan (2002) with the following modiÞcations: if $ - 1.0
to divergence appears to be unusually heterogeneousin the selective sweepmodel, simulations were started with

n$ sequencescarrying the beneÞcial mutation and n(1 . $) acrossthis region, as determined by a sliding window
sequencescarrying the ancestral allele. In other words, the testthat comparesruns of consecutivepolymorphic and
ancestral recombination graph is constructed starting in the Þxed mutations with neutral coalescent simulationsmiddle of the selective phase, with kB ' n$ and kb ' n(1 . $)

(McDonald 1998). The number of runs of consecutive(the number of ÒBÓand ÒbÓedges,respectively;seeKim and
polymorphic or Þxed sitesacrossthe 7.5 kb surveyedisStephan 2002).

All simulations were conducted with the samestructure as signiÞcantly lower than expected under neutrality (P '
the sampledsequencesin this study(n ' 36and sixsequenced 0.0061) and remains so(P ' 0.037) following a Bonfer-
segmentsover a 7.8-kbregion, asshownin Figure 1). For both roni correction for the multiple statistics that can besimulation and composite-likelihood analyses,the sequence

usedto describe this heterogeneity (McDonald 1998).wasdivided into noncoding and coding regions, and the per-
Departures from neutral genealogieswill distort thenucleotide mutation rate for each region wasgiven as( and

0.3( , respectively,where( isWattersonÕsestimatorof the popu- spectrum of site frequencies found in DNA sequence
lation mutation parameter calculated from the data (Wat- data. TajimaÕsD-statistic(Tajima 1989) testsfor devia-
t er son 1975). Thisapproach isconservative for the likelihood-

tions of this sort, with negative values indicating anratio test (Kim and Stephan 2002). Nonsynonymous and
excessof rare polymorphic variants,and positive valuesinsertion/deletion polymorphisms were excluded from the

analysis. Ancestral and derived allelesat polymorphic siteswere resulting from an excessof intermediate frequency vari-
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ants. TajimaÕsD is signiÞcantly negative at janB and is
negative, although not statistically signiÞcant, for Þve
of the six genesand for all of the data combined (Table
1), indicating adeÞciencyof polymorphisms at interme-
diate frequency. Fu and Li have proposed testsof neu-
trality that compare the proportion of mutations found
on the internal and external branches of a genealogy
with the proportion expected under neutrality (Fu and
Li 1993). Their D-statisticproduces a signiÞcantlynega-
tive valueat janB (Table 1), which resultsfrom the large
number of singletonspresent in 10 of the 36 sequences
(Figure 2). Figure 3B showsthe valuesfor Fu and LiÕs
D calculated for a sliding window of 400 bp over the
entire region. A localizedsegmentwith signiÞcantlyneg-
ative valuescan be seentoward the 3, end of janB, and
similar results are obtained with Fu and LiÕsF (not
shown). The remaining genes in this region show no
signiÞcantdepartures from neutrality by thesetests(Ta-
ble 1). Thus, while the pattern of DNA sequencepoly-
morphism and segregating site frequencies is unusual
acrossthe sampled region, these deviations from neu-
trality are strongest in the vicinity of janB.

Comparison with the D. melanogaster sequencereveals
that, at a large fraction of the nonsingleton segregating
polymorphic sites,the common allele is in the derived
state(Figure 2). The presenceof a high-frequency, de-
rived haplotype with low levels of polymorphism was
previously observedin the janA-ocn region in a subsam-
ple of the data presented here (Parsch et al. 2001a)
and is a hallmark of a selective sweep (Fay and Wu
2000). When the D. melanogaster sequenceis usedasan
outgroup, the H-test of Fay and Wu (2000) does not

Figure 2.ÑSequence data for six genesin region 99D. Theproduce a value inconsistent with neutrality for any of
D. melanogaster (mel) sequenceis from Adams et al. (2000);

the six genes or for the region as a whole (Table 1). the D. yakuba (yak) sequencesare from Parsch et al. (2001b;
This isdue to the retention of relatively high amountsof janA-ocn) and Caccone et al. (1996; sry#). Asterisksbelow the

sequencesindicate nonsynonymous polymorphisms; verticalgenetic variation present in a minority of chromosomes
lines indicate noncoding polymorphisms. Boxed sitesindicate(s18Ðs36in Figure 2). However, if the more distantly
that the rare D. simulans allele matches D. melanogaster andrelated D. yakuba sequence is used to polarize the D.
the common D. simulans allele matchesD. yakuba ; shadedsites

simulans polymorphisms as ancestral or derived, a sig- indicate that the rare D. simulans allele matches D. yakuba
niÞcant H-statistic is obtained for all of the genes for and the common D. simulans allele matches D. melanogaster.

Abbreviations for the location of origin of the D. simulans lineswhich D. yakuba sequencedata is available (Table 1).
are: SA, South Africa; SM, St. Martin; JA, Japan;FR, France;This is due to a number of siteswhere a rare polymor-
TU, Tunisia; AU, Australia; HA, Haiti; US, United States;SE,phism in D. simulans matchesD. yakuba but not D. melano-
Seychelles;PE, Peru; KE, Kenya; CO, Congo; PO, Polynesia;

gaster (Figure 2, shaded sites). It is not clear whether and ZI, Zimbabwe.
this homoplasycanbeattributed to multiple hits at these
sitesor to the retention of ancestralpolymorphisms in
the D. simulans and D. melanogaster lineages.Excluding The method performs fairly well when estimating X and

is more precise when X ' 6.3 than when X ' 5. Thisall siteswith conßicting outgroup information produces
H-test results qualitatively similar to those obtained us- is due to the location of the gaps in the sequenced

region (Figure 1). When a sweepoccurs, it creates aing the D. melanogaster sequence(not shown).
Composite-likelihood test of a selective sweep: To valleyof heterozygosityand skewin the site frequencies

centered on the site of the beneÞcial mutation (May-examine the ability of the new composite-likelihood
method to detect partial sweeps,weapplied the method nard Smith and Haigh 1974;Kim and Stephan 2002).

The power to detect a sweepis dependent on the abilityto data sets simulated under an incomplete sweep
model. Table 2 and Figure 4 showthe resultsof parame- to observesitesthat haveexperienced somerecombina-

tion with the selected site, as these will produce theter estimation for simulations where the frequency of
the selectedallele at the time of sampling was$ ' 0.7. maximal skewin the site frequency spectrum. Detecting
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Figure 2.Ñ Continued.

both ÒedgesÓof the valley of reduced heterozygosity We evaluated the power of this method to detect
incomplete sweepsbycomparing the distribution of LR2should be more powerful than detecting only one edge.

The sequencedregions from sryB, janA, janB, and ocn obtained from data setssimulated under the neutral,
complete-sweep,and incomplete-sweepmodels (Tableform an almost continuous stretch of sequences,with

X ' 6.3 near the center of this block (Figure 1). In 3). To evaluatethe ability of the method to distinguish
partial sweepsfrom both neutral genealogiesand com-contrast, X ' 5 is located within the sryB sequence,and

a simulated sweeplocated on X ' 5 may contain an plete-sweepsimulations, null distributions of LR2 were
generated under complete sweepsas well as neutraledge in a gap ( i.e., it may missa recombination event).

However, the method produces poorer estimatesof equilibrium. In all cases,the cutoff for statisticalsigniÞ-
cancewaschosento be the valueof LR2 generatedunder# and $. Mean estimatesof # are upwardly biaseddue

to a small fraction of simulated data setsthat generate anull-distribution model (neutralityor acomplete sweep)
below which 95% of the null-distribution masswascon-verylargeestimates,and the median #ö seemsto underes-

timate the true # (Figure 4B; Table 2). For many data tained. With Rn ' 0.065and acrossa range of valuesof
# and X, the maximum 95% cutoff for LR2 was- 2.5 forsets, the maximization of L2 leads to $ö ' 1.0, which

therefore yields LR2 ' 0. From the joint distribution of neutral null distributions and - 3.5for completed-sweep
null distributions (Table 3). Therefore, if the data pro-#ö and $ö, it appearsthat a better Þt is frequently given

to a model of a complete sweepcausinga reduction in duce an LR2 ! 3.5, we may reject either a neutral or a
complete-sweepmodel in favor of an incomplete sweep.variation over a small region, i.e., an overestimateof $

and an underestimate of # (Figure 4B). However, even Using this threshold, the power to detect an incomplete
sweepfrom simulated data (with $ ' 0.7) rangesfromexcluding thosesimulations where$ö ' 1.0,$ö still overes-

timates$. Estimatesof theseparametersfrom datamust 0.013 to 0.855 depending the location and strength of
selection (Table 3, cases16Ð22)and increaseswith thetherefore be interpreted cautiously.
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Figure 3.ÑLow polymorphism and excessof
singletons at janB. Graphs were generated using
DnaSP 3.99 (Rozas et al. 2003) with a sliding
window of 400 nucleotides and a step sizeof 25
nucleotides. (A) Average pairwise differences
(Tajima 1983) divided by divergence.(B) Fu and
LiÕsD (Fu and Li 1993). The horizontal line indi-
cates values of D that are signiÞcantly different
from 0 at P - 0.05.

strength of selection. Inspection of Table 3 revealsthat enced by directional selection of this magnitude is not
expected to extend beyond 1.4 kb in either directionthe power to detect a sweep(partial or complete) is

greater for beneÞcial sites located at X ' 6.3 than at from the selectedsite,and this expectation rangesfrom
1.2 to 1.6 kb over the valuesof Rn considered here. TheX ' 5. This is a result of the inßuence of the structure

of the sequenced regions on the likelihood method complete linkage between sites as far apart as 4.6 kb
( i.e., sites3167and 7735) therefore suggestsa strongerdescribed above.

Applying the complete-sweep composite-likelihood selectivebeneÞt associatedwith the favored site. This
inference, aswell asinconsistenciesin the data with themethod to the data shown in Figure 2, and assuming

Rn ' 0.065,we obtain LR1 ' 16.08 (#ö ' 90.1 and X̂ ' predictions following a complete sweep, provide the
impetus for a composite-likelihood-ratio (CLR) test of7.01 / 103). Becausethe 99th percentile of LR1 from

the neutral simulations is 10.3, the neutral model is a partial sweep.
Applying the partial-sweeptest to the data and againclearly rejected in favor of the complete sweep.How-

ever, the estimated strength of selection (#ö ' 90.1) is assumingRn ' 0.065,weobtain LR2 ' 10.20(#ö ' 2.94/
104, X̂ ' 7.20 / 103, and $ö ' 0.60). BecauseLR2 'too small to explain the unusual haplotype structure

spanning the entire 7.8-kb region surveyed.A sweepis 10.2 0 Q0.95 derived from simulations of a complete
sweepwith a number of parameter values(Table 3), weexpected to inßuence variation only at linked neutral

loci where the recombination fraction with the beneÞ- can reject the complete sweepin favor of the incom-
plete-sweepmodel. In this case,#ö is overestimated, ascial locus is - s/2 (Maynard Smith and Haigh 1974;

Stephan et al. 1992). With Rn ' 0.065,the region inßu- an incomplete sweepof this strength would completely
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TABLE 1

Summary statistics for six genesin 99D

Gene Sitesa +a ( a TajimaÕsD Fu and LiÕsD Fayand WuÕsH b hdiv sub(i, j )

sry% 1088 (317) 4.13 (13.1) 5.51 (17.6) . 0.86 . 1.70 . 0.64 0.687* (21, 0)*
sry# 637 (155) 3.79 (8.16) 6.44 (15.6) . 1.36 . 2.08 . 1.29 ( . 1.64) 0.878 (21, 2)
sry$ 740 (210) 5.01 (17.6) 5.87 (20.6) . 0.49 . 1.23 . 1.57 0.646* (21, 0)*
janA 744 (410) 12.5 (21.7) 15.7 (27.0) . 0.60 . 0.68 . 5.49 ( . 9.37) 0.683** (19, 0)**
janB 1027 (619) 6.67 (10.1) 13.2 (20.1) . 1.72* . 2.86** . 7.13 ( . 15.6*) 0.765** (24, 1)**
ocn 573 (238) 10.8 (25.8) 10.2 (24.2) 0.23 . 0.07 . 4.72 ( . 6.78*) 0.633* (21, 0)*
All 4809 (1949) 6.82 (15.0) 9.36 (20.8) . 0.97 . 1.84 . 20.90 ( . 31.74*)c 0.94* (8, 0)*

+, averagenumber of pairwise differences (Tajima 1983); ( , estimator of 4N) (Watterson 1975); hdiv, haplotype diversity
(Nei 1987); sub(i, j ), the most extreme subsetof the sample,where i and j are the number of allelesand number of segregating
sites in the subsample, respectively (Hudson et al. 1994). SigniÞcance levels were determined by 10,000 random coalescent
simulations conditioned on the observednumber of allelesand segregatingsitesand assumingno recombination. janB includes
the region labeled ÒintergenicÓin Figure 2. *P - 0.05; ** P - 0.01.

a Valuesof + and ( were multiplied by 103; valuesin parenthesesare for synonymousand noncoding sitesonly.
b Values in parentheseswere determined using the D. yakuba sequenceasan outgroup.
c janA, janB, and ocn only.

wipe out variation on affected chromosomes over a footprint of a selective sweep isinferred from the changes
of haplotype structure over this region (see below).region ! 400 kb. This overestimation can likely be at-

tributed to the ignorance of the correlation between To examine the sensitivityof theseresults to our esti-
mate of Rn, we repeated the analysiswith Rn ' 0.005,polymorphic sites in the calculation of the composite

likelihood. This likelihood is obtained by multiplying 0.03, and 0.1. Table 4 showsthat the null distribution
of LR2 increaseswith decreasingRn, and the sametrendthe probability of the observed frequency of derived

alleles across sites, ignoring the correlation between can be observedin the valuesof LR2 obtained from the
data. However, the empirical LR2 is still ! Q0.95 for allpolymorphic sites.An overestimation of # will then re-

sult from homogeneity in the frequency of derived al- valuesof Rn (Table 4). The proÞles of LR2 asa function
of X for different recombination rates are also similarleles.If similar frequenciesof derived allelesare present

throughout the data, asseenin Figure 2, a model of a (data not shown). Therefore, the support for a partial-
sweepmodel over a complete-sweepmodel and the in-partial sweepdriven by very strong selection is favored

by the composite likelihood. In other words,the data in ference of the location of the beneÞcial allele is largely
insensitiveto assumptionsregarding Rn. The minimumFigure 2 do not showa sufÞcientdecayin the frequency

spectrum skewin either direction to be compatible with estimated value of # (1.15 / 104) still appears to be
greater than expected, on the basis of the observeda moderate #. This conclusion is supported by the pro-

Þle of LR2 asa function of X. Although there is a peak extent of nucleotide variation.
While the composite-likelihood approach clearly sup-at X ' 7.10 kb, the plot of LR2 is almost ßat over the

entire region (the difference between multiple local op- ports the hypothesisof an incomplete sweep,it cannot
identify which chromosomescarry the putative beneÞ-tima is - 0.5; data not shown). A much more limited

TABLE 2

Composite-maximum-likelihood estimation of parameters applied to simulated data

# X (kb) #ö X̂ (kb) $ö

100 5 73 (21, 266) 5.02 (2.97, 6.81) 0.993 (0.766, 1)
500 5 381 (77, 1090) 5.11 (4.06, 6.26) 0.857 (0.694, 1)
2000 5 1754 (463, 5831) 5.24 (3.59, 6.89) 0.761 (0.666, 0.906)
100 6.3 82 (26, 257) 6.26 (4.86, 6.89) 0.918 (0.720, 1)
500 6.3 465 (117, 1190) 6.34 (5.71, 6.95) 0.796 (0.692, 0.983)
2000 6.3 1793 (318, 5960) 6.34 (5.03, 7.52) 0.758 (0.682, 0.853)
500a 5 447 (182, 853) 5.00 (4.71, 5.62) Ñ
500a 6.3 447 (119, 796) 6.30 (5.94, 6.73) Ñ
2000a 6.3 1359 (525, 2628) 6.29 (5.71, 6.99) Ñ

Median and (10%, 90%) valuesfor eachestimateare shown;$ ' 0.7. Resultsare basedon 1000simulations
for each parameter set.

a Parameter valueswere estimated under the complete-sweepCLR method using subsetsof chromosomes
carrying a beneÞcial allele generated under incomplete-sweepsimulations.
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date for the one homogenized by the putative incom-
plete sweep.These 26 chromosomes are s21 to s26 in
Figure 2, and we designate them ashaplotype group I and
the remaining 10 alleles as haplotype group II (Figure 2,
s35 to s18). The second plateau in Figure 5 [ S( i) ' 16
from i ' 19 to i ' 14] contains the Þrst 20 sequences
in Figure 2, excluding s15. This subset is contained
within the haplotype group I sequences,and sowedesig-
nate it as haplotype group Ia. The haplotype group I
sequencesalsomaximize the linkage disequilibrium and
the frequency of derived alleles (Figure 2), which are
clear signaturesof a selectivesweep(Fay and Wu 2000;
Kim and Stephan 2002; Przeworski 2002).

Given the wide conÞdence intervals associatedwith
#öand $öand the lackof resolution regarding the location
of the selectedsite under the partial-sweepmodel, we
reasoned that a complete-sweepCLR test using only
those chromosomeslikely to havebeen involved in the
sweepmight provide more accurate estimatesof # and
X. Theoretical work indicates that the frequency of a
neutral allele conditional on its linkage to a beneÞcial
mutation changesonly slightly during the period when
the frequency of the beneÞcialmutation increasesfrom
0.5 to 1 (St ephan et al. 1992). In other words, the hitch-
hiking effect on neutral loci is mainly determined when
the frequency of the beneÞcial mutation is low. The
frequency of the putative beneÞcial mutation is likely
to be ! 0.5, considering that the likelihood estimate of
$ ' 0.6, and the frequencies of haplotype groups I and
Ia are 0.72 and 0.53, respectively.This means that the
skewin site frequenciesamong sweptchromosomesun-
der a partial sweepshould be similar to that among all
chromosomesfollowing a complete sweep(seemateri-
als and methods ) and justiÞes the application of a
CLR test of a complete sweepto a subsample that is

Figure 4.ÑParameter estimation for data sets simulated
assumedto be in complete associationwith the beneÞ-under incomplete sweepwith # ' 500, X ' 6300, $ ' 0.7.
cial mutation.(A) Joint distribution of X̂ and $ö. (B) Joint distribution of $ö

and #ö. This reasoning isborne out byapplying the complete-
sweepCLR method to the subsetof chromosomescar-
rying the beneÞcial allele in data setssimulated under

cial mutation. Becausethe sequencescarrying the bene- an incomplete-sweep model (Table 2). Although the
Þcial mutations are descendantsof a recent common median #ö sometimesmore severelyunderestimatesthe
ancestor,wemay infer the haplotypesthat haveexperi- true value, the median X̂ is closer to the actual location
encedthe sweepby identifying agroup of chromosomes of the selectedsite in all cases.In addition, the 10Ð90%
within which diversity is greatly reduced. To identify range of estimated parameters is on average twofold
this group, we selecteda subsampleof i chromosomes narrower when using only the sweptchromosomesthan
such that the estimated heterozygosity (+) within this when using all of the sequences.
group of chromosomes is minimized. This minimum When the CLR test of a complete sweepis applied to
is denoted +m( i ). We then calculated the number of the 19 haplotype group Ia sequences,a nonsigniÞcant
segregatingsitesfor this subsample(S( i )) and graphed result is obtained (Rn ' 0.065, (öW ' 0.00196; LR1 '
both S( i ) and +m( i ) asa function of i (Figure 5). Figure 3.54,P - 0.057). However,a signiÞcantCLR isobtained
5 showsthat +m( i ) gradually decreaseswith decreasing for the 26 haplotype group I sequences(Rn ' 0.065,
i, asexpected.On the other hand, S( i ) decreasesrapidly (öW ' 0.0052; LR1 ' 16.6, P - 0.001). We propose,
and then reachesa plateau at S( i ) ' 46 from i ' 26 to therefore, that all of the haplotype group I chromo-
i ' 22. This indicates that the 26 chromosomeschosen somes,rather than just haplotype group Ia, represent
to minimize +( i ) contain a few setsof identical haplo- the best candidates for the partially swept haplotype.

Under this model, the beneÞcial mutation is estimatedtypes,and this group of chromosomesis a good candi-
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TABLE 3

Distributions of LR2 obtained from simulations

Case Rn # X (kb) $ Q0.05
a Q0.2 Q0.5 Q0.8 Q0.95

1 0.005 0b Ñ Ñ 0c 0.27 1.55 4.40 9.22
2 0.03 0b Ñ Ñ 0 0 0.26 1.32 3.76
3 0.065 0b Ñ Ñ 0 0 0.12 0.86 2.36
4 0.1 0b Ñ Ñ 0 0 0.06 0.71 1.79
5 0.065 50 2 1.0 0 0 0.08 0.66 1.82
6 0.065 100 2 1.0 0 0 0.07 0.72 1.97
7 0.065 500 2 1.0 0 0 0 0.34 1.45
8 0.065 1,000 2 1.0 0 0 0.01 0.81 2.73
9 0.065 50 7 1.0 0 0 0.17 1.39 3.28

10 0.065 100 7 1.0 0 0 0.09 0.99 2.86
11 0.005 500 7 1.0 0 0 0.62 2.40 5.67
12 0.03 500 7 1.0 0 0 0.01 0.92 4.11
13 0.065 500 7 1.0 0 0 0.01 0.61 3.09
14 0.1 500 7 1.0 0 0 0.01 0.39 2.51
15 0.065 1,000 7 1.0 0 0 0 0.29 2.71
16 0.065 100 5 0.7 0 0 0.11 0.74 1.99
17 0.065 500 5 0.7 0 0.01 0.73 3.18 7.00
18 0.065 2,000 5 0.7 0.01 1.59 5.90 11.2 16.7
19 0.065 100 6.3 0.7 0 0.01 0.63 2.45 4.89
20 0.065 500 6.3 0.7 0.02 0.99 4.21 8.07 12.6
21 0.065 1,000 6.3 0.7 0.29 2.52 6.53 11.4 16.5
22 0.065 2,000 6.3 0.7 1.68 4.63 9.10 13.8 19.0
23 0.065 10,000 5 1.0 0 0 0 0.36 2.78
24 0.065 10,000 7 1.0 0 0 0 0.99 6.12
25 0.065 14,000 6.3 1.0 0 0 0 0.31 2.05

All simulations were done with ( ' 0.02.
a Qx is the xth percentile of LR2 from 1000 simulations.
b Simulation under the neutral model.
c Ò0Ómeans - 0.01.

to be located near the 5, end of janB (Figure 6; X̂ ' Inferring the location of the selected region from
haplotype structure: The inference of a selected site6.39 kb) and its estimated strength is #ö ' 455. Figure

6 shows that there are many local optima along the at janB is further supported by the pattern of linkage
disequilibrium (LD), which the composite-likelihoodsequence.The difference between the highest and the

second highest (located between sry# and sry$) peaks analysisdoesnot take into account. DNA polymorphism
acrossthis region is clearly grouped into distinct haplo-is ! 2.4 CLR units. Therefore one may argue that the

putative beneÞcial mutation is ! 11 ( ! e 2.4) times more types.A number of alleles are identical (or nearly so)
in their combination of polymorphic variantsacrossthelikely to be in or near the janB gene than between sry#

and sry$. entire region ( e.g., s9, s13,s14,s16,and s26), and the

TABLE 4

Inßuence of Rn on composite-likelihood methods

Complete-sweepmodel Incomplete-sweepmodel

Rn Q0.95
a LR1 #ö X̂ c Q0.95

b LR2 #öc X̂ c $ö

0.005 9.22 14.88 5.81 6.45 5.67 11.4 14.3 7.07 0.60
0.030 3.76 14.69 47.2 7.02 4.11 11.62 11.5 7.09 0.59
0.065 2.36 16.08 90.1 7.01 3.09 10.20 29.4 7.20 0.60
0.100 1.79 16.14 129 7.02 2.51 10.13 29.3 7.09 0.60

a Neutral simulations.
b Complete-sweepsimulations; # ' 500.
c Valueswere multiplied by 10. 3.
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Figure 6.ÑThe composite-likelihood ratio (CLR) asa func-
tion of the position of the putative beneÞcial mutation. Se-
quenced segmentscorresponding to six genesin this region

Figure 5.ÑAverage number of pairwise differences (+, are indicated byhorizontal lines abovethe x-axis.The CLR was
solid line) and number of segregating sites(S, dashed line) obtained from 26 chromosomescorresponding to haplotype
for subsetsof chromosomesthat minimize + (+m( i )), graphed group I. The dashed line represents the 95th percentile of
against the number of chromosomesin each subset.Seetext CLR (4.52) determined by neutral simulations.
for details.

Within subsetsof sequencesin haplotype group I,
majority of the low-frequencyand singleton variantsare there are two stretches of ancestral polymorphic sites
contained entirely within the 10 haplotype group II in complete LD (Figure 2). Alleles s9,s13,s14,s16,and
chromosomes.There isa signiÞcantreduction in haplo- s26 match the ancestral (D. melanogaster) haplotype at
type diversity ascompared with a neutral genealogyat 15sitesranging from position 79 in sry%to position 6022
all genesexcept sry# and acrossthe region asa whole in janA, but then match the derived haplotype over the
(Table 1). The same result is found with a haplotype entire janB-ocn region. Similarly, alleless7,s10,s11,s22,
test (Hudson et al. 1994) that partitions the data into s29,and s30match the derived haplotype at all but 2sites
two groups and compares the number of segregating over the sry%-janB region, but then match the ancestral
sitesin each group with that expected under neutrality haplotype at 9 sitesin the ocn gene. Thesetwo inferred
(Table 1). Consistent with the polymorphism data and recombination events both disrupt haplotype associa-
the composite-likelihood results,the most extreme hap- tions acrossjanB and decreasethe frequency of derived
lotype structure is also found at janB. alleles on either side. The sequenceof strain s5 is of

Becausethe duration of a sweepis expected to be particular interest in this context, as it showsevidence
very short, there should be limited opportunities for of recombination eventson both sidesof janB ( i.e., sites
recombination events during the selective phase. Be- 536 and 7379 in Figure 2) that bring the derived se-
causerecombination breakpoints on either side of the quence onto an ancestralhaplotype both proximal and
beneÞcial mutation should occur independently, ob- distal to janB. The localization of the maximal frequency
serving a stretch of LD that extends acrossthe site of of derived variantsand the disruption of LD to the same
the beneÞcialmutation is veryimprobable. Simulations region are further evidence for a partial, rather than a
conÞrm that an excessof LD is observedon both sides complete, selectivesweepin this region. On the basis
of a selectedsite but that the associationis broken be- of the observedrecombinants, the selectedsite is postu-
tweenthe two sides(Kim and Nielsen 2004).The extent lated to lie betweenposition 6022 in janA and position
of a genomic region affected by positive selection may 7379 in ocn, which is consistent with the estimatesof
also be inferred from the location of recombination X̂ ' 6390, 7010, and 7200 from the partial- and com-
eventsbetweenderived (selected) and ancestralalleles. plete-sweeplikelihoods. It is noteworthy that, following
Derived polymorphisms areexpectedto beat their high- recombination, a number of ancestral segments that
est frequency near to the selected variant, and their became linked to the derived allele in the putative se-
frequency should decreasedue to recombination asone lected region appear to have increased in frequency
moves awayfrom the selected site in either direction themselves.For the proximally recombined alleles, the
(Fay and Wu 2000; Kim and St ephan 2002). Note, how- recombinants are in a frequency of 5/36; for the distally
ever, that a region in complete linkage with a selected recombined alleles,the recombinants are in afrequency
site that has recently gone to Þxation should have no of 7/36. This could be the result of hitchhiking of ances-
high-frequency-derived variants, as all polymorphism tral segmentsthat recombined early in the sweeponto

a positively selectedchromosome.will be the result of new mutations.
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TABLE 5Estimation of the ageof haplotype group I: The age
of a recently derived haplotype group can be estimated McDonald-Kreitman tests
on the basisof the number of new mutations that have
occurred among the allelessincethey lastshareda com- Gene DS PS DN PN N.I. P-value
mon ancestor (Rozas et al. 2001). In the caseof janB,

sry% 15 16 8 1 0.12 0.021there are 26 haplotype group I alleles with three new sry# 18 10 3 7 4.2 0.060
mutations (sites6791,6936,and 7204). Assuminga star sry$ 12 13 4 1 0.23 0.176
phylogeny (as is expected following a selective sweep janA 5 15 3 1 0.11 0.059
or population bottleneck), there are 26 branches of janB 11 11 7 0 0.00 0.026

ocn 6 10 2 0 0.00 0.183length t on which mutations can occur. If the number
All 67 75 31 10 0.29 0.001of mutations follows a Poisson distribution, then the
janA-ocn a 8 36 6 1 0.04 - 0.001expected number of mutations in the janB sample is

26t) , where ) is the mutation rate per sequenceper DS, number of Þxed synonymoussubstitutions; PS, number
of polymorphic synonymoussubstitutions;DN, number of Þxedyear.On the basisof the observedsilent site divergence
nonsynonymous substitutions; PN, number of polymorphic(synonymous and noncoding sites) at janB of 0.14 be-
nonsynonymous substitutions; N.I., neutrality index (Randtween D. melanogaster and D. simulans, and assuminga and Kann 1996). P-valueswere calculated by a G-test except

divergencetime of 2.5million yearsfor thesetwo species for janB and ocn, which were calculated by FisherÕsexact test.
(Lachaise et al. 1988; Hey and Kliman 1993), ) is a Mutations were polarized to the D. simulans lineage using

the D. yakuba sequenceasan outgroup.estimated to be 1.73 / 10. 5. The probability of observ-
ing three mutations is then

man testsfor janA, janB, and ocn individually due to smallP(S ' 3|t ) '
(26) t ) 3

3!
e. 26) t

samplesizes(not shown). However,pooling data across
thesethree loci givesasigniÞcantexcessof replacement

and the maximum-likelihood estimateof t is 6667years. Þxations along the D. simulans lineage (Table 5). These
Ninety-Þvepercent conÞdenceintervals for this agecan resultssuggest that one (or more) of these geneshasbeen
be calculated by Þnding tmax and tmin such that P(S 1 a target of positive selection along the D. simulans lineage
3 | tmax) ' 0.025 and P(S 2 3 | tmin) ' 0.025. This pro- since its divergence from D. melanogaster.
duces the values tmin ' 1375 and tmax ' 19,481 years.
The estimate of t should be taken as an approximate

DISCUSSIONlower bound, as the 26 sequencesin haplotype group
I do not conform to the assumptionof a starphylogeny. Theoretical studieshaveexplored the effectsof posi-

An excessof nonsynonymousÞxed differences: Re- tive selection on heterozygosity(Maynard Smith and
current positive selection on amino acid substitutions Haigh 1974;Kaplan et al. 1988,1989), the distribution
at a locusshould result in an excessively low ratio of non- of segregatingsite frequencies (Braverman et al. 1995;
synonymousintraspeciÞcpolymorphisms to nonsynony- Kim and Stephan 2002), the fraction of sites that are
mous Þxed interspeciÞc differences, relative to the ana- singletons(Fu and Li 1993),and the haplotype structure
logous ratio of synonymoussubstitutions (McDonald of linked neutral variation (Pr zewor ski 2002; Wal l et al.
and Kreitman 1991). The number of each type of sub- 2002). An excessof rare polymorphismsfollowing asweep
stitution for each gene and for the region asa whole is is expected either due to the recoveryof genetic varia-
presented in Table 5, along with the neutrality index tion on thestar-likegenealogy that resultsfrom theabrupt
(Rand and Kann 1996), which is a ratio of the two ra- coalescence of all lineages during the sweep (Aguade« et
tios described above. A neutrality index lessthan one al. 1989)or due to the persistenceof ancestralmutations
indicates a relative paucity of nonsynonymouspolymor- segregating on a limited number of recombined lineages
phisms. Five of the six genesin this region have an ex- somedistancefrom the selectedsite(Fay and Wu 2000).
cessof Þxed replacement substitutions between D. sim- In the datapresentedhere, the rare variantsareacombi-
ulans and D. melanogaster, and this excessis statistically nation of ancestraland derived polymorphisms retained
signiÞcant at janB and sry%, as well asfor the region as in the haplotype group II sequences.Despite the pres-
a whole. This result doesnot appear to be the result of enceof high-frequency-derivedpolymorphisms that are
an excessof unpreferred synonymoussubstitutions seg- consistentwith asweep,nonsigniÞcant valuesof Fayand
regating within D. simulans, as there is no detectable dif- WuÕsH are obtained when D. melanogaster is used asan
ference in the frequency distribution of preferred to un- outgroup (Table 1). We infer this to be due to the pres-
preferred vs. unpreferred to preferred changes (Akashi enceof many low-frequency,derived variantsamong the
1997;siteswerepooled acrossall six loci, Mann-Whitney haplotype group II alleles. These variants counteract
U-test, z ' 0.907, P ! 0.05). Using the D. yakuba sequence the high-frequency, derived variantsof haplotype group
to polarizeÞxed differencesto theD. simulans or D. melano- I, resulting in a nonsigniÞcant valueof H. Our interpre-

tation is that this retention of a few haplotypes withgaster lineages results in nonsigniÞcant McDonald-Kriet-
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relatively high heterozygosityis the result of linkage to torycombined with restricted geneßowcan produce large
blocks of linkage disequilibrium and may be the causea beneÞcial mutation bringing one or a few alleles to

high frequency, but not to Þxation ( i.e., an incomplete of a genome-wide reduction from expected levels of
recombination in Drosophila (Wall et al. 2002). How-sweep).

This interpretation is supported by the CLR analysis, ever, threeobservationsmakeit unlikelythat demographic
forces could haveproduced the pattern observedhere.which clearly indicates that the pattern of site frequen-

cies acrossthis region is better explained by a model First, there is no obvious geographic pattern to the pres-
ence or frequency of the rarer haplotype group II se-of a complete sweepthan by a neutral model and better

explained by a model of a partial sweepthan by one of quences.Of the six geographic regions with more than
two representativelines, at leastthree contain allelesofacomplete sweep.This result is robust to mis-estimation

of the true recombination rate (Table 4). However, we both haplotype groups. Second, a very similar pattern
consisting of a single haplotype with low polymorphismaremuch lessconÞdent in our estimation of the parame-

ters associatedwith this putative partial sweep.The pa- has been observedat the rp49 gene (which is immedi-
ately proximal to sry%) in an independent sampleof D.rameter that is probably most accuratelyestimated is X,

which shows the lowest bias and narrowest range in simulans (Rozas et al. 2001). In this study, a haplotype
with very low heterozygosity(referred to here ashaplo-simulations (Table 2). X ranges from 6.39 to 7.20 kb

acrossthe various analyses,and this is consistent with type group I for consistency)wasobservedat intermedi-
ate frequency within populations sampled from Spainthe observedpattern of haplotype structure. Given the

performance of the composite likelihood in estimating and Mozambique. Estimation of the age of the haplo-
type group I alleles in these samplesproduced an esti-#, the sensitivityof theseparameter estimatesto Rn (Ta-

ble 4), and the inconsistency between some of these mate of ! 6000years(Rozas et al. 2001), which isconsis-
tent with our results.The persistenceof haplotype groupestimates and the observed haplotype structure, it is

difÞcult to sayanything deÞnitive about the strength of II allelesat similar frequencies in populations from two
continents and in locations asgeographically diverseasselection. Similarly, consistent overestimation of $ and

covariation between #ö and $ö (Table 2, Figure 4) indi- South Africa, Australia, and Japanis difÞcult to recon-
cile with a simple model of gene ßow.cates that we cannot saymuch about the current fre-

quencyof the selectedallele, except that $ ismost likely Third, there is strong evidence that this haplotype
structure is restricted to this region of the genome. In! 0.5. Uncertainty regarding $ alsoresults from the dis-

crepancybetweenthe assumptionof asinglepopulation a subsequent study, sequencesfrom the Spanish and
Mozambique D. simulans lines weresampledat intervalsused in the CLR analysisand the worldwide sample of

lines used here. up to 35 kb away on either side of the jan-ocn/ rp49
region (Quesada et al. 2003). Thesedata showconvinc-As mentioned above, the presenceof the haplotype

group II chromosomessuggestseither that the favored ingly that the reduction in polymorphism and unusual
haplotype structure decay with increasing distance inallele has not been Þxed in a number of populations

or that there is another explanation for the observed either direction from jan-ocn/rp49. Furthermore, the
observation of a reduction in haplotype structure frompattern of DNA sequencevariation. It should be noted

that the inßuence of a selectivesweepon the site fre- sry$ to sry%and beyond is similar to the one presented
here and is additional evidence against a selected sitequency spectrum is highly stochastic(for example, Fig-

ure 3 in Kim and Stephan 2002), and that this may be located in agapor outside the sry-ocn region. The obser-
vation of avalleyof minimal heterozygosityand maximalexacerbated by the nonrandom sampling of isofemale

lines from various locations around the world. As a re- haplotype structure, coupled with the retention of hap-
lotype group II lineages(with normal levelsof variationsult, the gapsbetween the sequencedregions at the sry

loci, or a locus outside of the sequencedregion, could and linkage disequilibrium) throughout, led these au-
thors to similarly conclude that a partial selectivesweeppotentially harbor the selected site and show a pattern of

nucleotide polymorphism more consistent with a com- wasa plausible explanation for their observations(Que-
sada et al. 2003).pleted sweep.However, none of these gapsis ! 1.5 kb,

and the largest gap is the most proximal one (between The CLR analysisindicates that the selected site is
most likely somewherein the vicinity of janB. However,sry%and sry#). sry%and sry# havethe highest-frequency

of haplotype group II sequences(40Ð50% for each). there is not an obviouscandidate for the selectedmuta-
tion within this region. All of the polymorphic sites inGiven that a region more strongly affected would pre-

sumably be entirely (or almost so) haplotype group I se- janA, janB, and ocn are silent (with the exception of the
singleton polymorphism in s2 at the 5, end of janA),quences,this would require an extremely localized seg-

ment with this signature. A different study of nucleotide indicating that any selectedsite in this region must be
regulatory in nature. One candidate region that mightpolymorphism in thisregion of the genome in D. simulans

(Quesada et al. 2003) provides some evidence against harbor important regulatory variants is the portion of
the janA 3,-UTR that overlapswith the janB 5,-UTR andthesepossibilities (seebelow). Another alternate expla-

nation could be population structureÑ demographic his- hasbeenshownto besufÞcient to regulate transcription



277IdentiÞcation of PositiveSelection

of janB and restrict translation to postmeiotic sperma- or has reached an equilibrium frequency determined
by balancing selection at janB or epistatic selection be-tids (Yanicostas and Lepesant 1990). However, none

of the intermediate-frequency polymorphisms in the tween janB and an allele at another locus.The evidence
for positive selection having acted on the genesin thisjanA 3,-UTR( e.g., thoseatpositions6081Ð6104in Figure

2) lie in this region, and the most 5, segregating site study(Parsch et al. 2001b); and the expressionof janA,
janB, and ocn in testes(Yanicostas et al. 1989;Parsch etwithin the janB transcript that is Þxed between the two

haplotype groups is in the second exon (Figure 2, site al. 2001b); is consistentwith the observationof elevated
rates of sequence evolution among genes associated6623). If the selectedsite lies within the janA 3,-UTR,

this would highlight the stretch of ancestral polymor- with sexand reproduction in a wide range of taxa (Civ-
etta and Singh 1998; Swanson and Vacquier 2002).phismspresent in an otherwisehaplotype group I chro-

mosome,s15,which is likely the result of a geneconver- A number of phenomena associatedwith male repro-
duction can also lead to stablepolymorphisms, such assion event. Such a gene conversion event between

haplotype I and II sequenceswould be more likely to meiotic drive (Char l eswor t h and Har t l 1978), sperm
competition (Clark et al. 1999), and sexuallyantagonis-have occurred after the swept chromosomes reached

an equilibrium frequency. tic pleiotropy (Rice 1984). Further functional analysis
of the phenotypic differences betweenthe genetic vari-If this is indeed a partial selectivesweep,what ismain-

taining the presence of the haplotype group II sequences? ants at these loci will be required to discriminate be-
tween these and other selectivehypotheses.One possibleexplanation is that the sweepis ongoing,

and that the new haplotype is destined for Þxation. The number of reports in the literature that invoke
positive selection from DNA sequencedata hasbecomeAssumingan effective population sizefor D. simulans of

2 / 106 and 10 generations per year, the transit time impressive of late (see Andolfatto and Przeworski
2001 and Przeworski 2002 for references). This alter-to Þxation for an allele with a selectivebeneÞt 2Ns '

455could bebetween10,000and 20,000years(Stephan native to the neutral (Kimur a 1968) and mildly deleteri-
ous(Oht a and Kimur a 1971) theoriesof molecular evolu-et al. 1992), so catching this allele in flagrante delicto is

not inconceivable and is consistentwith the estimateof tion is further supported by recent multilocus analyses
suggesting that the fraction of interspeciÞc substitutions! 7000yearsfor the ageof haplotype group I. However,

if the sweepwere ongoing, one might expect it to have driven by positive selection may be substantial (Fay et al.
2002; Smith and Eyre-Walker 2002), at least amonggone to Þxation in geographical regions closer to the

origin of the selectedmutation, rather than the consis- Drosophila nuclear loci (Weinreich and Rand 2000;
Bustamante et al. 2002). The large number of reportedtently intermediate frequencies observed here across

the world and in geographically disparate populations sweepshas prompted the reevaluation of the ability of
current methods to discriminate positive selection from(Rozas et al. 2001).

An alternate explanation is that the Þxation of the other forcesshaping nucleotide variation; thesestudies
suggestthat migration and complex demographic his-selectedallele is inhibited by the presence of another

beneÞcial mutation segregatingnearby on a haplotype tory mayexplain part of the pattern (Przeworski 2002;
Wall et al. 2002). However, more complex models ofgroup II background, and both mutations must wait to

Þx until recombination canbring them together (Kirby selection mayalsobe necessary.While there are reports
compatible with a recently completed selective sweepand Stephan 1996). Given the high density of genes

and the evidence for a history of positive selection in ( e.g., Nachman and Crowell 2000; Schlenke and
Begun 2004), a signiÞcant number of studiesthat inferthis region (Table 5), this might seema plausible expla-

nation. However, the patterns of variation at this locus positiveselectionhavefound haplotype patterns sugges-
tive of positive selection in conjunction with balancingand further awayon chromosome arm 3R do not sup-

port this hypothesis.There is no evidence,for example, or epistatic selection (Hudson et al. 1994; Kirby and
Stephan 1996;Cirera and Aguade«1997;Andolfattofor a recently selectedmutation in any of the three sry

genes, or rp49 (Rozas et al. 2001), as determined by et al. 1999; Benassi et al. 1999Ñbut see Andolfatto
et al. 1999for possiblereinterpretations of the statisticalhaplotype structure and recombination breakpoints.

Additionally, suchaÒtrafÞcÓmodel predicts that at some signiÞcanceof someof the haplotype structuresin these
studies).This mayindicate an important role for positivedistance from janB, haplotype group II alleles would

displaya region of low polymorphism and strong haplo- selection in shaping patterns of genetic divergenceand
alsoasigniÞcantcontribution of epistaticand balancingtypestructure in the neighborhood of the other selected

site.None of the sequencessampled in either direction selectiveforces to the maintainence of natural genetic
variation (Lewontin 1974;Zapata et al. 2002). System-from janB show evidence for another recently derived

haplotype that could be competing with haplotype atic studiesof nucleotide sequencedata collected from
natural populations without the biasesassociatedwithgroup I (Quesada et al. 2003).

Finally, consider the possibility that the swept allele the studiesof single loci will be instrumental in resolving
this question.is not destined for Þxation, but rather that it is nearing
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asite in asampleof n chromosomesisobtained, and this
probability is usedto calculate the composite likelihoodAPPENDIX
under the model of an incomplete sweep.Becausethe

Assumethat a beneÞcial mutation arisesat a site lo- deterministic change of the frequency of the beneÞcial
cated near a neutral locus. Let y be the frequency of allele from 1/(2 N ) to 1 . 1/(2 N ) isverydifferent from
alleles at the neutral locus whose ancestry traces back the actual trajectory, which is inßuenced bygenetic drift
to the chromosome on which the beneÞcial mutation at the early stage(Barton 1998;R. Durrett , personal
occurred (Gillespie 2000). At the moment that the communication), choosing " ' 1/(2 N ) underestimates
beneÞcialmutation arises,y ' 1/2 N. With little recombi- this initial rate of increase.Barton (1998) showedthat,
nation between the two loci, y increasesalong with the conditional on Þxation, the early increase in the fre-
frequency of the beneÞcial allele (0 - y 1 $). When quency of a beneÞcial allele is accelerated by a factor
the beneÞcial allele is Þxed, y ! " r/ s (Kim and Stephan 1/ (2s) relative to the deterministic increase from 1/ (2N).
2002), where r is the recombination rate between the Then, the true trajectory might be approximated by a
selectedand the neutral sitesand s and " are the selec- deterministic one that startsfrom 1/(4 Ns). Wetherefore
tion coefÞcient and the frequency of the beneÞcialmu- use " ' 1/ (4Ns) ' 1/ (2#). As y ! $"r/ s ' $(2#). R/ (2#),
tation at the beginning of the sweep,respectively.There- the composite likelihood under the selective-sweep
fore, y represents the fraction of the population that model is now a function of scaledparameters # and R
becomesidentical by descentdue to hitchhiking. With (R ' |X . m|Rn, where X and m are the nucleotide
strong selection (# ' 2Ns 0 1), the reduction of varia- positions of the selectedand the neutral loci and Rn is
tion and the skewof the allele frequency distribution the scaledrecombination rate per nucleotide). Source
depend on the parameter y (Fay and Wu 2000;Gilles- code written in C for implementing this method is avail-

able from the authors upon request.pie 2000;Kim and Stephan 2002). Becauseof this, the




