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ABSTRACT

The hitchhiking model of population genetics predicts that an allele favored by Darwinian selection
can replace haplotypes from the same locus previously established at a neutral mutation-drift equilibrium.
This process, known as “selective sweep,” was studied by comparing molecular variation between the
polymorphic In(2L)t inversion and the standard chromosome. Sequence variation was recorded at the
Suppressor of Hairless (Su[H]) gene in an African population of Drosophila melanogaster. We found 47
nucleotide polymorphisms among 20 sequences of 1.2 kb. Neutrality tests were nonsignificant at the
nucleotide level. However, these sites were strongly associated, because 290 out of 741 observed pairwise
combinations between them were in significant linkage disequilibrium. We found only seven haplotypes,
two occurring in the 9 In(2L)t chromosomes, and five in the 11 standard chromosomes, with no shared
haplotype. Two haplotypes, one in each chromosome arrangement, made up two-thirds of the sample.
This low haplotype diversity departed from neutrality in a haplotype test. This pattern supports a selective

sweep hypothesis for the Su(H) chromosome region.

HE theory of genetic hitchhiking (Maynard-

Smith and Haigh 1974) predicts that natural selec-
tion on favored genes can be revealed by its driving
effect on allele frequencies at neighboring loci (Aguadé
et al. 1989; Stephan and Langley 1989). Attempts to
use this effect in genome-wide surveys of molecular poly-
morphism as evidence of Darwinian selection have
failed due to a strong technical constraint. In highly
recombining parts of the genome, the effect of such
“selective sweeps” (Kaplanetal. 1989; Begun and Aqua-
dro 1992) is limited to small regions and cannot be
easily detected. Low recombining regions, such as Dro-
sophila telomeres and pericentromeric regions, show
an absence of variation that can be explained either by
selective sweeps or by “background selection” (Charles-
worth et al. 1993). The latter is the loss of diversity
caused by the recurrent elimination of chromosomes
bearing deleterious mutations. Comparing predictions
of realistic quantitative models with empirical data
shows that background selection can easily explain the
contrast in polymorphism levels between “highly recom-
bining” and “low recombining” regions at a genome-
wide scale in Drosophila (Hudson and Kaplan 1995).
Even though this global pattern conforms to neutral
theory predictions, the burden of Darwinian selection
undergone by genomes in natural conditions can still
be substantial, and its study remains an essential objec-
tive of population genetics. Genetic hitchhiking can
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more easily be identified in highly recombining regions,
where background selection would reduce segregating
neutral variation, e.g., in Drosophila, by only ~33%
(Hudson and Kaplan 1995). In other words, any depar-
ture from neutrality at a specific locus could be ascribed
to a selective sweep event, provided that we could com-
pare the actual distribution of polymorphism to its ex-
pected value under the neutral mutation-drift equilib-
rium.

To answer this question, we studied the In(2L)t poly-
morphic inversion. The underlying rationale was that
chromosome inversions can reveal selective sweeps be-
cause they strongly inhibit recombination between chro-
mosomal types (see Ashburner 1989). They thus divide
up a sample of chromosomes into two partially isolated
subpopulations exchanging genetic variation through
rare recombination events in inversion heterozygotes.
A favorable mutation can appear and go to fixation in
one of them. The other chromosomal type remains
unaffected until the favored allele recombines into it.
In the meantime, a strong contrast in variation pattern
differentiates the two chromosomal types. This contrast
is more easily detected in highly recombining regions,
which have more preexisting segregating variation. This
contrast can be expected to occur around inversion
breakpoints (internally or externally) rather than in
the middle of long inversions, where double crossover
(Krimbas and Powell 1992) and gene conversion
(Chovnik et al. 1977) can take place.

We chose to carry out this study on the Suppressor of
Hairless gene (Su(H)) after surveying length variation in
several trinucleotide microsatellites from chromosome
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2 (Michalakis and Veuille 1996) in natural popula-
tions showing inversion polymorphism (Bénassi ¢t al.
1993; Veuille et al. 1998). We found highly significant
linkage disequilibrium between a microsatellite located
in the Su(H) coding region and the In(2L)t chromosome
polymorphism in a west African population. The Su(H)
gene (Furukawa et al. 1991; Schweisguth and Posa-
kony 1992) is a transcription factor that is involved in
the Notch signalling pathway (Artavanis-Tsakonas et
al. 1995). It presents an OPA-repeat, consisting of tan-
demly arranged glutamine codons (CAG or CAA). The
relative positioning of Su(H) and In(2L)t is known. On
the Drosophila melanogaster physical map, this gene maps
to position 35B9-10 (Schweisguth 1995), which is be-
tween the proximal breakpoint of In(2L)t (in 34A8-9)
and the centromere (in 40F). The Su(H) gene is not
very far from the Adh locus (in 35B2), which shows a
reduced recombination rate (5 X 10~* recombination
events per generation in females) with In(2L)t in hetero-
karyotypic females (Malpicactal. 1987). This suggested
that, although distant from the inversion (about one-
hundredth of the Drosophila genome), the Su(H) gene
could be maintained in linkage disequilibrium with the
inversion for many generations. The difference in mi-
crosatellite allele frequency could indicate a selective
sweep had occurred in one or another chromosomal
arrangement. We therefore recorded sequence varia-
tion at this locus in this population, and found it to
agree with the hypothesis of a recent selective sweep.

MATERIALS AND METHODS

A random sample of 85 isochromosomal lines for chromo-
some 2 was established by Benassi et al. (1993) from a natural
population of D. melanogaster from the lvory Coast (Lamto
Ecological Station). In this population, the frequency of the
In(2L)t inversion (0.62, SD = 0.05) is particularly high. We
used a random sample of 47 lines for the microsatellite survey
and a random subsample of 20 lines for the sequence survey.
The proportion of In(2L)t and standard chromosomes in the
two samples (25 vs. 22 for the microsatellite survey, respec-
tively, and 9 vs. 11 for the sequence survey) did not significantly
depart from their initial frequencies. The D. simulans sequence
was obtained from a line bearing multiple recessive markers
for chromosome 2 and therefore was expected to be largely
homozygous for this chromosome at the molecular level, as
previously observed for the Fbp2 gene (Benassi et al. 1999).

Su(H) microsatellite variation was studied according to Micha-
lakis and Veuille (1996). To maximize genetic information
in the sequence survey, we studied a region of the gene over-
lapping a long intron. We amplified a fragment including a
712-bp intron and 314 coding sites plus a varying number of
indels and microsatellite repeats. Genomic DNA was amplified
through standard PCR conditions between coordinates 142
and 1198 of the published Su(H) transcription unit (Furu-
kawa et al. 1991), using primers AACCGTAGTTCGTAGG
CAAT and GAACGCAGGCGATTGAACAG. They were se-
quenced in both orientations with these and four intervening
primers (AGGGGTGAGCGGTTGGGGGATT, CTTCCGAA
CAGATAAATGCA, TTGCTCAATTTGCGGGC, and GAAA
GAAAATCTGAA). The reference sequence is 1056 bp long,

while our data extend over 1196 bp to account for indels. The
sequences are available from the GenBank database under
accession nos. AF088255-AF088275.

Sequences were manually aligned. Their phylogeny was ana-
lyzed using MEGA (Kumar et al. 1993). Descriptive statistics
were derived using the DNAsp2 program (Rozas and Rozas
1997). The effective numbers of synonymous and nonsynony-
mous sites were calculated using Nei and Gojobori’s (1986)
method.

The K-test and H-test of haplotype diversity were run ac-
cording to Depaulis and Veuille (1998). These coalescent-
based simulation tests assess whether the association of S poly-
morphic sites into K haplotypes in a sample of n sequences
is in neutral mutation-drift equilibrium or not. The K-test is
based on the observed haplotype number, and the H-test on
the sample haplotype diversity. These tests were used under
two models. The first is a no-recombination model, for which
confidence intervals are available (Depaulis and Veuille
1998). This model is conservative when the number of ob-
served haplotypes is lower than expected, because recombina-
tion increases its expectation. The second model takes into
account the recombination rate at the studied locus. This
rate can be estimated according to Hudson’s (1987) method,
which derives a value of Nr (where N is the diploid population
size and r is the recombination rate per generation per nucleo-
tide) from the variance of pairwise differences in natural popu-
lations under the assumption of neutrality. This estimate has
a large variance. Hudson et al. (1994) compare this estimate
to the value (r = 1078/bp, yielding Nr = 1072, assuming N =
10°) directly derived from genetic experiments for highly re-
combining regions (Chovniketal. 1977). We obtained a lower
value (Nr = 5.45 10~%) for Su(H), which is probably an under-
estimate.

RESULTS

Association between the inversion and the Su(H) mi-
crosatellite: Four size variants differing by one repeat
unit (one codon) were observed at the Su(H) microsatel-
lite (Table 1). The alleles were 251, 254, 257, and 260
nucleotides long and were named after their size. The
251 allele was present on 24 of the 25 inverted chromo-
somes, but only on 4 of the 22 standard chromosomes.
The standard arrangements were more variable, with
four alleles and a larger sample heterozygosity (H =
0.615) than the other class (H = 0.076). The linkage
disequilibrium between the microsatellite and the inver-

TABLE 1

Linkage disequilibrium between the Su(H) microsatellite
and the In(2L)t inversion

Chromosome Total In(2L)t Standard
N 47 25 22
Allele length in base pairs
251 28 24 4
254 5 0 5
257 2 1 1
260 12 0 12

Fisher’s exact test for multiple classes (Raymond and Rous-
set 1995), P < 107“
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111
23333344444444444444455555555566666666666777777789011

micro-

coordinates 104566912335667777788912577778800112277899001122320901 satellite
799315577796491246947224406783489192448018030705687721 length
*x
reference GGCGTGCGATCCCATTCAAGCATTGTTCGCCAARATCTGAGATTTGTCGGGCTG
In-L3 o Col Tl T e e Gov el A..GCA 251 . . .
In-L4 e CalTel. .. Tt e Guveeeaan A..GCA 251 Figure 1.—Alignment of nucleotide changes
In-L1l4 LLColTe s B Govv it A..GCA 251 i im-
In-118 R oL Gl A cca 5 at Su(H) in 20 D. melanogaster and one D. sim
In-121 el CelTa T e A..GCA 251 ulans sequences. The names of In(2L)t lines
In-L31 LG T T e e s i e i e [ A..GCA 251 1 . i
In~-L101 WGl T A Gt ii i i A..GCA 251 are In boldface,the reference sequence Is a
In-112  ........ G.ATT.A.=GT...AGAAAGAGTGGG.A.AT...........C... 251 consensus. dot, same as in the consensus; dash,
In-L19 ...G.ATT.A.-GT...AGARAGAGTGGG.A.AT...........C... 251 inde'; Star’ synonymous change. The |a5t COl'
St-L13 PN T.TG.ATT.A.-GT.A.AGA.AGAG.GGG.A.AT...........C... 254 .
S£-L111 B......G.ATT.A.~GT...AGA.AGAG.GGG.A.AT. .. ........C... 251 umn indicates the length of the fragment am-
gg:igg . ggg plified for studying the microsatellite; repeats
St-128 260 are multiples of 3 bp.
St-L106 260
St-L120 251
St-~LS 260
St-L124 257
St-L7 254
St-L127 254

D. simulans ..G.G.T.G..

sion was assessed using Fisher’s exact test for multiple
classes (Raymond and Rousset 1995) and was found
to be highly significant (P < 107%).

Sequence polymorphism: An alignment of polymor-
phisms is shown in Figure 1. We found nucleotide poly-
morphism at 47 sites, of which 17 were polymorphic
only in standard, 6 only in In(2L)t, and the remaining
24 in both arrangements. These polymorphisms in-
volved two changes out of 58.67 effective synonymous
sites (m = 0.00924), no change out of 241.33 effective
nonsynonymous sites, 42 substitutions out of 712 intron
sites (m = 0.0206), and three intronic positions where
both indels and substitutions occurred. The level of
nucleotide variation, as estimated by = (Nei 1987) and
6 (Watterson 1975) is shown in Table 2. These values
were within the range of values observed for other genes
located in highly recombining regions in this species,
both for synonymous and noncoding variation
(Charlesworth et al. 1995; Moriyama and Powell
1996). The level of variation did not depart from selec-
tive neutrality using Tajima’s (1989) D test, Fu and Li’s
(1993) D tests, McDonald and Kreitman’s (1991) test,
or the HKA test (Hudson et al. 1987) against 5’-Adh
variation, with D. simulans contributing as an outgroup
(Table 3).

Linkage disequilibrium between nucleotide polymor-
phisms: Although levels of variation were thus unre-
markable, nucleotide polymorphism was clumped into
a small number of haplotypes, as shown in Figure 1.
Only two haplotypes were found in In(2L)t and five in
standard. The two arrangements shared no haplotype.
Two haplotypes, one in the inversion and one in stan-
dard, made up two-thirds of the sample (13 out of 20
sequences). Linkage disequilibrium was studied by cal-
culating the P value of Fisher’s exact test in all pairwise
associations of substitution polymorphisms. Of 741 pos-
sible pairwise combinations between informative sites,
290 were significant at the 0.05 level, of which 182 were
significant at the 0.001 level. Bonferroni’s correction
was used to correct for multiple testing, and 35 tests
remained significant at the 0.05 level. To our knowl-
edge, this very high proportion by far exceeds the results
of any similar study carried out on this species. The
large number of tests that are significant at the 0.001
level results from the fact that an excess of chromosomes
belonging to the same haplotypes repeatedly give the
same result along the sequence. These observations rule
out the null hypothesis of random association. They are
in agreement with the structuring of basic nucleotide
variation into haplotypes.

TABLE 2

Molecular diversity at Su(H)

Chromosomes n iy SE () 0 SE (6) C.1. (8)

Total 20 0.0136 0.0064 0.0111 0.0040 [0.0055-0.0244]
In(2L)t 9 0.0097 0.0049 0.0092 0.0041 [0.0039-0.0272]
Standard 11 0.0128 0.0062 0.0119 0.0050 [0.0054-0.0317]
Synonymous 20 0.0092 0.0019 0.0096 0.0072 [0.0011-0.0334]
Noncoding 20 0.0206 0.0027 0.0166 0.0060 [0.0082-0.0367]

 was calculated according to Nei (1987) and 6 according to Watterson (1975); standard errors (SE) were
calculated on the basis of the total variance, including the stochastic and the sampling variance according to
Nei (1987); confidence intervals (C.1.) were calculated according to Kreitman and Hudson (1991).
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TABLE 3
Neutrality tests in Su(H)

Tajima’s Fu and McDonald-
Sample D Li’s D Kreitman? HKAP
Total 0.92 1.37 0.476 0.55
Inverted 0.28 1.93° 0.587 0.22
Standard 0.36 1.38 0.519 0.64

2 Probability of Fisher’s exact test.

® Probability using the 5’Adh dataset (Kreitman and Hud-
son 1991) as a reference.

°P < 0.05.

Haplotype tests: We tested the probability of observ-
ing k = 7 haplotypes and a haplotype diversity of H =
0.76, given a sample of n = 20 sequences showing S =
44 diallelic polymorphisms using the K-test and the H-test
(Depaulis and Veuille 1998). Results are shown in
Table 4. The tests were significant in all cases. The most
intuitive test is the K-test, which is based on the observed
number of haplotypes. Its significance in the no-recom-
bination test (P < 0.011) is remarkable because this test
is conservative. A conservative estimate of the recombi-
nation rate was used in the recombination test, which
was highly significant (P < 107%). These tests assess
whether or not the haplotypes originated under a neu-
tral coalescent process. A lower than expected number
of haplotypes indicates that an event of reduced varia-
tion has recently impoverished the haplotype diversity of
the gene. The fact that the haplotype tests are significant
even under a no-recombination model further means
that this conclusion is true irrespective of the inhibitory
effect of the inversion on recombination.

Phylogenetic analysis of the haplotypes: To illustrate
the structuring of variation, we carried out a phyloge-
netic analysis of the haplotypes. This approach was vali-

dated by the fact that the minimum number of recombi-
nation events in the sample, as estimated after Hudson
and Kaplan’s (1985) method, was only one. A neighbor-
joining tree is shown in Figure 2. The phylogenetic
analysis provided the same topology under the un-
weighted pair-group method using arithmetic averages
(UPGMA) and maximum parsimony methods (data not
shown) and was supported by high bootstrap values.
The In(2L)t and standard chromosomes do not represent
completely isolated lines. It was mentioned earlier that
the two types of chromosomes shared 24 out of 47 poly-
morphic sites, suggesting a substantial genetic exchange
of material between the two arrangements in the past.
The phylogeny comprises a small cluster of four related
sequences, consisting of two inverted and two standard
haplotypes. This cluster substantially diverges from the
other sequences, which make up a larger cluster. The
latter involves the two major haplotypes (one inverted
and one standard) and several intermediates belonging
to standard. The only recombination event substanti-
ated by the four-gamete rule (Hudson and Kaplan
1985) differentiates the two clusters, as is apparent in
the alignment (Figure 1). There is no fixed difference
between In(2L)t and standard.

Neutrality tests within each chromosomal arrange-
ment: We recorded linkage disequilibrium within each
chromosomal arrangement. Linkage disequilibrium be-
tween the 31 polymorphisms from the two inverted hap-
lotypes was significant (P = 0.028, Fisher’s exact test).
Among the 34 polymorphic sites from standard chromo-
somes, 185 of the 561 comparisons were significant (P <
0.05). They corresponded to three of the comparisons
between the five haplotypes. This confirms the cluster-
ing of variation into a few combinations, as was already
apparent from Figure 1. Neutrality tests were nonsig-
nificant, except for Fu and Li’s test, which was margin-
ally significant among inversions (Table 3), meaning

TABLE 4

Significance of haplotype tests in Su(H)

K-test on the
Recombination model

number of haplotypes?

H-test on

haplotype diversity? Haplotype test®

Pooled data (n = 20, S = 44, K = 7, H = 0.760)
No recombination P = 0.0126
With recombination® P < 0.0001

Inversion (n = 9,S = 31, K = 2, H = 0.346)
No recombination P < 0.0001
With recombination® P < 0.0001

Standard (n = 11, S = 39, K = 5, H = 0.645)
No recombination P = 0.0199
With recombination® P = 0.0002

P = 0.0170 P = 0.0756
P = 0.0004 P = 0.0062
P = 0.0001 P = 0.0005
P = 0.0001 P = 0.0001
P = 0.0058 P = 0.0097
P = 0.0001 P = 0.0002

K, number of haplotypes; H, sample haplotype diversity calculatedasH = 1 — Zi_, p?, where p; is the frequency

of the ith allele.

2Tests based on 10,000 simulations as in Depaulis and Veuille (1998).

®As in Hudson et al. (1994).
‘Recombination rate, Nr = 5.45 X 1073,
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that singletons were not equally distributed in haplo-
types from this subsample. However, because its nine
sequences make up only two haplotypes, this result is not
very informative. Haplotype tests deserve more interest,
because they were significant on pooled data. If we apply
these tests to each chromosome class separately, they
are significant in all cases. This indicates that the signifi-
cance was not due to a heterogeneity of the data caused
by the inversion.

Molecular divergence between chromosomal arrange-
ments: The genetic divergence between the two karyo-
types can be assessed using a fixation index (Hudson
et al. 1992), the value of which was Fy = 0.252 (signifi-
cance as estimated by permutations, P = 0.0170). This
means that one-quarter of the distance between arrange-
ments is due to the structuration into chromosomes.
This is a considerable level of differentiation, as can be
emphasized by noting that this value is higher than
that observed between D. melanogaster populations from
different continents. For nine polymorphic genes [ex-
cluding Su(H)] located at distant positions on the same
chromosome, the average Fy was 0.105 in a group of
European and African populations (Michalakis and
Veuille 1996). This value was also higher than that
observed between the two chromosome arrangements
in Lamto for another gene, Adh. Four-cutter restriction
site polymorphism at this locus (Veuille et al. 1998)
showed a relative divergence of D, = 0.63 vs. D,, = 5.93
using Nei’s (1987) distances, giving a ratio Gq = 0.106,
which is equivalent to Hudson et al.’s (1992) Fq
(Charlesworth 1998).

DISCUSSION

Departure from neutrality in a highly polymorphic
gene: The Su(H) gene shows a strong contrast between
the distribution of polymorphisms at the nucleotide
level and at the haplotype level. Nucleotide variation
may be briefly described as a normal neutral polymor-
phism. It presents the composition expected for this

St-L5

St-1.28
100t St-L27
St-L26

species, both in the number of polymorphisms and in
the proportion of rare and frequent variants. It there-
fore appears neutral under available neutrality tests. On
the contrary, there is a drastic deficit of haplotypes. All
tests lead to the conclusion that the number of haplo-
types has recently been substantially reduced. A theoret-
ical model by Barton (1998) shows that asudden reduc-
tion of effective population size (through, e.g., aselective
sweep or a bottleneck) splits preexisting neutral varia-
tion at a given locus into distantly related families of
closely-related lineages. Haplotype distribution at Su(H)
seems a remarkable illustration of this (see Figures 1
and 2).

Comparing selective »s. demographic explanations:
This effect could have been caused by a selective sweep
or by a population bottleneck. The two processes have
the same effect at the level of single genes, but the
first applies to part of the genome, whereas the second
applies to the whole of it. Molecular variation is known
for other genes from the Lamto sample. Restriction site
polymorphism has been observed in 85 chromosomes
in Lamto for 2.4 kb of the Adh gene (Benassi ¢t al.
1993). The observed haplotype diversity (H = 0.936)
did not depart from that observed for populations from
France (H = 0.89) and from Malawi (H = 0.99; Benassi
and Veuille 1995). The genetic variability of these three
populations has also been compared using a set of 10
polymorphic microsatellites spread over the whole
length of chromosome 2 (Michalakis and Veuille
1996). The overall heterozygosity in Lamto (H = 0.421)
was in the range observed for the other populations
(H = 0.321-0.514).

Comparison with variation at the Acp26Aa and Acp26Ab
loci (Aguadé 1998) is in agreement with a selective
sweep at the Su(H) locus. These genes, like Su(H) and
Adh, are located in a highly recombining region of the
left arm of chromosome 2. They lie between positions
25D7 and 26A8-9, in the middle of the region covered
by In(2L)t, and show no linkage disequilibrium with the
inversion (Aguadé 1998). Sequence polymorphism at



1022

F. Depaulis, L. Brazier and M. Veuille

consensus ACGTGGCCAGTCG ACGTGGCCAGTCG
1 ------ TT--GAT 1~ ------ TT--GAT
#2 ----A----A---  -—----- TT--GAT
A #3 -------- T-GAT ------ TT--GAT
#4 -G----------- e-ee-- TT--GAT
#5 ----A--T----- = ---- A--T-----
- -
#6 T----A--T-G-- T----A--T-G--
#7 -G------ T---- -G------ T----
B #8 -G----------- “G--mmmmm o
#9 -G--A-------- -G--A--------
#10 --TG----- A--- --TG----- A---
STEP 1 STEP 2

ACGTGGCCAGTCG
—————— TT--GAT *1
—————— TT--GAT *1

Figure 3.—Hypothetical scheme of
selective sweep in Su(H). Step 1: the
Su(H) locus is in neutral mutation-

""" TT--GAT :1 drift equilibrium in two partially di-
- ';Tg' -GAT *; vergent chromosomal arrangements
"""""""" (A) inverted and (B) standard (or the
T _A-_p.g.. %3 letterscould be reversed); a favored

mutation at another locus appears in
the same chromosome as haplotype
1. Step 2: a complete selective sweep

T----A--T-G-- *3
T----A--T-G-- *3

T----A--T-G-- *3 .
R e T A--- *4 at the selected locus occurs in (A)
resulting in loss of variation at Su(H),

STEP 3 for the A subsample; the loss is par-

tial, due to intra-arrangement re-

combination. Step 3: a recombination between chromosome arrangements imports the favored mutation into haplotype 6, and
the selective sweep event continues in B. Former haplotypes are numbered on the left and surviving haplotypes on the right.

these loci has been recorded for 24 chromosomes drawn
from Benassi et al.’s (1993) Lamto sample. Haplotype
diversity was much higher than for Su(H). Their number
of haplotypes (S) and haplotype diversity (H) were
above their expectation under a recombination model
(Depaulis and Veuille 1998) and were thus opposite
to the result observed for Su(H). This remained true
if considering only the 44 first polymorphic sites [the
number found in Su(H)], where both Acp26A genes
showed a number of haplotypes S = 21 and a sample
haplotype diversity H = 0.968. We also computed the
0.05 limit intervals of S and H, using a recombination
model (Depaulis and Veuille 1998) in combination
with estimates of Nr obtained using Hudson’s (1987)
method. Variation at Acp26A genes appeared neutral
(data not shown). They thus provide a negative control
for Su(H), allowing us to exclude the hypothesis of a
population bottleneck in the Lamto sample.

Relation of the inversion to the selective sweep: Our
conclusion is thus that the haplotype pattern of Su(H)
results from a selective sweep that affected both chromo-
some arrangements at a nearby locus. It is remarkable
that we do not need to consider the two chromosome
arrangements separately to come to this conclusion.
Linkage disequilibrium and haplotype tests yield sig-
nificant results on pooled data, even though they are
also significant for each of the chromosome arrange-
ments. This suggests that the same selective sweep event
affected both arrangements. An outline of this process
is presented in Figure 3. In a first step, an advantageous
allele arises by mutation at an unidentified locus “U”
on chromosome 2. This new allele of U is linked to one
of the Su(H) haplotypes and to one of the chromosome
arrangements, In(2L)t or standard. If Su(H) is at a neutral
mutation-drift equilibrium, most haplotypes will be dif-
ferent, as is observed in other D. melanogaster genes,
and little linkage disequilibrium will be present between
polymorphic sites. In a second step, the favored allele of
U goes to fixation in the first chromosome arrangement.
This causes a selective sweep at Su(H), increasing the
frequency of the first haplotype associated with the fa-
vored allele. Because the recombination rate is not in-

hibited within chromosome arrangements, this allele is
soon linked to several other Su(H) haplotypes, which
thus survive the selective sweep event. In a third step, the
favored allele recombines into the other chromosomal
arrangement and links to another Su(H) haplotype. The
selective sweep process continues in this arrangement,
albeit involving different haplotypes. The strong differ-
entiation observed between haplotypes thus conforms
to predictions of a hitchhiking model with recombina-
tion where different alleles are affected in different pop-
ulations (Slatkin and Wiehe 1998).

An alternative hypothesis is that two selective sweep
events, one on each chromosomal arrangement, oc-
curred independently. This would cause a balanced
polymorphism pattern between them. This explanation
was put forward by Kirby and Stephan (1996) for small
sequences of DNA, where the absence of recombination
is due to the small genetic distance. It is known as the
“traffic hypothesis.” This explanation is probably less
parsimonious than the former in the case of Su(H).

This schema is based on simple hypotheses. In addi-
tion, an implicit observation is that selection did not
sweep away the inversion polymorphism. The focus of
this study is not to evaluate the individual contribution
of genes to this phenomenon. We cannot say, from this
study, to what extent individual genes can affect an
inversion frequency. We can only rule out the hypothesis
of a balanced polymorphism at Su(H). The possible role
of inversions in maintaining genetic polymorphism un-
der balanced selection was put forward by Wright and
Dobzhansky (1946) for D. pseudoobscura and was an
influential model in the development of population
genetics (Lewontin et al. 1981). Data obtained for an-
other D. melanogaster inversion, In(3L)Payne, showed no
significant departure from neutral equilibrium (Has-
son and Eanes 1996) in spite of patterns sometimes
suggesting selective sweeps. Similar patterns were ob-
served in Drosophila species from the obscura group,
which also present inversion polymorphisms (Rozas
and Aguadé 1990, 1993; Babcock and Anderson 1996;
Popadic et al. 1995). Recombination is not completely
inhibited between Su(H) and In(2L)t in heterokaryotypic
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females. According to Strobeck (1983), even a small
recombination rate is sufficient to generate random
associations between anciently coexisting polymorphic
sites. An old balanced polymorphism could not there-
fore have caused the pattern observed in Su(H), first
because the two chromosomal arrangements are very
divergent at this locus, and second because haplotypic
variation is depleted within each arrangement.

Our study indicates a way to observe selective sweeps
in genomes showing many inversion polymorphisms, as
in D. melanogaster (Lemeunier and Aulard 1992). In
the case of In(2L)t, the Su(H) locus is located outside
the inversion, at the substantial distance of one chromo-
some division. The effect of inversions on variation can
thus extend far from inversion breakpoints. Future re-
search should tell whether the observations made in
Su(H) are characteristic of only this gene or can be
replicated for other genes associated with this inversion.
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