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Chromosomal inversion polymorphism affects nucleotide variation at loci associated with inversions. In Drosophila
subobscura, a species with a rich chromosomal inversion polymorphism and the largest recombinational map so far
reported in the Drosophila genus, extensive genetic structure of nucleotide variation was detected in the segment affected
by the O; inversion, a moderately sized inversion at Muller’s element E. Indeed, a strong genetic differentiation all over
O3 and no evidence of a higher genetic exchange in the center of the inversion than at breakpoints were detected. In order
to ascertain, whether other polymorphic and differently sized inversions of D. subobscura also exhibited a strong genetic
structure, nucleotide variation in 5 gene regions (P236, P275, P150, Sx/, and P125) located along the A, inversion was
analyzed in Ay and A, chromosomes of D. subobscura. A, is a medium-sized inversion at Muller’s element A and
forms a single inversion loop in heterokaryotypes. The lower level of variation in A, relative to Ay, and the significant
excess of low-frequency variants at polymorphic sites indicate that nucleotide variation at A, is not at mutation—drift
equilibrium. The closest region to an inversion breakpoint, P236, exhibits the highest level of genetic differentiation
(Fst) and of linkage disequilibrium (LD) between arrangements and variants at nucleotide polymorphic sites. The
remaining 4 regions show a higher level of genetic exchange between A, and Ay chromosomes than P236, as revealed
by Fst and LD estimates. However, significant genetic differentiation between the Ay, and A, arrangements was detected
not only at P236 but also in the other 4 regions separated from the nearest breakpoint by 1.2-2.9 Mb. Therefore, the
extent of genetic exchange between arrangements has not been high enough to homogenize nucleotide variation in the
center of the A, inversion. A, can be considered a typical successful inversion of D. subobscura according to its relative
length. Chromosomal inversion polymorphism of D. subobscura might thus cause the genome of this species to be
highly structured and to harbor different gene pools that might contribute to maintain adaptations to particular

environments.

Introduction

Sturtevant (1917) was the first to consider the presence
of inverted chromosome segments as naturally occurring
genetic variation in Drosophila. Since then, polymorphism
for paracentric inversions has been described in natural
populations of most Drosophila species. In a study includ-
ing 182 species, only 46 were monomorphic for chromo-
somal arrangements (Sperlich and Pfriem 1986). The
detection of geographical clines and temporal cycles in
the frequency of polymorphic inversions support that chro-
mosomal inversion polymorphism is adaptive. In addition,
some meiotic drive systems are associated with polymor-
phic inversions. Therefore, the study of chromosomal
inversion polymorphism provides an exceptional opportu-
nity to look for evidence of natural selection (reviewed in
Krimbas and Powell 1992; Powell 1997).

Inversions have been shown to have several effects on
recombination rates (reviewed in Roberts 1976). First, in-
versions relocate genes along a chromosome potentially
modifying their recombinational context. Second, recombi-
nation is reduced in heterokaryotypes by the inhibition of
chiasmata mainly near the breakpoints of paracentric inver-
sions (Novitski and Braver 1954; Grell 1962). Finally, re-
combination is also reduced in heterokaryotypes, as single
crossing over events within the inverted region give rise to
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nonviable unbalanced meiotic products. The main conse-
quence of a reduced recombination along inversions is to
subdivide the population into 2 classes of chromosomes:
standard and inverted. Those loci included in polymorphic
inversions thus exhibit strong linkage disequilibrium (LD)
in the population. Inversions could thus represent sets of
coadapted gene complexes maintained by selection, as pro-
posed by Dobzhansky (1970). Alternatively, a local adap-
tation mechanism that does not require coadaptation could
also explain the maintenance of chromosomal inversion
polymorphism (Kirkpatric and Barton 2006). Standard
and inverted chromosomes, however, are not completely
isolated. Genetic exchange between chromosomal arrange-
ments is possible as viable recombinant gametes arise
by multiple crossing over events in the inverted region
(reviewed in Ashburner 1989) and by gene conversion
(Chovnick 1973). Through time, double crossover events
will break down the associations between loci centrally lo-
cated in the inversion. However, strong LD is still expected
around the breakpoints and in regions where selection
would maintain coadapted gene complexes (Navarro
et al. 1997).

Inversions also affect nucleotide variation at loci asso-
ciated with the inverted chromosomal region. The effect of
inversions on nucleotide variation depends on the age of
inversions and the rate of genetic exchange between in-
verted and standard chromosomes. Inversions reduce over-
all genetic variability as they quickly spread in a population.
Indeed, the rapid increase in frequency of a new inversion
causes a partial selective sweep that results in a depletion of
nucleotide variation in inverted chromosomes. Thereafter,
variation in the newly established inversion may be
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introduced by mutation and by genetic exchange with the
ancestral arrangement either by double crossover events or
by gene conversion. Gene conversion is expected to be uni-
formly distributed along the inversion except very close to
the inversion breakpoints where it would be negligible. In
contrast, genetic exchange by double crossover would be
higher in the central part of the inversion (Navarro et al.
1997). Navarro et al. (2000) showed by computer simula-
tions that a long time period is required for variation at
inverted and standard chromosomes to attain mutation—
drift-flux equilibrium. Moreover, they observed that once
equilibrium had been attained, inversions can increase over-
all genetic variability around breakpoints due to the indepen-
dent accumulation of mutations in the different arrangements
and the lack of genetic exchange between them.

Empirical data partly support these theoretical predic-
tions. First, a level of nucleotide variation much lower in
inverted than in standard chromosomes has been detected
not only at the breakpoints of some polymorphic inversions
(Wesley and Eanes 1994; Andolfatto et al. 1999; Caceres
et al. 2001; Casals et al. 2003; Matzkin et al. 2005) but also
at loci located near the breakpoints (Babcock and Anderson
1996). Second, a differential genetic exchange between in-
verted and standard chromosomes with a higher genetic dif-
ferentiation at the breakpoints than in the center of the
inversion has also been reported in polymorphic inversions
such as the In(3L)Payne inversion of Drosophila mela-
nogaster (Hasson and Eanes 1996) and the 2j inversion
of Drosophila buzzatii (Laayouni et al. 2003). However,
more complex patterns have also been detected (Mousset
et al. 2003; Schaeffer et al. 2003; Schaeffer and Anderson
2005; Kennington et al. 2006). Finally, a rapid increase of
overall nucleotide variability away from the breakpoints of
different D. melanogaster polymorphic inversions has been
described, suggesting that the studied inversions are not an-
cient balanced polymorphisms (Andolfatto et al. 2001).

In contrast to the previous studies, a rather homoge-
neous distribution of genetic exchange was detected along
the Oj inversion in the Og/O3 | 4 chromosomal system
of Drosophila subobscura (Munté et al. 2005). Indeed,
a strong genetic differentiation between inverted and non-
inverted chromosomes prevailed all over O5 and the level of
LD between chromosomal arrangements and the variants
present at nucleotide polymorphic sites was quite uniformly
distributed along the inversion. Thus, no evidence of double
crossover inside the inversion was detected. Double cross-
over events are expected in inversions larger than 20 cM
(Navarro et al. 1997). The recombinational length of the
O3 inversion is 27.4 cM and thus, although O3 is a moder-
ately small inversion, it seems to be large enough to support
double crossover events. The complex double inversion
loop present in O4/O3 , 4 heterokaryotypes might have also
contributed to prevent double crossover events. Alterna-
tively, it could be argued that selection had acted against
the recombinant chromosomes produced by double cross-
over events inside the inversion. The adaptive character of
chromosomal inversion polymorphism in D. subobscura is
well established (Prevosti et al. 1988), mainly in the O, and
O3 , 4 chromosomal arrangements (Garcia and Prevosti
1981; Fontdevila et al. 1983). The pattern of nucleotide var-
iation detected in the Og/O5 4 chromosome system, with
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a strong structuring that extends to ~4 Mb, is thus notewor-
thy, especially taking into account that the length of the re-
combinational map of D. subobscura (1007.6 cM) is the
highest so far described in any Drosophila species (Céceres
et al. 1999). To assess whether this pattern can be extended
to other small- or medium-sized inversions forming single
or complex inversion loops is relevant to understand the
role of chromosomal inversions in shaping and structuring
nucleotide variation. Indeed, the genome of a species with
arich inversion polymorphism could be a mosaic of differ-
ent gene pools that contribute to maintain adaptations to
particular environments.

Here, we analyzed the level and pattern of nucleotide
variation in 5 genome regions distributed along the A, in-
version in the Ag/A, chromosome system of D. subobscura.
The selected regions differ in their physical distance to the
nearest breakpoint of the A, inversion. This inversion has an
estimated length of 41.3 ¢cM and forms a single inversion
loop in Ag/A; heterokaryotypes. The obtained results show
a significant genetic differentiation between the Ay and A,
arrangements all over the inversion, although there is evi-
dence of a higher genetic exchange in the center of the
inversion than near breakpoints. Therefore, even for this me-
dium-sized inversion, the genetic exchange between ar-
rangements has not been high enough to homogenize
nucleotide variation in the central part of the inversion.

Materials and Methods
Genomic Regions Studied

Four regions (P236, P150, P125, and P275) were se-
lected after the mapping by in situ hybridization of several
recombinant phages randomly isolated from a genome li-
brary of D. subobscura (Papaceit et al. 2006). The fifth re-
gion corresponded to a fragment of the Sex-lethal (SxI) gene
including part of exons 4 and 5 and the intron between
them. Sx/ was cloned and sequenced in D. subobscura
by Penalva et al. (1996), and the sequence is available in
the EMBL database with GenBank accession number
X98370. The location relative to the A, inversion of the
5 studied regions is shown in figure 1. The breakpoints
of the A, inversion are 8C/D-12C/D (Krimbas 1992).
The recombination length of the A, inversion was inferred
considering a total length of 150 cM for the A chromosome
of D. subobscura (Spurway 1945). The distance between
aregion and the nearest breakpoint was estimated assuming
that the euchromatic portion of the D. subobscura A
chromosome has 25.8 Mb (Richards et al. 2005) that are
homogeneously distributed.

Isolation of Genomic Regions

The DNA from the selected recombinant phages was
purified using the QIAGEN (Chatsworth, CA) kit following
manufacturer’s instructions. Phage DNA was digested with
the suitable restriction enzymes to release phage arms,
cloned into pBluescript SK*, and used to transform
XL1-Blue Escherichia coli competent cells (Stratagene,
LalJolla, CA). Insert sizes of the recombinant plasmids were
screened by polymerase chain reaction (PCR) (Kilger and
Schmid 1994). Plasmid DNA was purified, and both ends of
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FiG. 1.—Location of the 5 studied regions along the A, (top) and the
A, (bottom) arrangements of Drosophila subobscura.

each insert were sequenced using the SK and T7 universal
primers. After Blast searches on the complete genomes of
D. melanogaster and Drosophila pseudoobscura, regions
of about 2 kb from each phage were selected for further
analysis. The selected fragments were completely se-
quenced by primer walking.

Fly Samples

A natural population of D. subobscura from the
Madeira Island was sampled in 2001. Highly inbred lines
were established after at least 12 generations of sib mating.
Males of each inbred line were crossed with virgin females
of the chcu line that is homozygous for the Ay, arrangement.
Salivary glands from third-instar larvae of these crosses
were dissected, stained, and squashed according to the stan-
dard protocol. The chromosomal arrangement of each line
was determined by the observation of polytene chromo-
somes under a microscope. Twelve A, lines and 6 A lines
were selected for further analysis. The chcu strain of D. sub-
obscura was also used to obtain a reference sequence. A
highly inbred line of Drosophila madeirensis was used
for interspecific comparisons.

DNA Sequencing

Genomic DNA was extracted using a modification of
protocol 48 in Ashburner (1990), and the selected regions
were subsequently PCR amplified. Sequencing reactions
were carried out with the Big Dyes 3.1 cycle sequencing
kit. Samples were run in the ABI Prism 3700 automated
sequencer (Applied Biosystems, Foster City, CA). Both
strands of the purified PCR products were sequenced. Par-
tial sequences were assembled with the SeqMan program,
and complete sequences were multiply aligned with Mega-
lign. These programs are included in the DNASTAR Laser-
gene v 6.0 software package. Further edition of sequences
was performed with the MacClade v 4.05 program
(Maddison DR and Maddison WP 2002).

Data Analysis

Analyses were performed for each region indepen-
dently and for a single concatenated data set including

all regions. Standard parameters of nucleotide polymor-
phism were estimated: the number of segregating sites
(S), the minimum number of mutations (1), nucleotide
diversity (m; Nei 1987), and heterozygosity per site (6;
Watterson 1975). The nucleotide divergence per silent site
(K1) between D. subobscura and D. madeirensis was in-
ferred according to Nei and Gojobori (1986). The level of
genetic differentiation between arrangements was estimated
as Dyy (Nei 1987), D, (Nei 1987), and Fgr (Hudson et al.
1992) and its significance established using the K7 statistic
and the permutation test (Hudson et al. 1992). Gene con-
version tracts were detected by the algorithm proposed
by Betran et al. (1997). The probability that the observed
number of polymorphisms shared between arrangements
could be explained by recurrent mutation was inferred ac-
cording to the hypergeometric distribution as described in
Rozas and Aguadé (1994).

The LD between pairs of parsimony informative sites
and association between informative sites and chromo-
somal arrangement was estimated by the 1~ statistic (Hill
and Robertson 1968) and its statistical significance assessed
by the y? test with the Bonferroni correction for multiple
comparisons (Weir 1996).

Neutrality tests (Hudson et al. 1987; Tajima 1989; Fu
and Li 1993) were performed separately for each chromo-
somal arrangement. Statistical significance for all tests was
assessed by coalescent simulations (10,000 replicates) con-
ditioned on S under the conservative assumption of no in-
tragenic recombination. Drosophila madeirensis was used
as the outgroup species in those tests that required interspe-
cific data. The DnaSP v 4.1 program (Rozas et al. 2003) was
used to perform most of the analyses and the HKA program
(Hey 2004) for the neutrality multilocus tests.

Gene genealogies were reconstructed by the Neighbor-
Joining method (Saitou and Nei 1987) as implemented in the
MEGA 3 program (Kumar et al. 2004) and using the number
of substitutions per site corrected according to the Kimura
(1980) 2-parameter method as the genetic distance.

Results
Nucleotide Polymorphism

The multiple alignment of the 5 studied regions in the
concatenated data set including the 18 D. subobscura lines
had 6,857 sites after excluding alignment gaps. A total of
230 polymorphic sites (113 singletons) were detected, and
the minimum number of mutations was 232 (9 in coding
and 212 in noncoding regions). A detailed description
of nucleotide polymorphism is shown in supplementary
figures 1-5 (Supplementary Material online).

Gene Flow and Genetic Differentiation between
Arrangements

Significant genetic differentiation between the Ay, and
the A, arrangements was detected in each of the 5 studied
regions as well as in the concatenated data set (table 1).
Therefore, both arrangements were genetically differenti-
ated despite the lack of fixed differences between them
and the presence of 60 shared polymorphisms. The large
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Table 1
Genetic Differentiation between the A, and Ay, Chromosomal Arrangements

Shared” Fixed" Su S Dxy® D, (standard error) Fgr® PKH"
P236 15 0 22 13 0.0129 0.0060 (0.0028) 0.464 0.00lf*
P150 7 0 22 15 0.0072 0.0008 (0.0012) 0.145 0.003T*
Sxl 11 0 17 11 0.0055 0.0005 (0.0011) 0.096 0.020*‘
P125 24 0 34 8 0.0128 0.0021 (0.0024) 0.156 0.030f
P275 5 0 20 13 0.0083 0.0017 (0.0017) 0.210 0.002>_K*
Concatenated data 60 0 114 58 0.0092 0.0023 (0.0016) 0.249 0.000""

# Polymorphic sites segregating for the same 2 variants in both arrangements.
® Fixed differences between arrangements.

¢ Sites polymorphic in A, and monomorphic in A.

9 Sites polymorphic in Ay and monomorphic in A,.

¢ Average number of nucleotide differences per site between arrangements corrected according to Jukes and Cantor (1969).
f Net number of nucleotide differences per site between arrangements corrected according to Jukes and Cantor (1969). The standard error is indicated in brackets.

& Proportion of nucleotide diversity attributable to variation among arrangements.

" Probability of the permutation test based on the K statistic.
*0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 0.001.

number of shared polymorphisms cannot be explained by
recurrent mutation according to the hypergeometric distri-
bution. Therefore, it has to be inferred that genetic exchange
between the 2 arrangements contributed to the presence of
shared polymorphisms. Indeed, some gene conversion
tracts were detected in P236, P125, and P275. The genetic
differentiation between arrangements was also analyzed in
relation to the distance of each region to the A, inversion
nearest breakpoint (fig. 2). The highest genetic differentia-
tion was detected at P236 that is the nearest region to
a breakpoint. However, genetic differentiation is significant
even in the central part of the inversion loop. No clear re-
lationship between distance and genetic differentiation was
detected among the P150, Sx/, P125, and P275 regions.

Nucleotide Variation

Nucleotide diversity and heterozygosity per site were
estimated independently for each chromosomal arrange-
ment due to the detected genetic differentiation between
them. Nucleotide diversity estimates (either T, Or ;)
were slightly higher in Ay than in A, in the concatenated
data set and in each of the 5 studied regions except P125
(table 2). Silent nucleotide diversity in each region was di-
vided by silent divergence between D. subobscura and
D. madeirensis to account for differences in the mutation
rate among regions. The corrected estimates were analyzed
in relation to the distance of each region to the nearest break-
point (fig. 3). The nearest region to an inversion breakpoint
(P236) showed the lowest level of variation in both arrange-
ments. However, the low level of variation relative to diver-
gence at P236 was not significant. None of the HKA tests
(Hudson et al. 1987) performed between P236 and the other
studied regions was significant either in A, or Ag. A similar
result was obtained in pairwise comparisons between P150,
Sxl, P125, and P275 regions. The HKA multilocus tests per-
formed within arrangement were also not significant
(xz = 1.65, 8 degrees of freedom [df], P = 0.98 in A,
and X2 = 1.25,8df, P = 0.99 in A). Therefore, no signif-
icant heterogeneity in the level of polymorphism relative to
divergence among the different regions was detected.

The HKA test was also used to contrast whether the
level of polymorphism relative to divergence detected in

the 5 X-linked gene regions here studied was similar to that
previously reported in other autosomic regions of D. sub-
obscura. The test was applied using the concatenated data
for the A chromosome regions (either Ay or A,) and the
concatenated data for the O chromosome regions (either
Oy or O3 , 4) in Munté et al. (2005). None of the performed
HKA tests was significant, which indicates that the ratio
polymorphism/divergence does not differ significantly
among these regions included in different chromosome
inversions.

LD Analysis

The association between chromosomal arrangement
and the variants at informative polymorphic sites (measured
as the average %) was analyzed in each region in relation to
its distance to the nearest inversion breakpoint (fig. 4).
Nucleotide variation at P236 (the nearest region to an in-
version breakpoint) showed the strongest association with
arrangements. The extent of association was quite similar in
the other 4 regions.

0.5
*p236
04
0.3
>
. oP275
*P150 #P125
0.11 °Sxi
00 05 0 15 20 25 30 35

Distance to nearest breakpoint in Mb

Fic. 2.—Genetic differentiation between arrangements in each
studied region versus its distance to the nearest breakpoint of the A,
inversion. The distance between each region and the nearest inversion
breakpoint was estimated assuming a homogenous DNA distribution
along the A, inversion (7.1 Mb).
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Table 2
Nucleotide Variation and Divergence within Chromosomal Arrangement
n' m® S¢ Tiotat” i O1" Kg®
Ay 12 1,531 37 (18) 0.0060 0.0060 0.0080 0.026
P236 Ag 6 1,531 28 (18) 0.0076 0.0076 0.0080 0.024
A, 12 1,262 26 (17) 0.0050 0.0054 0.0074 0.011
P150 Ag 6 1,262 18 (14) 0.0053 0.0063 0.0072 0.012
A, 12 1,630 28 (18) 0.0042 0.0047 0.0063 0.015
Sxl Ay 6 1,630 21 (11) 0.0056 0.0063 0.0065 0.016
A, 12 1,460 57 (29) 0.0109 0.0109 0.0129 0.023
P125 Ay 6 1,460 31 (10) 0.0105 0.0105 0.0093 0.024
A, 12 974 25 (15) 0.0061 0.0061 0.0085 0.019
P275 Ag 6 974 18 (15) 0.0069 0.0069 0.0080 0.017
A, 12 6,857 173 (97) 0.0065 0.0067 0.0085 0.019
Concatenated data Ag 6 6,857 116 (68) 0.0072 0.0079 0.0082 0.019

Sample size.
Number of sites after excluding sites with alignment gaps.

Nucleotide diversity in all sites.
Silent nucleotide diversity.
Silent heterozygosity per site based on the number of segregating sites.

m = 0 a o o

The association between informative polymorphic nu-
cleotide sites was also analyzed. In the concatenated data
set including all sequences (A, + Ay) with 115 informative
sites, a total of 18.4% of pairwise comparisons showed sig-
nificant LD by the x* test (P < 0.05). This value dropped to
11.8% and 10.6% within A, and Ay, respectively. A similar
result was obtained when only interlocus associations were
considered (i.e., LD between informative sites from differ-
ent regions). The percentage of significant interlocus com-
parisons was 15.4% in the total sample but 9.6% and 1.1%
in A, and Ay, respectively. Therefore, the presence of both
arrangements not only contributes to increase overall LD
but also to maintain LD between the loci included in the
A, inversion.

Patterns of Polymorphism

Tajima’s D (1989) and Fu and Li’s D (1993) statistics
were negative in the 5 studied regions in A, and in 4 of them
in A (table 3). However, none of the performed tests was
statistically significant. These data were also analyzed by
a multilocus test based on the average value of the Tajima’s
test statistic (D). In A, the empirical D value averaged
across the 5 studied regions (D= — 0.3248) was not signif-
icantly lower than the average D value obtained from the
computer simulations (P = 0.25). However, the multilocus
test was statistically significant for the A, arrangement
(D= — 1.0824; P = 0.005). This result indicated a signifi-
cant excess of low-frequency variants, mostly singletons, in
this arrangement. A similar result was obtained for the mul-
tilocus test based on Fu and Li’s D statistic: D= — 0.5267,
P = 0.16 in Ay and D= — 1.2962, P = 0.004 in A,.

Gene Genealogy

The gene genealogy reconstructed from total variation
in the concatenated data set is shown in figure 5. There was
a partial clustering of lines according to their chromosomal
arrangement. Most A, lines grouped together in a single
cluster with a 96% bootstrap support after 1,000 replicates.

Number of polymorphic sites. The number of singletons is shown in brackets.

Silent divergence per site between Drosophila subobscura and Drosophila madeirensis.

However, 2 A, lines clustered with the A, lines. These lines
present gene conversion tracts in 3 of the 5 studied regions
and thus genetic exchange between both arrangements may
explain the clustering of both A, lines with the Ag; lines.
Indeed, when the sequences with gene conversion tracts
were removed from the analysis, the D. subobscura lines
group in 2 clusters according to their chromosome arrange-
ment: the Ay and the A, clusters with 100% and 99% sup-
port, respectively. The gene genealogy is thus consistent
with a monophyletic origin of A,.

0.5

A2 ®P150 ®P125
0.4 4
®P27.
= 031 P73 @ Sx/
1]
¥ ® P236
E 0.2 1
0.14
Ast
051 ®P150
oP125
0.4 1 ®P275 ®c
=
E 0.2 4
0.1
0.0 T T T v v v
0.5 1.0 L5 2.0 25 30 35

Distance to nearest breakpoint in Mb

Fic. 3.—The /K estimates in the A, (top) and Ay (bottom)
arrangements in each studied region versus its distance to the nearest
breakpoint of the A, inversion. Silent divergence per site (Kg) was
estimated between Drosophila madeirensis and each Drosophila
subobscura arrangement. The distance to the nearest breakpoint was
inferred as in figure 2.
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FiG. 4.—Association between chromosomal arrangements and
variants at informative polymorphic sites in each region (average %)
versus its distance to the nearest inversion breakpoint. The distance to the
nearest breakpoint was inferred as in figure 2.

Age of the A, Inversion

The age of the A, inversion was estimated as proposed
by Rozas et al. (1999) according to the expansion model
(Rogers and Harpending 1992; Rogers 1995). If A, is in
the transient phase to mutation—drift equilibrium, the level
of silent nucleotide diversity in A, would be equal to 2 p,
where [ is the neutral mutation rate and ¢ the time since its
origin. This approach assumes that all variation within the
inversion has originated by mutation. For this reason, we
estimated the age of the A, inversion based only on silent
nucleotide variation at the Sx/ and P150 regions, the 2 gene
regions where no gene conversion tracts were detected. The
neutral mutation rate was inferred from the overall silent
nucleotide divergence between D. subobscura and
D. madeirensis (0.019; table 2) assuming a divergence time
of 0.63 Myr for the 2 species (Ramos-Onsins et al. 1998):
15 x 107 substitutions per site per year. According to this
approach, the estimated age of the A, inversion would be
160,000 years.

Table 3
Tajima’s and Fu and Li’s Tests of Neutrality within
Chromosomal Arrangement

Tajima’s D Fu and Li’s D
A, —1.1042 —0.5992
P236 Ag —0.2729 —0.2924
A, —1.1648 —1.8375
P150 Ag —0.8545 —1.2853
A, —1.1424 —1.7074
Sxl Ag —0.2397 —0.2860
A, —0.7584 —0.8139
P125 Ag 0.5971 1.0081
A, —1.2425 —1.5233
P275 Ay —0.8545 —0.7811
A, —1.0634 —0.9146
Concatenated data Ag —0.2185 —0.2264

Note.—Drosophila madeirensis was used as the outgroup species in the Fu
and Li’s D test.
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0.002

99
100 o
O
@)
P
0.002
Fic. 5.—Neighbor-Joining gene genealogies based on total nucle-
otide variation in the concatenated data set. (A) Gene genealogy including
all lines; CT indicates lines with gene conversion tracts. (B) Gene
genealogy after excluding lines with gene conversion tracts. Numbers
refer to bootstrap percentages higher than 95 for those clusters including
lines with the same gene arrangement. Solid dots refer to the Drosophila
subobscura A, lines and open dots to Ag. D. mad indicates the
Drosophila madeirensis line used as the outgroup.

Discussion
Nucleotide Diversity and Insularity

Levels of silent nucleotide diversity in the 5 genome
regions of the D. subobscura population from the Madeira
Island here studied range from 0.0042 to 0.0109 in A, and
from 0.0063 to 0.0105 in Ay,. Overall diversity in the con-
catenated data is 0.0067 and 0.0079 in A, and Ay,
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respectively. These estimates are similar to those reported
in European populations at yellow in the Ay, chromosomal
class (0.008; Munté et al. 2000) and slightly lower than
those present in the noncoding region of the RpII215 gene
(0.011 in A, and 0.014 in Ag; Llopart and Aguadé 2000). In
addition, the polymorphism to divergence ratio did not dif-
fer significantly, according to the HKA test results, between
the A chromosome regions from Madeira and the O chro-
mosome regions from Europe (Munté et al. 2005). There-
fore, the insularity of the D. subobscura population here
studied does not seem to affect the level of nucleotide var-
iation, which is consistent with previous data for the auto-
somic rp49 gene region (Khadem et al. 2001).

The Ag/A, Chromosome System

The A, inversion is widespread in the D. subobscura
palearctic distribution area and reaches the highest frequen-
cies in Spain and northeast Africa (Krimbas 1992). A,
seems to be fixed in Tenerife and has a frequency of about
90% in Madeira (Prevosti 1972; Larruga et al. 1983). The
A, arrangement has given rise to other more complex ar-
rangements such as A,,¢ (with frequencies higher than
50% in Africa) and A, 3,57 (the sex-ratio arrangement
of D. subobscura). Chromosomal phylogenies suggested
that Ay, was most likely the ancestral arrangement from
which the A, arrangement originated. Indeed, the A chro-
mosome arrangements of D. madeirensis and the close rel-
ative Drosophila guanche are derived from the standard
arrangement in the chromosomal segment affected by the
A, inversion (Molt6 et al. 1987; Papaceit and Prevosti
1991). The level and pattern of variation in A, relative
to Ay in the 5 genome regions here studied also support
the derived character of A,. Indeed, the selective sweep pro-
duced by the establishment of a new inversion would cause
a strong reduction of nucleotide variation and an excess of
low-frequency variants at loci associated with the inversion.
The low level of variation in A, relative to Ay and the
highly significant Tajima’s D and Fu and Li’s D multilocus
tests in A,, with negative values for all tests statistics,
strongly support that A, is not at mutation—drift equilibrium
but in the transient phase of recovering nucleotide variation
after its origin. The estimate of the age of the A, inversion is
of about 160,000 years. The A, inversion is thus substan-
tially younger than the Oy and O;,4 arrangements of
D. subobscura with an age of 0.24 and 0.33 Myr, respec-
tively (Rozas et al. 1999), but slightly older than the A, ar-
rangement with an age of 126,000 years (Munté et al. 2000).

Effect of the A/A, Chromosome System on Nucleotide
Variation

The A,/Ag chromosomal polymorphism affects nucle-
otide variation at the loci included in the A, inversion.
Although none of the HKA tests performed was significant,
the lowest silent nucleotide diversity corrected by silent di-
vergence, both in Ay and A,, was detected at P236, the gene
region closest to an inversion breakpoint (fig. 3). In addi-
tion, nucleotide variation along the A, inversion is highly
structured, and inverted and noninverted chromosomes are
genetically differentiated even in the center of the inversion

loop. The strongest genetic differentiation is detected near
the inversion breakpoint at P236. Indeed, P236 exhibits the
highest Fgt estimate (fig. 2), the highest LD with chromo-
somal arrangement (fig. 4), and the lowest probability in the
permutation test based on the K statistic (table 1). Despite
the strong genetic differentiation, evidence of genetic
exchange by gene conversion was detected at P236. There-
fore, the distance of P236 to the breakpoint is high enough
to allow gene conversion. The other 4 regions studied
exhibit a higher level of genetic exchange (lower Fgr esti-
mates) and a lower LD with chromosomal arrangements
than P236. Likely, both gene conversion and double cross-
over contribute to the genetic exchange in these regions that
are more distant to the breakpoint than P236. The distance
of these regions to the nearest breakpoint ranges from about
1.2 to 2.9 Mb, but these differences in distance do not seem
to affect the level of genetic exchange between inverted
and noninverted chromosomes. Gene conversion is ex-
pected to be uniform along an inversion, but double cross-
overs are expected to fit a parabolic curve with the highest
exchange in the center of the inversion (Navarro et al.
1997). Machado et al. (2007) proposed that, as an approx-
imation, the decay of genetic differentiation when moving
away from the inversion breakpoint might show a log-
linear form. The lo%arithmic regression is significant for
both Fsr (n =5, r* = 0.959, P = 0.0035) and LD be-
tween informative polymorphic sites and arrangement
(n =5, = 0.928, P = 0.0084). However, this result
has to be taken with caution because the approximately
1.2-Mb region between the breakpoint and P275 is covered
by a single marker. Additional data on markers covering
this region would be required to assess the pattern of decay
in genetic differentiation along the A, inversion and most
importantly to confirm the detected pattern of genetic dif-
ferentiation and LD, which is now based on a single marker
near the inversion breakpoint.

The Ag/A, versus the O3, 4/O5 Chromosome Systems

The Oj inversion has a recombinational length of
about 27.4 cM, and in D. subobscura, it is always found
with the overlapping inversion O, forming the O3, 4 ar-
rangement. Thus, O3, 4/O heterokaryotypes present a com-
plex double inversion loop. In contrast, the length of the A,
inversion is of about 41.3 cM and A, forms a single inver-
sion loop in A,/Ay heterokaryotypes. These differential
characteristics might affect the level of genetic differentia-
tion along the O3 and A, inversions, but similarities in the
extent of differentiation in both inversions can also be de-
tected. Fst estimates between O3, 4 and Oy chromosomes
along the O3 inversion range from 0.43 to 0.66 (Munté et al.
2005). The Fgt estimate at P236 (the nearest region to an A,
inversion breakpoint) is 0.46 and thus within but close
to the lower bound of this range. Estimates of genetic dif-
ferentiation in the other regions are lower (from 0.21 to
0.096) than at P236. This result indicates that genetic ex-
change in the center of the inversion loop in A,/Ag; hetero-
zygotes is higher than in the center of the loop formed by O;
in O3 4/O heterozygotes. However, genetic differentiation
between Ay and A, chromosomes is still significant in the
center of the A, inversion and highly significant in the
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concatenated data set. In addition, the presence of the A,
inversion contributes to maintain interlocus LD. Therefore,
the genetic exchange along the A, inversion has not been
high enough to homogenize the gene content between Ay,
and A, chromosomes in the inverted segment. Moreover,
the inferred age of the A, arrangement and its pattern of
variation would indicate that the A,/A system is not at
mutation—drift—flux equilibrium.

A, is a medium-sized Drosophila inversion with a rel-
ative physical length of 4.7% (i.e., the physical length of the
inversion relative to the total physical length of the species).
The evolutionary success of an inversion partly depends on
its length. An excess of medium sized inversions, either
fixed or polymorphic, was detected in the D. buzzatii spe-
cies complex (Céceres et al. 1997). The recombinational
length but not the physical length seems, however, to be
the important factor determining the success of an inversion
(Caceres et al. 1999). Indeed, the physical length of suc-
cessful inversions is inversely correlated to the species re-
combination map length (i.e., successful inversions tend to
be shorter in species with larger recombination maps). The
average physical length of the 28 polymorphic successful
inversions in D. subobscura is 5.4 + 1.62% (Céaceres et
al. 1999) and thus the relative physical length of A, is
within its confidence interval. Therefore, the genetic
content of most successful polymorphic inversions in
D. subobscura would be expected to be genetically differ-
entiated between inverted and noninverted chromosomes.
Moreover, genetic exchange between different arrange-
ments might be further prevented because a large fraction
of the successful polymorphic inversions form complex
gene arrangements of overlapping inversions, such as
J344, Uigoys, Bigoqoq12, and Oz gys.

In contrast to A,, the O3 inversion can be considered
a moderately small inversion (2.78% in physical length).
This inversion (forming the Os,4 arrangement) turned
out to maintain strong LD over large distances (~4 Mb).
Indeed, genetic differentiation and LD between arrange-
ments and polymorphic sites was quite uniform along
the inversion. Therefore, the O3, 4/Og chromosome system
would be very efficient in keeping together coadapted gene
complexes. Genetic exchange in the center of the medium
sized A, inversion is, however, higher than in O3. Putative
double crossover events inside the A, inversion loop are
thus more likely to break down putative coadapted gene
complexes maintained by A,. If selection acted against
the recombinant chromosomes that break coadapted gene
complexes, genes included in these complexes would be
expected to present stronger LD than those not included
in them. The presence of regions of high association inter-
spersed by regions of low association inside an inversion
has been proposed as a proof of coadaptation (Schaeffer
et al. 2003; Kennington et al. 2006). In the present study,
similar levels of LD with chromosomal arrangement were
detected in gene regions 1.2-2.9 Mb apart from the A, in-
version breakpoints. Therefore, no evidence that the studied
regions were included in coadapted gene complexes was
found. A more dense coverage along the A, inversion
would be required to identify regions included in putative
coadapted gene complexes maintained by the Ay /A, ar-
rangements of D. subobscura.
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Supplementary Material

Supplementary figures 1-5 are available at Molec-
ular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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