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ABSTRACT
We estimated DNA sequence variation in a 5.7-kb fragment of the furrowed (fw) gene region within and

between four populations of Drosophila ananassae ; fw is located in a chromosomal region of very low
recombination. We analyzed gene flow between these four populations along a latitudinal transect on the
Indian subcontinent: two populations from southern, subtropical areas (Hyderabad, India, and Sri Lanka)
and two from more temperate zones in the north (Nepal and Burma). Furthermore, we compared the
pattern of differentiation at fw with published data from Om(1D), a gene located in a region of normal
recombination. While differentiation at Om(1D) shows an isolation-by-distance effect, at fw the pattern
of differentiation is quite different such that the frequencies of single nucleotide polymorphisms are
homogenized over extended geographic regions (i.e., among the two populations of the northern species
range from Burma and Nepal as well as among the two southern populations from India and Sri Lanka),
but strongly differentiated between the northern and southern populations. To examine these differences
in the patterns of variation and differentiation between the Om(1D) and fw gene regions, we determine
the critical values of our previously proposed test of the background selection hypothesis (henceforth
called FST test). Using these results, we show that the pattern of differentiation at fw may be inconsistent
with the background selection model. The data depart from this model in a direction that is compatible
with the occurrence of recent selective sweeps in the northern as well as southern populations.

DURING the past decade studies of genetic variation worth et al. 1993; Hudson and Kaplan 1995; Charles-
worth 1996).in Drosophila have focused on the detection of

Properties of these selection models have been ex-natural selection at the DNA sequence level by compar-
plored for panmictic populations, but little work hasing patterns of variation in gene regions of low and
been done for substructured populations. In a substruc-high recombination rates. Most of these studies have
tured population, background selection against delete-found that levels of average nucleotide diversity in low-
rious mutations has been shown to increase FST, a relativerecombination regions are reduced (Aguadé et al. 1989;
measure of differentiation between subpopulations, inStephan and Langley 1989). In contrast, divergence
chromosomal regions of low recombination because thebetween closely related species is not affected by recom-
effective size of local demes is reduced relative to thatbination (Berry et al. 1991; Begun and Aquadro 1992).
of high-recombination regions (Charlesworth et al.This lack of correlation between levels of variation and
1997). On the other hand, directional selection anddivergence is not consistent with a constant-mutation-
genetic hitchhiking associated with the fixation of ad-rate neutral model (Kimura 1983), but can be ex-
vantageous alleles may lead to greater homogeneityplained by models invoking natural selection. In particu-
among populations if the selected allele causing thelar, two models have been suggested: (i) the hitchhiking
hitchhiking event in one deme migrates to other demesmodel, which considers the effect of rare, strongly ad-
and causes a hitchhiking event in these demes as well.vantageous substitutions on linked, neutral polymor-
This scenario, however, is expected only in regions ofphisms (Maynard Smith and Haigh 1974; Kaplan et
zero or extremely low recombination. For larger recom-al. 1989; Stephan et al. 1992), and (ii) the background
bination rates, different neutral variants may becomeselection model, which assumes that the driving muta-
linked to the selected allele in the population in whichtions are frequent and strongly deleterious (Charles-
the advantageous mutation arose. In this situation lim-
ited migration of the selected allele may lead to tempo-
rarily increased differentiation at linked neutral loci
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is a 1.2-kb fragment containing exon 12 as well as part of therestricted to single demes or parts of the species range
39 UTR; and R42 is a 4.7-kb fragment encompassing the 39and, as a consequence, may cause substantial genetic
flanking region. The GenBank accession number of R1 is

differences between populations (Stephan and Mitch- AF185289 and that of R9 and R42 (combined) is AF185290.
ell 1992; Begun and Aquadro 1993). The R11 fragment, located between the R1 and R9 fragments

and containing exons 10 and 11, was not sequenced because ofTo test these ideas about the migration behavior of
technical difficulties (it contained long stretches of repetitiveselected genes and to compare it to that of neutral
DNA). Both DNA strands of all three EcoRI fragments weregenes, we utilize the facts that (1) in some well-character-
sequenced. Sequencing was performed on an ABI377 auto-

ized sexually reproducing species, such as Drosophila mated sequencer. The total length of the region sequenced
(Lindsley and Sandler 1977), recombination rates was 10,025 bp and includes most of the transcriptional unit

(except for the two exons in the R11 fragment) and a largevary drastically along chromosomes and (2) the evolu-
fraction of the 39 flanking region. The exon/intron structuretionary dynamics of genes in regions of high recombina-
was determined by comparison with the D. melanogaster fwtion rates do not generally deviate from a (nearly) neu-
sequence (Leshko-Lindsay and Corces 1997; see also Gen-

tral model, whereas genes in regions of reduced Bank accession no. U70770).
recombination exhibit footprints of natural selection SSCP analysis and sequencing of the wild-caught fw alleles:

Single-strand conformation polymorphism (SSCP) analysisdue to linkage to selected loci. As a species showing
and stratified sequencing were used to identify polymorphismsextensive population structure, we use Drosophila ananas-
because of the greater efficiency of this method, relative tosae (Stephan et al. 1998). D. ananassae is a largely tropi-
direct sequencing, in regions with low levels of variation. SSCP

cal species, which exists in many semi-isolated popula- analysis was run as described in Stephan et al. (1998). A
tions around the equator, particularly on mainland total of 34 pairs of primers were used to amplify overlapping

segments of fw (numbers in parentheses are distances betweenSoutheast Asia and on the islands of the Pacific Ocean
primers in base pairs):(Tobari 1993, chap. 3).

Here we report patterns of nucleotide variation in a R1 fragment: 2151–2177 and 2352–2377 (227), 2317–2338
5.7-kb segment of furrowed (fw), a gene located in a and 2543–2563 (247), 2512–2536 and 2681–2699 (188),

2659–2678 and 2859–2878 (220), 2806–2830 and 3038–region of very low recombination near the centromere
3057 (252), 2927–2946 and 3173–3193 (267), 3142–3165on the right arm of the X chromosome of D. ananassae
and 3410–3430 (289), 3385–3406 and 3638–3658 (274),(Stephan and Mitchell 1992), and compare it with 3603–3626 and 3781–3802 (200), 3719–3740 and 3950–

Om(1D), a previously surveyed gene located in a region 3974 (256), and 3928–3949 and 4124–4157 (230).
of intermediate recombination rates (Stephan et al. R9 and R42 fragments: 6–34 and 248–266 (261), 215–235 and

480–495 (281), 441–460 and 590–607 (167), 480–495 and1998). To explore the observed differences in the pat-
719–741 (262), 590–607 and 814–835 (246), 719–741 andterns of variation and differentiation between these two
934–957 (239), 814–835 and 1046–1066 (253), 934–957gene regions, we refine our recently proposed FST test and 1180–1200 (267), 1251–1285 and 1447–1467 (217),

of background selection (Stephan et al. 1998) and apply 1422–1444 and 1636–1655 (234), 1610–1629 and 1837–
it to this new and much larger data set. As in our previous 1860 (251), 1803–1828 and 2043–2065 (263), 1987–2009

and 2205–2224 (238), 2180–2202 and 2432–2452 (273),study, we estimate DNA sequence variation in four pop-
2391–2414 and 2598–2617 (227), 2557–2584 and 2757–ulations along a latitudinal transect on the Indian sub-
2788 (232), 2684–2703 and 2872–2891 (208), 2850–2871continent: two from southern, subtropical areas (Hy- and 3055–3079 (230), 3025–3050 and 3229–3246 (222),

derabad, India, and Sri Lanka), and two from more 3175–3201 and 3384–3407 (233), 3353–3373 and 3588–
temperate zones in the north (Nepal and Burma). 3609 (257), 3517–3535 and 3743–3765 (249), and 3685–

3708 and 3925–3944 (260).

For each primer pair, all 45 wild-caught lines were scoredMATERIALS AND METHODS
by mobility class. Then the alleles were retested by grouping
samples into mobility classes and electrophoresing similarStrains and DNA preparation: A total of 45 D. ananassae X

chromosome lines that originated from four different collec- classes side by side. Two randomly chosen lines were subse-
quently sequenced for each mobility class (unless only onetions were used in this survey: 9 lines from Mandalay (Burma),

10 lines from Hyderabad (India), 12 lines from four localities variant existed). Both strands were sequenced. Sequencing did
not reveal any undetected polymorphism; thus we proceedednear Kathmandu in Nepal (Bharatpur, Godawari, Hetauda,

and Kathmandu), and 14 from two localities in Sri Lanka assuming all variation was detected. Primers constructed for
the SSCP analysis were used to sequence both fw strands of(Beruwala and Colombo). The lines and the isolation of the

X chromosomes are described in Stephan et al. (1998). The D. pallidosa.
FST test of the background selection model: The basic idea offw sequence of D. ananassae (STD) was determined from three

EcoRI subclones derived from a ca; px strain (Stephan and this test of the background selection model in a substructured
population was described in Stephan et al. (1998). For smallMitchell 1992). The D. pallidosa strain was obtained from

the National Drosophila Stock Center (Bowling Green, OH) samples, background selection generates genealogies that are
approximately identical to those produced by a strict neutraland put through four generations of brother-sister mating

(Stephan et al. 1998). model if the effective population size is adjusted such that the
effects of recombination and background selection on theSequencing of fw clones: The fw sequence (STD) of Figure

1 was determined using three EcoRI fragments (R1, R9, and locus of interest are taken into account (Hudson and Kaplan
1995). The slight distortions of the allele frequency spectrumR42) carried in pUC18 vectors and kindly provided by V.

Corces. R1 is a 4.2-kb fragment of the fw gene region covering produced by background selection (Charlesworth et al.
1993; Fu 1997) are neglected because these can only be ob-part of the 59 untranslated region (UTR) and exons 1–9; R9
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served in rather large samples (not used here). The effect of ter values, independently of those used to obtain the critical
points. The simulations were done in parallel for the locus ofbackground selection on neutral variation in a substructured

population can thus be analyzed by simulating a neutral coales- interest (denoted by index s) and the reference locus. For
each simulated sample (consisting of a pair of genealogies forcent in an appropriate model of population structure. We use

the finite island model (Crow 1986, chap. 3.4), with back- each locus), we estimated the values of FST and of nucleotide
diversity and then, using Equation 1, obtained an estimate ofground selection incorporated, as the general framework of

our simulations (Stephan et al. 1998). In these simulations, Ms, M̂s. Finally, the value of the statistic FST was compared
to the achieved critical value obtained from Equation 2 bythe following parameters need to be specified: the per-locus

nucleotide diversity us, the migration rate Ms, the recombina- substituting M̂s for Ms.
A full analysis of the properties of the FST test would requiretion rate Rs at the locus of interest, and the number of subpopu-

lations k. The simulations were run using a modified version all parameters to be varied extensively. Such an analysis, how-
ever, is beyond the scope of this article. To reduce the numberof the coalescent method of Hudson et al. (1992). The pro-

gram with instructions can be downloaded from http:// of parameters, we assumed that fso, the ratio of the neutral
mutation rate at the reference locus to that of the other locus,www.rochester.edu/college/BIO/StephanLab/YingChen.

html. is accurately estimated from divergence data. The rest of the
parameters were varied to some extent. Extensive simulationsThe following modifications are introduced compared to

the original version of the test. Instead of using Equation 1 were done for parameter values close to those estimated from
the data (see below).of the previous article, the migration parameter of the locus

being tested for the effect of selection, Ms, is now estimated
from the data as

RESULTS
Ms 5 Mo

us

uo

fso, (1) DNA polymorphism at fw: Of the 10.0 kb of the fw
clones sequenced, 5.7 kb were subjected to SSCP analysis

where Mo is the migration rate of the reference locus (located and stratified DNA sequencing. These fragments com-in a region of high or normal recombination), which is esti-
prise most of the 39 half of the fw transcriptional unitmated for each pair of subpopulations of interest (rather than
and a large part of the 39 flanking region. The completethe whole set of subpopulations as in the previous version),

u–s and uo are the arithmetic means of the per-site nucleotide polymorphism data (variations of the STD sequence)
diversities in the two subpopulations at the locus to be tested are shown in Figure 1. The estimates of nucleotide diver-
for the effects of selection and at the reference locus, respec- sity (at silent 1 noncoding sites), p̂ and û, are extremelytively, and fso is the ratio of the neutral mutation rate at the

low for each population (Table 1), z20–50-fold lowerreference locus to that of the other locus. The factor fso is
than in regions of normal rates of crossing over in D.newly introduced here to take into account that the neutral

mutation rates (to be estimated from levels of divergence) ananassae (Stephan and Langley 1989; Stephan et al.
may be different at the two loci. The new method of estimating 1998). However, they are comparable with the levels
Mo makes the test more conservative (see discussion). Fur- of nucleotide diversity found at vermilion (v), which isthermore, note that the subscript indicating the locus that

located in a chromosomal region of low recombinationmay be under the effects of selection has been changed to s
on the other side of the centromere on the X chromo-compared to the previous article.

Critical values of the FST test: We produced empirical distri- some (Stephan et al. 1998). The values of Tajima’s
butions of the test statistic FST as a function of the migration (1989) D statistic are negative in all four populations,
rate Ms for specified values of the parameters us, Rs, k, and reflecting the fact that single nucleotide polymorphismsthe sample sizes of the two subpopulations. Using the above-

are generally in low frequency (except for one polymor-mentioned simulation program, 10,000 independent samples
phism at coordinate 1070 in the Burma sample). Al-were generated for each parameter set. After these empirical

distributions were obtained, the critical value at the 5% sig- though the D values are consistently negative, they do
nificance level was determined as the maximum value F c

ST of not deviate significantly from zero.
FST such that the proportion of samples of the independently Polymorphism and divergence: Average divergencesimulated samples with FST # F c

ST is equal to 5%. Examples of
(at silent 1 noncoding sites) between D. ananassae andcritical values for some parameter values are provided in Fig-
its sibling species D. pallidosa is very low compared toure 2. To facilitate further analysis, the critical values obtained

from simulation were fitted in interval [0, 1] by a function of Om(1D) and v, the only other gene regions for which
the form divergence data between D. ananassae and a close rela-

tive are available. While divergence at Om(1D) and v
F c

ST(Ms) 5
a

Ms

1 b 1 cMs 1 dM 2
s 1 e ln(Ms), (2) has been estimated as 0.032 and 0.022, respectively,

divergence of all four subpopulations from the D. pal-
where the coefficients, a, b, c, d, and e were determined by lidosa sequence at fw was only 0.0055. Hudson, Kreit-
least-squares analysis for each set of parameter values using

man, and Aguadé (HKA) tests (Hudson et al. 1987)Mathematica (Wolfram 1991, Chap. 3.8).
for each population, using Om(1D) as reference locus,Achieved levels of significance: When performing the FST

test, we have to substitute estimates for several parameters. revealed x2 5 5.18 (P , 0.025) for Burma, 3.87 (P ,
Therefore, the achieved levels of significance with critical val- 0.05) for Nepal, 1.89 (P , 0.17) for India, and 2.90
ues computed as described above may not be close to the (P , 0.09) for Sri Lanka. Thus, there is a lack of correla-
nominal levels of significance (see the Fs test in Fu 1997). To

tion between levels of polymorphism and divergence inanalyze the effect of parameter estimation on the achieved
the two northern populations, rejecting a constant-rate,levels of the FST test, we followed Fu’s (1996) suggestion and

simulated an additional 1000 samples for a given set of parame- neutral model for these data. However, because of the



Figure 1.—DNA polymorphisms of the fw gene region found in 45 lines of D. ananassae. The localities of the strains are
indicated on the left. The nucleotides within the reference sequence STD are shown at the top. The numbers above the sequence
represent the position numbers of each segregating site within the reference sequence. These coordinates refer to the EcoRI
subclones used to determine the STD sequence: R1b, R9, and R42. Note that R1b covers most of the 39 half of the fw gene,
including exon 6 (E6), exon 7 (E7), exon 9 (E9), and intron 9 (I9), while the other clones cover the 39 flanking region (F3).
The homologous nucleotides within the D. pallidosa sequence (PAL) are at the bottom.
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TABLE 1

Polymorphism at furrowed

Total Burma Nepal India Sri Lanka

Sample size 45 9 12 10 14
Silent sites 4814
Segregating sites 12 3 6 5 4
Singletons 5 2 4 2 2
Diversity û 0.0002 0.0004 0.0004 0.0003
Diversity p̂ 0.0002 0.0002 0.0003 0.0002
Tajima’s D 20.36 21.49 20.68 21.16
Divergence 0.0055 0.0055 0.0055 0.0055

The number of equivalent silent sites was calculated according to Rozas and Rozas (1997). Nucleotide
diversity û was estimated according to Watterson (1975) and p̂ according to Nei and Li (1979). The D value
was obtained by Tajima’s (1989) method. Divergence was estimated between each D. ananassae population
and D. pallidosa.

relatively low rate of divergence between D. ananassae z5.82 times higher than at fw. The results are presented
in Table 2. For all combinations of k and Rs values usedand D. pallidosa at fw and the lower levels of nucleotide

diversity at Om(1D) in the two southern populations (see in the simulations, the northern (Burma, Nepal) and
southern (India, Sri Lanka) subsamples produced theStephan et al. 1998), the results of the HKA tests are

only marginally significant for the populations from In- lowest probabilities (P , 0.05). This may suggest that
the FST values observed for the two northern subpopula-dia and Sri Lanka.

Test of background selection model: Two alternative tions as well as for the two southern subpopulations are
not compatible with those predicted by a finite islandmodels have been proposed to explain the reduction

of DNA sequence polymorphism in regions of low rates model of population structure that incorporates back-
ground selection.of crossing over and the lack of correlation between

polymorphism and divergence: the hitchhiking model Statistical properties of the FST test: To interpret the
P values in Table 2, we investigated the critical points(Maynard Smith and Haigh 1974; Kaplan et al. 1989;

Stephan et al. 1992) and the background selection of the test and the achieved levels of significance for a
range of parameter values. Due to the multidimension-model (Charlesworth et al. 1993; Hudson and Kap-

lan 1995; Charlesworth 1996). The first model as- ality of the parameter space, however, we had to concen-
trate on parameter values that are relevant for our data.sumes the hitchhiking of neutral (or nearly neutral)

variants on chromosomes bearing rare, strongly se- Figure 2 shows the critical values of the FST test as a
function of Ms for various values of the parameters klected, favorable mutations at closely linked loci that go

rapidly to fixation. The second model involves the loss and Rs. The remaining parameter values are those used
in the analysis of the two southern populations fromof neutral or nearly neutral variants as a result of steady

elimination of linked deleterious mutations from the India and Sri Lanka. The critical points as a function
of Ms for other parameter sets look qualitatively verypopulation. To test the background selection model,

we used the method proposed by Stephan et al. (1998) similar to those of Figure 2.
Next we examined the achieved levels of significancewith the modifications described in materials and

methods. This method compares genetic differentia- of the test using the critical values obtained for each
parameter set. We found that parameter estimation hadtion at a neutral marker gene with the pattern of differ-

entiation at a locus that is to be tested for the possible some influence on the test. For instance, the discrep-
ancy between the achieved and nominal levels of sig-effects of selection.

The prediction that background selection is expected nificance increased with the number of subpopulations,
k, and with nucleotide diversity at either locus. For theto increase differentiation between subpopulations at

fw was tested by generating the probability density of parameter sets examined, the critical points of the FST

test (at 5% level) were the values corresponding approx-FST for the finite island model with k demes, a given
migration rate Ms, a given mutation rate per locus us, imately to the lower second to third percentile of its

empirical distribution (similar to the Fs test; Fu 1997).and a given recombination rate per locus Rs. We chose
a range of reasonable values for the unknown parame- Therefore, in Table 2, adjusted P values are presented

for the two northern and the two southern populationsters k and Rs; us and Ms were estimated from the data
[see Equations 1 and 2 in Stephan et al. (1998)]. The that take this bias of the test into account. Some of the

adjusted P values for the two northern populations arecorrection factor fso of Equation 1 was estimated as 5.82,
reflecting the observation that divergence at Om(1D) is no longer ,0.05.
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TABLE 2

Probability of obtaining the observed or lower values of FST given the background selection model

k 5 4 k 5 10 k 5 100

Population 1 Population 2 Rs 5 0 Rs 5 0.1 Rs 5 0 Rs 5 0.1 Rs 5 0 Rs 5 0.1

Burma Nepal 0.026 0.026 0.025 0.025 0.027 0.011
(0.040) (0.048) (0.081) (0.069) (0.096) (0.047)

Burma India 0.353 0.322 0.343 0.345 0.337 0.313
Burma Sri Lanka 0.283 0.271 0.265 0.271 0.260 0.249
Nepal India 0.452 0.414 0.443 0.458 0.424 0.400
Nepal Sri Lanka 0.385 0.382 0.363 0.385 0.361 0.332
India Sri Lanka 0.016 0.015 0.014 0.010 0.013 0.005

(0.034) (0.035) (0.037) (0.025) (0.041) (0.006)

Columns 3–8 contain the probabilities of obtaining the observed or lower values of FST for the given values
of the parameters k and Rs and for the migration rate estimated from Equation 1. The values of FST are estimated
using Equation 6 in Hudson et al. (1992). The numbers in parentheses below the probability values, P, for
the northern and southern populations are adjusted probabilities that take the bias of the FST test into account
(see text). They are defined as follows: Let FST(P) be the point that corresponds to the tail probability P with
regard to the empirical distribution of FST values. The adjusted probability is then the proportion of simulated
samples with FST # FST(P). The procedure to simulate these samples is described in materials and methods
(Achieved levels of significance).

DISCUSSION phisms) or they occur as fixed differences between the
northern and southern populations (three). The onlyVariation within and between populations and diver-
exception is the polymorphism at position 1070 of frag-gence between species: The estimates of nucleotide di-
ment R9. These results confirm an earlier restrictionversity, p̂ and û, show extremely low levels of nucleotide
map survey of the fw region, in which two fixed differ-polymorphism within each of the four populations from
ences between the populations from Burma and IndiaBurma, Nepal, India, and Sri Lanka. Nucleotide diver-
were found although the estimates of variation withinsity at fw is lower than at v, which is located in a region
these populations were zero (Stephan and Mitchellof low recombination on the other side of the centro-
1992). While the northern and southern populationsmere of the X chromosome. This confirms earlier results
are strongly differentiated with respect to single nucleo-from restriction map analyses and agrees with the hy-
tide polymorphisms (but homogeneous within thepothesis that recombination in the fw region is lower
northern as well as within the southern species range),than at v (Stephan and Mitchell 1992). In contrast
it is noteworthy that the two northern populations fromto the vermilion data (Stephan et al. 1998), there is no
Burma and Nepal are differentiated with respect to twoevidence for a recombination event in the fw data set,
polymorphic microsatellites in intron 9.based on the four-gamete rule (Hudson and Kaplan

Divergence between D. ananassae and D. pallidosa was1985).
relatively low at fw, a factor of z4–6 lower than at v andOne haplotype (henceforth called M), including the
Om(1D), the only other genes that have been sequencedlines K8 (Nepal), H11, H81 (both from India), B8, and
for these two species. Because of this small number ofC6 (both from Sri Lanka), is of particular interest. The
genes sequenced, it is difficult to evaluate the fw result.four lines from India and Sri Lanka harbor all the varia-
However, lower levels of divergence in regions of re-tion detected in the southern populations, and K8 con-
duced recombination may not be unusual. Indeed, datatains much of the variation found in the northern popu-
from D. melanogaster suggest that the variance in levelslations. Removing this haplotype, which is distinctly
of divergence may be quite large in regions of low re-different from the rest of the sample and is thus appar-
combination rates relative to that in regions of interme-ently a recent immigrant from a different (unknown)
diate or high recombination (Begun and Aquadrosource population, reduces the estimates of nucleotide
1992). Finally, given the fact that differentiation be-diversity within the four populations even more; in fact,
tween the northern and southern populations is strongnucleotide diversity falls to zero within each of the two
because of the presence of three nearly fixed differ-southern populations.
ences, it should be noted that all four populations showAnother interesting feature of the data is the between-
the same average level of divergence from D. pallidosa.population distribution of variation. Again, removing
Although these two observations may appear to be in-haplotype M shows that the remaining seven segregating
consistent, they may simply be due to the fact that differ-sites are organized in a very simple way: either they are

in low frequency in the total sample (three polymor- entiation between populations was measured through-



1191Natural Selection and Gene Flow in D. ananassae

Figure 2.—Critical values of the FST test at the
5% level vs. migration rate Ms. The values of the
parameters k and Rs are shown; the remaining
parameter values are those pertaining to the two
southern populations from India and Sri Lanka
(i.e., the sample sizes are 10 and 14, respectively,
and the per-locus nucleotide diversity us is 1.685).

out this study by FST, a relative measure of differentiation, diversity in regions of low recombination and also the
relative insensitivity of the rates of divergence; i.e., thewhereas divergence between species was defined in ab-

solute terms. Measuring differentiation between popu- sixfold lower level of divergence at fw relative to Om(1D)
may be consistent with the background selection hy-lations in absolute terms, as proposed by Charles-

worth (1998), shows that the fw haplotypes of the pothesis. Furthermore, the background selection model
may explain the strong differentiation between north-northern and southern populations are much more sim-

ilar to each other than either of them is to the D. pallidosa ern and southern populations. However, as our analysis
seems to indicate, the background selection model can-sequence.

Test of the background selection model: To explain not account for the observed homogeneity of single
nucleotide polymorphism frequencies among the popu-our results, a basic model, such as the nearly neutral

model (Ohta 1972), is not sufficient, although some lations within the northern and southern species ranges.
There are two potential problems with our analyses.aspects of the data (e.g., the low levels of divergence at

fw) are qualitatively in agreement with a hypothesis that First, the FST test presumes that variation at the reference
locus Om(1D) is (nearly) neutral, and the results of ourinvokes selective constraints due to slightly deleterious

mutations. Adding more strongly selected mutations to test are based on the observation that migration rates
between the four subpopulations at Om(1D) are low. Asthis scenario, as postulated by the background selection

model (Charlesworth et al. 1993), does not suffice mentioned in Stephan et al. (1998), there is no evidence
that the observed patterns of variation at Om(1D) deviateeither. It may explain the strong reduction of nucleotide
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Figure 3.—Genetic differentiation at Om(1D)
as a function of geographic distance. Genetic dif-
ferentiation (measured by FST) is plotted against
the geographic distance (in kilometers) between
each pair of populations. The FST values were esti-
mated using the method of Hudson et al. (1992).
The distances between Mandalay (Burma), Kath-
mandu (Nepal), Hyderabad (India), and Co-
lombo (Sri Lanka) were estimated by choosing
the most direct route across land. The distances
are ranked as follows: Hyderabad-Colombo ,
Mandalay-Kathmandu , Kathmandu-Hyderabad
, Mandalay-Hyderabad , Kathmandu-Colom-
bo , Mandalay-Colombo.

from neutrality. We have further addressed this ques- We address this latter question for the two southern
populations from Hyderabad, India, and Sri Lanka, buttion by measuring genetic differentiation at Om(1D) be-

tween all pairs of populations. As predicted by the neu- a similar argument applies to the subsample of the two
northern populations, for which the pattern of differen-tral model, we found an “isolation-by-distance” effect

(Wright 1943) in that the association between the geo- tiation may also be inconsistent with the background
selection hypothesis (Table 2). Consider a coalescentgraphic distance between populations and FST is statisti-

cally significant (P , 0.025, linear regression; see Figure process for a stepping-stone-type model with k demes
(i.e., populations that are assumed to be significantly3). Furthermore, recent evidence from microsatellite

studies (M. Schug, personal communication) suggests differentiated among each other) with background se-
lection incorporated such that the migration rates be-that the pattern of variation between the four subpopu-

lations at Om(1D) is not locus specific. Our result that tween populations are comparable (approximately
equal) or smaller than the estimated rate of migrationmigration rates between these subpopulations are low at

Om(1D) is rather in qualitative agreement with Schug’s between the two populations from Hyderabad and Sri
Lanka. This scenario is constructed based on the obser-observation of strong differentiation at microsatellite loci.

Second, because the background selection model was vation that the two southern populations under consid-
eration (which are significantly differentiated; see Ste-incorporated into a specific model of population struc-

ture, the finite island model, the latter may be the prob- phan et al. 1998) are separated by a smaller geographic
distance than most other pairs of D. ananassae popula-lem instead of the background selection model itself.

Is the finite island model a realistic model of migration tions within the zoogeographic range of D. ananassae.
(Note that this scenario includes all actual D. ananassaefor D. ananassae at the geographic scale used in this

study? As mentioned above, we found an “isolation-by- populations that are differentiated, not only those that
have been sampled in this study.) Geography may implydistance” effect in that the association between the geo-

graphic distance between populations and FST is statisti- that the migration rate between the Hyderabad and Sri
Lanka populations is probably higher than the migra-cally significant (Figure 3). This suggests that the finite

island model in which migration between each pair of tion rates between most other pairs of populations
within the zoogeographic range of D. ananassae. Thus,populations is assumed to be identical may not be an

adequate description of population subdivision for D. simulating a coalescent for this scenario under a back-
ground selection model would produce a distributionananassae. At the same time, this result raises the ques-

tion of how a more realistic, stepping-stone-type model of FST values that is shifted to values larger than in the
corresponding finite island model in which all migra-in which migration rates between geographically more

distant populations are lower would change our results. tion rates are the same as between the populations from



1193Natural Selection and Gene Flow in D. ananassae

Hyderabad and Sri Lanka. As a consequence, the proba- LITERATURE CITED
bility of obtaining the observed FST, given the back- Aguadé, M., N. Miyashita and C. H. Langley, 1989 Reduced varia-
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