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Summary

Chromosomal inversions largely inhibit recombination and may be associated with selective forces,
such as hitch-hiking effects: the effect of positive selection on linked loci. A West African
population of Drosophila melanogaster showed a high frequency (0-61) of the In(2L)t inversion.
Departure from neutrality statistically associated with the inversion polymorphism was previously
recorded at Su(H), a locus distant from the proximal breakpoint of the inversion. These results
were consistent with hitch-hiking effects with recombination. The present sequence polymorphism
survey involves a 1 kb fragment of the Vha68-1 locus located closer to the proximal breakpoint of
the inversion. It shows a significant deficit of polymorphism with respect to divergence when
compared with other loci studied in the same population, thus suggesting selective effects. Only 11
polymorphic sites are present in a sample of 20 chromosomes and these sites present a significant
excess of rare-frequency variants. The major haplotype shows an unexpectedly high frequency. Our
estimate of the background selection effect is not sufficient to account for the observed reduction
of polymorphism. Intraspecific variation is structured between inverted and standard
chromosomes; there are no shared polymorphisms but also no fixed differences between them. This
pattern, together with that found on other loci previously studied near this inversion breakpoint,

suggests hitch-hiking effects enhanced by the inversion.

1. Introduction

A major issue in population genetics is distinguishing
neutralist versus selectionist hypotheses. Demographic
hypotheses (e.g. population subdivision, bottlenecks)
can be distinguished from selective ones because the
former should affect the whole genome to a similar
extent whereas the latter are expected to be more
restricted, and could show different effects depending
on the distance between the marker considered and
the selected locus. Selective events can be detected
through their effect on linked neutral variation. Hitch-
hiking and background selection are two models

* Corresponding author. Present address: Institute of Cell, Animal
and Population Biology, University of Edinburgh, West Mains
Road, Edinburgh EH9 3JT, UK. Tel: +44 (0)131 650 5513. Fax:
+44 (0)131 650 6564. e-mail: frantz.depaulis@ed.ac.uk

https://doi.org/10.1017/50016672300004626 Published online by Cambridge University Press

describing the effect of selected mutations on linked
loci (Charlesworth et al., 1993; Maynard-Smith &
Haigh, 1974). Both models predict a reduction in the
level of neutral polymorphism around selected loci.
The lower the recombination rate, the more extended
the effect of selected mutations and the larger the
reduction of polymorphism. Background selection
describes the effect of the recurrent elimination of
deleterious mutations on linked neutral variation
(Charlesworth et al., 1993). The hitch-hiking effect
involves the suppression of neutral variation near an
advantageous mutation that has recently been fixed
(Maynard-Smith & Haigh, 1974; Stephan et al.,
1992). Consistent with these two models, a reduction
of the polymorphism level has been found for genes
located in low recombining regions such as telomeres,
pericentromeric regions and the fourth chromosome
of the Drosophila melanogaster genome (Berry et al.,
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Fig. 1. Left arm of chromosome 2. The physical positions of the markers studied in the Ivory Coast population are

indicated.

1991; Begun & Aquadro, 1992). No corresponding
reduction is found at the divergence level (Begun &
Aquadro, 1992). This pattern is not predicted under a
neutral model, which predicts proportionality between
polymorphism and divergence, but both background
selection and hitch-hiking can account for observed
data (Charlesworth ez al., 1995; Charlesworth, 1996;
Hudson & Kaplan, 1995). In principle it is possible to
distinguish the two hypotheses. After a selective sweep
(i.e. a hitch-hiking event without recombination
between the observed marker and the selected site
during the selective stage, hereafter °hitch-hiking
effects without recombination’), there is a period of
recovery of polymorphism during which the dis-
tribution of variation should depart from a neutral
distribution (Braverman et al., 1995). In contrast,
background selection has little effect on the dis-
tribution of remaining variation (Charlesworth et al.,
1995; Hudson & Kaplan, 1995, appendix A; Fu,
1997). However, in regions showing permanently low
recombination rate, recurrent selective events remove
most of the variability and make it difficult to
distinguish the two hypotheses.

When an inversion arises in a region of high
recombination, it strongly inhibits recombination in
heterokaryotypes (individuals heterozygous for an
inversion). Subsequent hitch-hiking and (or) back-
ground selection effects can differentially affect the
pre-existing level of polymorphism at linked loci.
Inversions are thus a potential tool for finding
independent evidence for background selection or
hitch-hiking effects, and possibly distinguishing be-
tween these hypotheses (Depaulis et al., 1999). Classic
genetics studies of inversions have shown that re-
combination in heterokaryotypes is inhibited near
breakpoints, both within and outside the inverted
region (for a review see Krimbas & Powell, 1992).
Chromosome inversion polymorphism has also been
the focus of numerous population genetic studies in
Drosophila, and several of these studies have claimed
to have found evidence of selection (Krimbas &
Powell, 1992). The general idea is that the fate of
inversions depends both on their effect on recom-
bination and on their genetic content. Balancing
selection has generally been proposed as a mechanism
maintaining inversion polymorphism. However,
ancient balanced polymorphism cannot account for
observed linkage disequilibrium with allozymes unless
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the recombination rate is very low (N, < 1; Strobeck,
1983). Under a balancing selection model, an increase
in the level of polymorphism is expected around the
selected locus (Hudson & Kaplan, 1988), whereas
hitch-hiking and background selection models predict
a reduction of polymorphism (Stephan et al., 1992;
Charlesworth et al., 1993). In general, the study of
nucleotide variation for markers closely linked to an
inversion provides information on their evolution (i.e.
monophyly, age, phylogenies) and on their differen-
tiating effect on the neighbouring variation (Aguadé,
1988 ; Popadic et al., 1995; Babcock & Anderson,
1996; Hasson & Eanes, 1996; Veuille et al., 1998).
We used the cosmopolitan In(2L)t inversion of D.
melanogaster as a model system of the evolution of
markers linked to inversions. In(2L )¢ is located in the
middle of the left arm of chromosome 2 (22D3-E1;
34A8-9, Fig. 1) and strongly suppresses recombination
around its breakpoints in heterokaryotypes (Malpica
et al., 1987). Previous studies have shown a high
frequency (61-4%) of In(2L)t in a West African
population and non-random association with re-
striction enzyme polymorphism at the Adh gene,
which is located outside its proximal breakpoint (at
35B2; Bénassi er al., 1993). These studies have
suggested that the In(2L)t frequency has recently
been affected by a selective event, but this conclusion
is based on restriction-site polymorphism and may be
obscured by the selective history linked to the Fast-
Slow polymorphism (Aguadé, 1988; Veuille et al.,
1998). In addition, a sequence polymorphism study of
the Su(H) locus, located in 35B9-10, proximal to the
Adh locus, has indicated a strong departure from
neutrality associated with In(2L)t polymorphism
(Depaulis et al., 1999). This pattern is consistent with
a hitch-hiking model involving recombination between
an advantageous mutation and a partially linked
locus (Barton, 1998; hereafter ‘hitch-hiking effects
with recombination’). This hypothesis implies that
some recombination events have occurred during the
selective stage between the inversion and the selected
loci as well as between the selected locus and Su(H ).
These recombination events allow the maintenance of
some pre-existing neutral polymorphism at both loci
(the inversion and Su(H)), but were not frequent
enough to recover the expected number of haplotypes
under a neutral model (Depaulis et al., 1999). Under
the hypothesis of hitch-hiking effects amplified by the
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inversion, markers located closer to inversion break-
points are good candidates for finding hitch-hiking
effects of larger magnitude. The Vha68-1 (hereafter
Vha) gene codes for the A subunit of a vacuolar
ATPase (68 kDa; Guo et al., 1996). This locus maps
at 34B, outside In(2L)t and close to the proximal
breakpoint. The estimate of the distance between
these two positions is 121-326 kb (after Sorsa, 1988).
This locus is appropriate for testing the hypothesis of
hitch-hiking effects amplified by the presence of nearby
inversion.

In the present study, a 1 kb fragment of the Via
locus was sequenced in 20 chromosomes randomly
sampled from the West African population of D.
melanogaster and from a line of D. simulans used as a
reference outgroup. This locus presents a significant
deficit of polymorphism with respect to divergence
when compared with other loci from the same
population. The frequency spectrum of mutations
showed a significant excess of rare polymorphisms
and an unexpectedly frequent major haplotype. None
of the polymorphisms was shared or fixed between the
two chromosomal types. This pattern, together with
that found at loci more distant from the inversion, is
suggestive of hitch-hiking effects amplified by the
nearby inversion.

2. Material and methods
(1) Chromosome sample

The random sample of 20 isogenic second chromo-
somes from the Ivory Coast population of Lamto was
the same as for the previous Su( H) study (Depaulis et
al., 1999). They were extracted from freshly collected
individuals and surveyed for inversion polymorphism
as described previously (Bénassi et al., 1993 ; Bénassi
& Veuille, 1995). Sequencing in D. simulans was
carried out on a strain multiple recessive chromosome
2 markers, provided by Jerry Coyne.

(1)) DNA amplification and sequencing

A 1163 bp sequence of the Vha coding region was
PCR amplified in D. simulans and D. melanogaster
using the following primers (5" to 3"): CTTGAGG-
AAATTCAAAGACG, CATAATGGACTCGGTG-
ACGC. Amplified DNA was reamplified using in-
ternal primers (5" to 3'): GAATATGGCCGTGTC-
TACGC, CAGGTCAGTTCGGGAAAGTC. Am-
plification was carried out following the supplier’s
instruction (Promega). Amplified DNA was sequenced
using the Amersham PCR-Sequenase kit. The frag-
ment was sequenced over 1062 nucleotides. One-third
of it was intronic, thus putatively showing low con-
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straints and providing a high level of information in
terms of variability. According to the reference se-
quence (GenBank accession number DMU19742), the
sequenced region includes the last 251 bp (position
[235,485]) of the 262 bp intron 1 and 726 nucleotides
corresponding to the 5" part of exon 2 ([486-1211]).
An additional 85bp intron was found between
positions 1181 and 1182 of the DMU 19742 sequence.
Sequencing was carried out in both directions.
Sequences are available from the GenBank database
under accession numbers AF087489-AF087509.
Sequences were visually aligned with no ambiguity.

(ii1) Data treatment

Statistical analysis was performed using DNAsp3
(Rozas & Rozas, in press) and Fu’s (1997) program.
Nucleotide polymorphism was estimated using
Tajima’s (1989) 7 and Watterson’s (1975) 6 statistics.
Departure from neutrality was tested using the HKA
test (Hudson et al., 1987), Tajima’s (1989) D test, Fu
& Li’s (1993) D test, and McDonald & Kreitman’s
(1991) test using Fisher’s exact test. Differentiation
between the two arrangements was estimated using
Hudson et al’s (1992) F, and tested by performing
permutations over individuals. Divergence was esti-
mated using MEGA (Kumar et al., 1993), without
correction for multiple hits.

3. Results

(1) Divergence between D. simulans and D.
melanogaster

The D. simulans Vha sequence differs from the D.
melanogaster consensus sequence by two insertions
and three deletions (lengths between 1 and 19bp) in
the first intron. A total of 58 fixed differences are
found, either synonymous (29) or intronic (29).
Divergence levels are 57-9 nucleotides per kilobase
(nuc/kb) for total DNA, 150 nuc/kb for silent sites
and 98-9 nuc/kb for intronic sites (Table 1).

(1) Sequence polymorphism in D. melanogaster

No length polymorphisms are found. A total of 11
polymorphic sites are found (Fig. 2). Six occur in
introns, four are synonymous and one is a conservative
replacement (serine—threonine). Seven polymorphisms
are unique. In the four remaining polymorphisms, the
rare allele is at most present in three sequences out of
20. Estimates of nucleotide diversity are 1-:52 nuc/kb
for total DNA, 4-46 nuc/kb for silent sites and 2-03
nuc/kb for intronic sites. The 7/D ratio between D.
melanogaster and D. simulans (2:6%) for the total
DNA is the lowest found so far among for regions
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Fig. 2. Alignment of polymorphic sites in the Vha gene of
D. melanogaster and divergence from D. simulans. The
reference sequence is a consensus. Gaps are indicated by
a dash. The bottom line indicates whether the
polymorphism is intronic (i), replacement (r) or
synonymous (s). The karyotype associated with each
sequence is given by St (Standard) or In (inverted). I, and
E, indicate intron and exon number respectively.

with substantial recombination rates (N > 107%/bp,
see below; after Moriyama & Powell, 1996).

(iii) Recombination

Given the low number of polymorphisms present in
the data and given that their distribution departs from
neutrality (see below), we prefer to use a recom-
bination rate estimate that is independent of these
data. A rough estimate can be obtained from the
relation between genetic and physical distances
(Adjusted Coefficient of Exchange). Disregarding the
inversion, the recombination rate shows a middle
range value (Adjusted Coefficient of Exchange =
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0-01314; Kindahl, 1994). This leads to an estimate of
the recombination parameter of » = 7-00 10~° per base
pair per generation (Sorsa, 1988). This value can be
divided by 2 to obtain the approximate mean
recombination rate in the population (r = 3-50 107?),
assuming that the contribution of heterokaryotypes to
recombination is negligible and assuming Hardy—
Weinberg proportions (in which case the expected
frequency of heterokaryotypes is 0-48). According to
Malpica et al. (1987), the recombination rate between
the marker b close to the inversion and Adh gene
located further away (at 35B2) is reduced in hetero-
karyotypes by roughly a factor 42 compared with
homokaryotypes. The previous estimates consider the
mean recombination rate in the population, which is
relevant for an equilibrium model such as a neutral or
a background selection model. However, an important
parameter in this study is the recombination rate
between the inversion and Vha in heterokaryotypes
(hereafter N,r,). The recombination inhibitor effect of
the inversion probably increases closer to the inversion
tip. An upper bound of this recombination rate is
provided by that found between the Adh locus and the
marker b (Malpica et al., 1987). This leads to an
estimated range for N., between 94 and 485,
assuming an effective population size of 10° and
taking into account the imprecise distance estimate
between Vha and the proximal breakpoint (see above;
after Malpica er al., 1987; Sorsa, 1988; Kindahl,
1994).

(iv) Association with the inversion

Nine chromosomes from our sample show the In(2L)t
rearrangement (see top of Fig. 2). The two arrange-
ments share no polymorphisms (maximal linkage dis-
equilibrium with the inversion), but there are no fixed
differences between them suggesting a recent age of
the inversion. Three polymorphisms occur in In(2L)t
and eight in the standard chromosomes. Accordingly,
the estimated level of polymorphism is lower in the
inverted subsample than in standard (Table 1). A
summary statistic describing the association of Vha
with the inversion is the F, between the two
arrangements. The F, value is 0-095 and is close to
significance (P = 0-085) in a permutation test. The
two subsamples are thus considered both separately
and pooled in further analyses.

(v) Tests of selective neutrality of the frequency
spectrum of mutations

Tajima’s D and Fu & Li’s D statistics are negative,
and Fu’s F value is large, revealing an excess of rare
and unique polymorphisms. Tajima’s D is significant
and Fu’s F is highly significant. The first test is known
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to lack power, especially with low polymorphism
values (Simonsen et al., 1995). Fu’s F is not
conservative against recombination, and therefore we
used haplotype tests based on coalescent simulations,
with the recombination rate estimate described above.
The H test (Depaulis & Veuille, 1998) and Hudson et
al’s (1994) haplotype test are significant (haplotype
diversity lower than expected and major haplotype
more frequent than expected). These significant results
are remarkable given the little information available,
and suggest strong selective effects. The McDonald-
Kreitman (1991) test is non-significant on the whole
sample (deviating towards an excess of replacement
versus synonymous polymorphism). Taking each
chromosome arrangement separately, this test is
significant on the inverted subsample (deviation in the
same direction). It seems unlikely that the subsampling
would bias the results of this test as it affects
synonymous and non-synonymous sites to the same
extent.

(vi) Comparison with other loci

Three loci were previously studied in the same
population: the Acp26A4 (Aguadé, 1998) and Fbp2
(Bénassi et al., 1999) genes are located within the
inversion (26A and 30B, respectively), far from
breakpoints, whereas Su(H) is located proximally
outside In(2L)t, closer to the inversion breakpoint
than the two previous loci, but further away than Vha
(Fig. 1). The Su( H) study has shown strong departure
from neutrality associated with the inversion (Depaulis
et al., 1999). The other two loci show no significant
association with the inversion polymorphism. The
Fbp?2 locus shows departure from neutrality, but this
is limited to one region of the locus. No significant
linkage disequilibrium is found between any pairwise
comparison of the four loci studied in the Ivory Coast
population. An HKA test (Hudson et al., 1987)
performed between Vha and each of the three genes
studied in this population gives significant P values in
all pairwise comparisons involving Vha (Table 2),
considering either the whole sample or each chromo-
somal type. The deviation is in all cases towards a
deficit of polymorphism at the Vha locus. It seems
unlikely, then, that the other genes present an excess
of polymorphism, especially considering that two of
them show evidence of hitch-hiking effects with
recombination (Bénassi et al., 1999; Depaulis et al.,
1999), and that none of the other pairwise HKA tests
between these genes are significant (results not shown).
This suggests a deficit of polymorphism at the Vha
locus.

Two models can account for significant HKA tests:
hitch-hiking and background selection. The mag-
nitude of the hitch-hiking effect is difficult to evaluate
and largely speculative as it depends on many
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Table 2. HKA neutrality tests between Vha and other
loci®

Vha Su(H) Fhp2 Acp26 Ab?
Total 5218* 5478* 8981
Inverted 5214* 4767* 7-969%*
Standard 4-407* 4-925% 8-336%*

“ y*values: *P < 5%;**P < 1%. Allinverted and standard
comparisons were applied within karyotypes for the two
genes. All deviations are in the direction of a deficit of
polymorphism with respect to divergence at the Vha locus.
* Analysis was performed on Acp26 Ab since previous study
has found evidence of directional selection acting on
Acp26Aa (Aguadé, 1998).

unknown parameters: the selection coefficient, the age
of the advantageous mutation and the genetic distance
between the (unknown) selected locus and Vha. This
effect can thus take any value between 0 and 100 %. In
contrast, background selection allows predictions
using current estimates of recombination and del-
eterious mutation rates (Hudson & Kaplan, 1995).
We have no a priori estimate of the population neutral
mutation parameter § = 4N u, and this might largely
depend on the locus under consideration, its neutral
mutation rate and the studied population. But we can
make predictions about the relative effect of back-
ground selection on different loci studied in the same
population. Background selection is an equilibrium
model, which depends on the mean recombination
rate in the population (3:5x 107° per base pair per
generation): under this model the inversion is subject
only to genetic drift and the frequency does not
change rapidly. Considering two loci with neutral
mutation rates x, and u,, and local recombination
rates r, and r,. Hudson and Kaplan’s (1995) equation
9 predicts a reduction of the diversity value at the first
locus:

U8 —u
— _ - 1
4N, p exp[ ry ]’ W

with u the deleterious mutation rate per unit of length,
and similarly for locus 2. We use Tajima’s estimate
rather than that of Watterson as the former should be
less affected when a departure from neutrality is
detected in the frequency spectrum of mutations. The
ratio of neutral mutation rates at locus 1 and 2 can be
estimated by their ratio of divergence with a close
species. Thus an estimate of expected diversity at
locus 1 is:

A

D 1 1
7 :nzﬁlexp[—u(}’——r—ﬂ, ()
2 1 2

where D’s are divergence values and where subscripts

https://doi.org/10.1017/50016672300004626 Published online by Cambridge University Press

154

indicate the genes considered. This equation was
applied using Vha as locus 1 and Acp26A4b, Fbp2 or
Su(H) as locus 2, with the corresponding diversities,
divergences and recombination rates derived from
genetic and physical maps, and a deleterious mutation
rate of 1 per genome (i.e. 5-:88 x 107 per base pair),
which may be overestimated (Keightley, 1996). This
predicts a variation level at least 2 times larger than
the observed values (4-08, 3-81 and 3-13 per kilobase
respectively, compared with 1-52). Conversely, re-
versing (2) to estimate the recombination rate necess-
ary for the background selection to account for the
observed Vha diversity value provides 2-20 x 107°,
226 x 107 and 2-44 x 10~® as opposed to the estimated
value of 3.50x 107® for the recombination per base
pair per generation. The recombination rate estimates
used can be imprecise, but we control for any possible
source of bias since they were derived from the same
method for the three loci and since the different
reference loci give similar results. Moreover, Acp26 Ab
is our only neutral-like reference.

A rough estimate of the population neutral mutation
parameter ¢ = 4N, u at the Vha locus is:

D,

él = ()2D—,
2

3)
where the D’s are divergence values and the subscripts
indicate the genes considered. Using Fbp2 and
Acp26 Ab as reference loci, this leads to estimates of
the expected 0 at the Vha locus of 13-94 and 15-71 per
kilobase (respectively). Assuming a star phylogeny
after a putative hitch-hiking event without recom-
bination between Vha and the selected locus during
the selective stage (this is realistic if the sweep is recent
compared with the effective population size and Vha
close to the selected site), the expected number of
polymorphic sites in a sample of size n is

S = nut, “)

where u, the mutation rate per gene, and ¢, the age of
the sweep, are expressed per generation. An under-
estimate of the age of the sweep expressed in units of
N, generations is thus

45

=5 )

T

This leads to estimates of the corresponding age of the
putative sweep of 015 and 013 N, generations
(respectively) using the two previous estimates of 6.
Assuming a Poisson distribution of mutation with
time, and solving P(S < 11) = 0-05 numerically for 7,
provides an upper bound for 7: 0-24 and 022 N,
(respectively). Though the star phylogeny assumption
is not conservative, this suggests a relatively recent
putative sweep.
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4. Discussion

Any attempt to explain the evolution of the Vha locus
must account for several features of the data: (a) a
significant deficit of polymorphism with respect to
divergence, (b) a significant excess of rare poly-
morphisms in the frequency spectrum of mutations
and a major haplotype unexpectedly frequent, and (c)
non-random association with the inversion.

(1) Unsatisfactory hypotheses

We should consider first neutralist hypothesis. The
significant HK A tests obtained when the Vha data set
is compared with other loci indicate a departure from
neutrality on at least one of the two genes involved in
each comparison. This result does not favour a
hypothesis involving a low neutral mutation rate at
the Vha locus, as this should be apparent at the
divergence level. Similarly, a bottleneck, as well as any
hypothesis involving population dynamics, is unlikely
since polymorphism data are derived from the same
population. Such events should affect both loci to the
same extent.

Balancing selection is frequently considered an
explanation for the maintenance of inversion poly-
morphisms (Wright & Dobzhansky, 1946), but these
models predict an equilibrium pattern opposite to our
data: an excess of polymorphism with respect to
divergence and an excess of intermediate-frequency
polymorphisms.

According to our estimate of the diversity level
under background selection, this effect does not seem
sufficient to account for the observed reduction of
polymorphism. Furthermore, background selection is
unlikely to lead to a significant excess of rare
polymorphisms in the frequency spectrum of
mutations and haplotypes, especially with a low
variability (Charlesworth et al., 1995; Hudson &
Kaplan, 1995; Fu, 1997).

(1) Hitch-hiking associated with the inversion

In contrast, hitch-hiking can have a large effect on the
frequency distribution of mutations in the population,
and is a non-equilibrium model. Fixation of an
advantageous haplotype leads to a decrease in the
ratio of polymorphism to divergence (Stephan et al.,
1992). During the subsequent recovery of poly-
morphism, the genealogy of samples is characterized
by a star genealogy and an excess of low-frequency
variants. This leads to negative values of Tajima’s D
and Fu & Li’s D and to large negative Fu’s F, statistics
(Braverman ef al., 1995; Fu, 1997). All these
expectations are observed at the Vha locus.
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Fig. 3. Effect of a selective sweep on different loci located
near an inversion. (a) Neutral polymorphism, an
advantageous mutation (A) appears proximally and close
to Vha on an inverted haplotype. (b) The inverted
haplotype increases in frequency and recombinations
occur between the inversion and Vha, and between the
selected locus and Su(H). (¢) All haplotypes carrying the
advantageous mutation increase in frequency until the
advantageous mutation is fixed, but the inversion and
Su(H) remain polymorphic, with strong haplotype
structure. The mutations will then start to recover
polymorphism at the Vha locus and, together with
recombination, will alter the haplotype structure on
Su(H) locus and the inversion breakpoint.

The effect of a selective sweep can be amplified by
the inhibitory effect on recombination of the nearby
inversion. The inversion itself could be the target of
selection and have been recently driven by selection to
an intermediate frequency, thus affecting linked genes
on inverted haplotypes. However, this would not
explain the significant HKA tests when applied to the
standard subsample. We therefore propose an alterna-
tive hypothesis (Fig. 3).The inversion is initially at a
low frequency and thus mostly heterozygous. If an
advantageous mutation appears in an inverted
chromosome, on a third locus strongly linked to Vha
but partially linked to the inversion breakpoint, the
advantageous mutation and an associated haplotype
at the Vha locus will go to fixation. Meanwhile, the
inversion will increase in frequency by hitch-hiking,
though not to fixation because of recombination
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events between the breakpoints and the region
encompassing the selective site and Vha. Alternatively
other unknown selective forces acting on the inversion
polymorphism could prevent its fixation although
there is no evidence regarding this hypothesis. During
the increase in frequency of the inversion, recom-
bination between inverted chromosomes also increases
(due to the appearance of inverted homokaryotypes).
However, these recombination events occur mainly
between identical copies of the original advantageous
haplotype and are thus not able to break the hitch-
hiking effect. The effective recombination rate
affecting the magnitude of the hitch-hiking effect
would be that occurring in heterokaryotypes (N.r,).
This recombination rate is about 42 times lower than
that in homokaryotypes (both inverted and standard
ones). This could lead to an extended hitch-hiking
effect over a large portion of the chromosomal arm.
This low recombination rate and the recent age of the
increase in frequency of the inversion are in agreement
with the absence of both fixed difference and shared
polymorphisms between the two chromosomal types
and with the significant association of the inversion
with Su(H). Of course, advantageous mutations can
also appear on the most common chromosomal type
(i.e. standard chromosomes). They are, however,
unlikely to be detected as they do not extend the hitch-
hiking effect. The significance of the McDonald—
Kreitman test could be explained by the fact that even
slightly deleterious mutations (such as conservative
replacements) can hitch-hike with advantageous ones.
Alternatively, purifying selection could be sufficient to
explain this result and the excess of rare poly-
morphism. But this would predict an excess of
polymorphism with respect to divergence in an HKA
test, in contrast to the deviation observed. Finally, the
absence of linkage disequilibrium between the studied
loci could simply result from the high recombination
level within each arrangement. Alternatively, the
observed hitch-hiking effect could not be amplified by
the inversion. In this case, the inversion could have
appeared after and independently from the sweep
observed on Vha. Then all selective effects observed at
all studied loci would be due to independent events
and would have been detected by chance. We consider
this hypothesis as non-parsimonious, though the
question of the number of hitch-hiking events
associated with the inversion remains to be addressed.

(iii) Generality of these conclusions

Evidence for differentiation between chromosomal
types for loci tightly linked to inversion breakpoints
has been found in several instances, but is generally
characterized by fixed differences between chromo-
somal types, suggesting an old chromosomal poly-
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morphism (Rozas & Aguadé, 1993; Babcock &
Anderson, 1996; Hasson & Eanes, 1996). Reduced
variation was found in only one arrangement and
little evidence of selection has been found (see,
however, Babcock & Anderson, 1996). A large
proportion of unique polymorphisms has, however,
already been observed (Rozas & Aguadé, 1993).
The same hitch-hiking event could be involved for
Su(H) and Vha, with a different outcome due to a
different linkage with the selected site, thus showing
the extended impact of a hitch-hiking effects occurring
near an inversion (Fig. 3). Recently, Andolfatto et al.
(1999) studied the breakpoints of this inversion,
though in a different population. Their estimate of the
age of the increase in frequency of the inversion is
comparable to ours and is too low to be expected
under a neutral model in all populations presenting a
high frequency of the inversion. No evidence of
geographical differentiation of inverted chromosomes
was found. This suggests a recent selective spread of
the inversion. They also found a haplotype structure
similar to that found at the Su(H) locus, affecting
both chromosomal types, with a shared haplotypic
class between the two chromosomal types. We
consider these results as evidence for the hitch-hiking
effects with recombination suggested here at these two
loci (Su(H) and the inversion). Evidence for a
simultaneous sweep on several loci, possibly associated
with an inversion, has already been found for the Sod
region (Hudson et al., 1997). The estimate of the age
of the sweep is comparable: 1 = 41000 years, which is
equivalent to 0-2 N, (taking 5 generations per year and
an effective size of 10°). This study assumed a hitch-
hiking event having not gone to fixation and could not
exclude demographic hypotheses. The present case
concerns a much wider region, but the recombination
suppression effect of the inversion could largely
enhance the hitch-hiking effect. Moreover, previous
theoretical studies on the extent of the hitch-hiking
effects have considered the effect on the level of
polymorphism (Kaplan ez al., 1989). Hitch-hiking
could show other effects on the distribution of
polymorphisms, which might extend further away
from the selected site. We do not see any reduction in
polymorphism at the Su(H) locus (hence the signifi-
cant HKA test with Vha), but we observe departure
from neutrality in the distribution of haplotypes.
The present data, together with the data obtained
on other loci close to the inversion breakpoint, do not
favour background selection as a sufficient expla-
nation. This does not, however, mean that the
background selection effect has to be minimized in
general: the present study constitutes a special case
and not a general survey of selective effects on the
whole genome. More data are needed to answer this
question. One difference in our case compared with
studies of polymorphism in low recombining regions
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is that information is not completely removed by
recurrent selective events: we observe only one event
leading to the high frequency of the inversion. Finally
we suggest that hitch-hiking effects with recombi-
nation may be easier to detect as they maintain a large
variability, though non-neutrally distributed (Barton,
1998). As an illustration, one can compare the
polymorphism level and neutrality test results of Vha
and Su(H) (Depaulis et al., 1999).
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