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*Departament de Genètica, Facultat de Biologia, Universitat de Barcelona, 08071 Barcelona, Spain and †Centre d’Investigació i
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ABSTRACT
Nucleotide variation at the ribosomal protein 49 (rp49) gene region has been studied in 75 lines of

Drosophila subobscura belonging to four chromosomal arrangements (Ost, O314, O31418, and O314123). The
location of the rp49 gene region within the inversion loop differs among heterokaryotypes: it is very close
to one of the breakpoints in heterozygotes involving Ost chromosomes, while it is in a more central position
in all other heterokaryotypes. The distribution of nucleotide polymorphism in the different arrangements
is consistent with a monophyletic origin of the inversions. The data also provide evidence that gene
conversion and possibly double crossover are involved in shuffling nucleotide variation among gene
arrangements. The analyses reveal that the level of genetic exchange is higher when the region is located
in a more central position of the inverted fragment than when it is close to the breakpoints. The pairwise
difference distributions as well as the negative values of Tajima’s and Fu and Li’s statistics further support
the hypothesis that nucleotide variation within chromosomal arrangements still reflects expansion after
the origin of the inversions. Under the expansion model, we have estimated the time of origin of the
studied inversions.

INVERSION polymorphism is widespread in the ge- Each gene arrangement could contain a particular com-
bination of genes that, because of the suppression ofnus Drosophila. In Drosophila subobscura, for in-

stance, .80 different chromosomal gene arrangements recombination in heterokaryotypes, would be main-
tained as a block. Little is known, however, about thehave been described (reviewed in Krimbas and Loukas

1980; Krimbas 1992; Powell 1997). In this species, relative importance of recombination (i.e., gene flow)
and mutation in shaping nucleotide variation of differ-inversion polymorphism is distributed among its five

acrocentric chromosomes, in contrast to other Drosoph- ent gene arrangements. If recombination were totally
suppressed in inversion heterozygotes, DNA regions in-ila species (like D. pseudoobscura). In D. subobscura there

is also ample evidence for the adaptive value of chromo- cluded in a particular inversion would evolve indepen-
dently in inverted and noninverted chromosomes; onsomal inversion polymorphism. Studies of the distribu-

tion of chromosomal polymorphism in different localit- the other hand, recombination as a homogenizing fac-
tor can prevent their independent evolution.ies have shown that the frequencies of some chromo-

To date, there are few empirical studies relating nu-somal arrangements exhibit clines correlated with lati-
cleotide and chromosomal variation, and most of themtude (Krimbas 1992). Although parallel gradual varia-
have been performed in three species of Drosophila: D.tion does not imply a causal relationship, and therefore
melanogaster (Aguadé 1988a; Bénassi et al. 1993; Wesleyis not unambiguous evidence of selection, in D. subobsc-
and Eanes 1994; Hasson and Eanes 1996), D. pseudoob-ura the correlation between latitude and the frequency
scura (Aquadro et al. 1991; Popadić and Andersonof certain chromosomal arrangements was found both
1994, 1995; Popadić et al. 1995; Babcock and Ander-in the Old World and in the recently colonized areas
son 1996), and D. subobscura (Rozas and Aguadé 1990,of North and South America. The presence of parallel
1993, 1994; Rozas et al. 1995). However, these studiesclines in different geographic areas clearly supports the
have provided useful information about the evolutionadaptive value of the inversion polymorphism (Pre-
of inversions. For example, at the rp49 (ribosomal pro-vosti et al. 1988).
tein 49) gene region of D. subobscura, Rozas and AguadéIt is generally accepted that the adaptive character of
(1990, 1994) detected genetic exchange between differ-inversion polymorphism is due to the gene content of
ent chromosomal gene arrangements, and they pro-the different gene arrangements (see Powell 1997).
posed that this transfer was accomplished by gene con-
version.

Here, we have studied nucleotide variation at the
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would be prevented in the different heterokaryotypes. Chro-inversions that include the rp49 gene (Ost, O314, O31418,
mosomes with both inversions 3 and 4 (i.e., O314, O31418, andand O314123). As depicted in Figure 1, arrangements Ost O314123 chromosomes) are generically cited as O3141X. Al-

and O314 arose independently from the O3 arrangement though the sequenced lines are not a random sample of the
(Ramos-Onsins et al. 1998). Arrangement O3 is not pres- population, for a given chromosomal class they were randomly

chosen (Table 1).ent in extant populations of D. subobscura, but it is pres-
DNA sequencing: The rp49 nucleotide sequences for theent in the closely related species D. madeirensis and D.

34 lines of El Pedroso have been previously reported (Rozasguanche. On the other hand, O31418 and O314123 origi-
and Aguadé 1994; EMBL/GenBank accession numbers

nated from the O314 arrangement, and in contrast these X80076–X80109). Genomic DNA from the Tunisian isochro-
three arrangements coexist in some populations. In the mosomal lines was extracted using a modification of protocol

48 from Ashburner (1989). An z1.6-kb region including thearrangements studied, the location of the gene within
rp49 coding region (402 bp) and its 59 and 39 flanking regionsthe inversion loop differs in the different heterokaryo-
was amplified by PCR (Saiki et al. 1988). Several oligonucleo-types: between Ost and the other arrangements the rp49
tides, designed at intervals of z300 nucleotides, were used as

gene is located near one of the breakpoints, while in primers for sequencing. The amplified fragments were cycle-
heterokaryotypes between O314, O31418, and O314123, the sequenced and separated on a Perkin-Elmer (Norwalk, CT)
gene is in a more central position in the inversion loop. ABI PRISM 377 automated DNA sequencer following the man-

ufacturer’s instructions. For each line, the sequence of bothThe different location of the gene in the heterokaryo-
strands was determined. The newly reported nucleotide se-types is expected to affect the level of genetic exchange
quences will appear in the EMBL, GenBank, and DDBJ Nucle-between arrangements because near breakpoints it can otide Sequence Databases under the accession numbers

be due exclusively to gene conversion; however, in more AJ228881–AJ228921.
internal positions of the inversion loop both gene con- Data analysis: The rp49 sequence of the H27 line of D.

subobscura (Aguadé 1988b; accession number M21333) wasversion and double crossover may contribute to the
used as the reference sequence. Sequences were multiplygenetic exchange. The present study therefore tries to
aligned using the Clustal W program (Thompson et al. 1994)investigate the level of gene flow between arrangements.
and edited with the MacClade version 3.06 program (Maddi-

Moreover, the study aims to assess if nucleotide variation son and Maddison 1992). Phylogenetic analysis was per-
in the different gene arrangements is at stationary equi- formed using the neighbor-joining algorithm (Saitou and

Nei 1987) implemented in the MEGA version 1.01 programlibrium and to estimate the age of the inversions.
(Kumar et al. 1994); bootstrap values were based on 500 rep-
licates. The rp49 nucleotide sequences of D. guanche and
D. madeirensis (Ramos-Onsins et al. 1998; accession numbersMATERIALS AND METHODS
Y09707–Y09708) were used as outgroups.

The DnaSP version 2.82 program (Rozas and Rozas 1997)Fly samples: Seventy-five D. subobscura lines from El Pedroso
was used to estimate nucleotide diversity, genetic distances,(Spain) and from Bizerte (Tunisia) were used. Strains (and
and genetic differentiation between populations and to detectDNA sequences) from El Pedroso have been reported pre-
gene conversion tracts. Nucleotide diversity, p, or the averageviously (Rozas and Aguadé 1994). The 41 strains newly re-
number of nucleotide differences per site, was estimated usingported were collected at Bizerte (Tunisia) in May 1996. The
Equation 10.5 of Nei (1987). The silent nucleotide diversityVa/Ba balancer stock (Sperlich et al. 1977) was used to obtain
(including both noncoding positions and synonymous sitesisochromosomal lines. For each line the chromosomal gene
in the coding region) was estimated as the average number ofarrangement was determined as previously described in Rozas
silent nucleotide differences per silent site (Nei and Gojoboriand Aguadé (1990). The location of the rp49 gene on the O
1986; Nei 1987). DNA divergence between arrangements waschromosome defines four major chromosomal classes: Ost,
estimated as Dxy, the average number of nucleotide substitu-O314, O31418, and O314123. As shown in Figure 1, these chromo-
tions between populations (Equation 10.20 in Nei 1987), andsomal classes differ by at least one inversion that includes the

rp49 gene, and therefore recombination by a single crossover as Da, the net number of nucleotide substitutions (Equation

Figure 1.—Schematic representation of the location of the rp49 gene in different chromosomal arrangements of D. subobscura.
Only the distal part of the O chromosome is depicted. Shaded bars indicate the regions affected by inversions. O3 gene arrangement,
present in D. madeirensis and D. guanche, is not present in extant populations of D. subobscura.
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TABLE 1

Chromosomal gene arrangement frequencies

Ost O314 O31418 O314123
a

n F n F n F n F

El Pedroso 16 0.13 18 0.79 0 0.08 0 0.00
Bizerte 0 0.00 0 0.11 21 0.58 20 0.31
Total 16 18 21 20

n, number of chromosomes analyzed in the present study; F, frequency of the chromosomal arrangement
in the population.

a All O314123 chromosomes studied also carried the inversion 6 (see Krimbas 1992), although this inversion
(located in segment II of the O chromosome) does not include the rp49 gene.

10.21 in Nei 1987). FST, the proportion of nucleotide diversity with alignment gaps), which represented a total of 1161
that is attributable to variation between populations, was esti- silent sites (including both synonymous sites and non-
mated using Equation 3 in Hudson et al. (1992a). The average

coding positions). Tables 2 and 3 give a summary oflevel of gene flow, measured as Nm, was estimated from FST,
nucleotide polymorphism for the complete region, forassuming that populations are structured in an island model

and are at migration-drift equilibrium (Wright 1951; Hud- the different functional regions, and for the different
son et al. 1992a). chromosomal classes. For the total data set, the average

The DnaSP program (Rozas and Rozas 1997) was also used nucleotide diversity was p 5 0.010, although the corre-
to perform some neutrality tests. Tajima’s test (Tajima 1989)

sponding estimates for each chromosomal class wereand Fu and Li’s tests (Fu and Li 1993) were performed using
slightly lower (0.006–0.008). Figure 3 shows a plot ofh, the total number of mutations (also called the minimum

number of mutations), instead of S, the number of segregating the estimates of polymorphism and divergence across
sites (i.e., considering the additional mutations present in the region studied. In the 59 flanking region there were
those sites segregating for three nucleotides). The outgroup some peaks of high polymorphism (p) correspondingused for Fu and Li’s tests was the D. guanche rp49 sequence

to regions of high divergence (K).(Ramos-Onsins et al. 1998).
Genetic differentiation between gene arrangements:The critical values of Tajima’s D statistic (Tajima 1989) and

of the raggedness statistic r (Harpending et al. 1993; Equation Table 4 gives a summary of the genetic differentiation
1 in Harpending 1994) were obtained by computer simula- between gene arrangements. We found the highest val-
tions (10,000 replicates) using the coalescent algorithm (for ues of genetic differentiation, as measured by Dxy andno recombination) described in Hudson (1990). The coales-

Da, in all comparisons including the Ost gene arrange-cent approach (Hudson 1990) was also used to estimate the
ment. In fact, in comparisons between O3141X chromo-confidence intervals of Tajima’s D and r statistics for different

levels of recombination. somes, the Da values were z0.001, while in comparisons
We performed computer simulations to estimate the proba- between Ost and O3141X chromosomes the Da values were

bility of obtaining k shared polymorphic sites segregating
z0.008. In addition, in comparisons including Ost, theamong all gene arrangements. The main assumption of the
Dxy values (and also Da values) were rather similar regard-model is that the mutation rate is the same for all silent sites.

In each replicate we generated four sets of sequences (one less of the coexistence of arrangements in the same
for each chromosomal class) of n sites (the number of silent population (as, for instance, Ost and O314) or not (as,
sites), and we randomly spread in each set as many mutations for instance, Ost and O314123). Thus, geographic origin
as we had observed in each chromosomal class (each mutation

has a weak effect on genetic differentiation estimates,would generate a polymorphic site). The probability of ob-
which is consistent with the lack of geographic differen-taining a number of shared polymorphic sites equal to or

higher than the observed number k, P (K $ k), was estimated tiation within arrangement detected in Europe (Rozas
as the proportion of the simulated replicates, where the num- et al. 1995). As in Dxy and Da estimates, the largest FSTber of shared polymorphic sites segregating in all four sets of values were also found in comparisons involving the Ostsequences was $k. The null hypothesis that shared polymor-

arrangement, and consequently these comparisons gavephic sites are due to independent accumulation of mutations
the lowest Nm values. We tested whether the differentis rejected if that probability is ,5% critical value.
gene arrangements were genetically differentiated using
the K*s test statistic (Hudson et al. 1992b). All pairwise

RESULTS comparisons showed highly significant probability val-
ues (Table 4), indicating that, despite the lower geneticNucleotide variation: A total of 137 polymorphic sites
differentiation of O3141X chromosomes, all chromo-(representing 147 mutations) were detected in the rp49
somal classes were genetically differentiated. The differ-region among the 75 lines of D. subobscura (Figure 2);
entiation between gene arrangements can be attributedall polymorphisms were silent. The average length of
to the presence of several fixed (or nearly fixed) nucleo-the DNA region studied was 1515 bp, while the total

number of sites compared was 1467 (excluding sites tide differences.



Figure 2.—Nucleotide polymorphism at the rp49 gene region of D. subobscura. The distribution of the polymorphic sites in
the different functional regions is as follows: polymorphic sites 27 to 850, 59 flanking region; 902 to 944, exon 1 (black); 981 to
1018, intron (gray); 1111 to 1207, exon 2 (black); 1380 to 1540, 39 flanking region. Nucleotide numbering is according to
Aguadé (1988b). Nucleotides identical to the first sequence are indicated by a dot, and deletions by a dash. Blocks of nucleotides
transferred from one gene arrangement to the other are depicted as shaded boxes: white and gray colors indicate genetic
information of Ost and O3141X, respectively. Transfer of genetic information among O3141X gene arrangements is depicted as
black boxes.
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Figure 2.—(Continued)
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TABLE 2

Nucleotide polymorphism in functional regions

59 Exon 1 Intron Exon 2 39 Total

Number of sitesa 817 93 48 309 200 1467
Silent sites 817 22 48 74.2 200 1161.2
S (h) 112 (121) 3 (3) 5 (5) 6 (6) 11 (12) 137 (147)
p 0.0149 0.0051 0.0048 0.0007 0.0102 0.0103
pS 0.0149 0.0215 0.0048 0.0029 0.0102 0.0130

S, number of segregating sites; h, total number of mutations; p, nucleotide diversity; pS, silent nucleotide
diversity.

a Total number of nucleotide sites excluding those sites with alignment gaps.

Comparison of the polymorphisms present in the dif- viously used in Rozas and Aguadé (1994), considering
that each site had four possible states. The computerferent gene arrangements revealed several polymorphic

sites segregating for the same variants in different ar- simulation analysis was performed according to the
number of polymorphic sites observed in each generangements, that is, shared polymorphic sites. Assuming

that inversions have a unique origin, no shared polymor- arrangement (46, 54, 56, and 53); in this case, the proba-
bility of obtaining four (the observed number of poly-phism is expected at the origin of a particular inversion.

Therefore, the presence of shared polymorphic sites morphic sites shared by all chromosomal classes) or
more shared polymorphic sites segregating in all fourcan be due to: (i) mutations arisen independently in

both gene arrangements (parallel mutations) or (ii) the gene arrangements is very low (P 5 0.0000). In all cases
the null hypothesis that shared polymorphic sites aretransfer of genetic information between gene arrange-

ments. Under the assumption that mutations arise ran- due to independent accumulation of mutations was re-
jected.domly along the rp49 region, the probability of ob-

taining k polymorphic sites shared by two chromosomal Genetic differentiation is a prerequisite to identify
the footprint left by gene conversion in DNA sequences.classes was estimated from the hypergeometric distribu-

tion (Rozas and Aguadé 1994) (Table 4), while the Betrán et al. (1997) described an algorithm to detect
gene conversion tracts from DNA sequence data fromprobability of obtaining k polymorphic sites shared

among all chromosomal classes was estimated by com- different populations. That method depends on the
parameter c (Equation A4 in Betrán et al. 1997), whichputer simulations (see materials and methods). Prob-

ability values were obtained considering only the silent measures the probability of detecting a converted site;
the higher the value of c, the more accurate will besites (i.e., noncoding sites plus synonymous sites in the

coding region, n 5 1161) and assuming that each site the estimate of the number and length of the gene
conversion tracts. In our sample, and in agreement withcan have only two states (i.e., two different nucleotides).

This assumption is more conservative than that pre- the Dxy and Da values, the c values were relatively high

TABLE 3

Nucleotide polymorphism in different gene arrangements

Ost O314 O31418 O314123 O3141X Total

Sample size 16 18 21 20 59 75
S(h) 46 (47) 54 (56) 56 (58) 53 (54) 107 (115) 137 (147)
p 0.00635 0.00801 0.00789 0.00701 0.00822 0.01030
pS 0.00799 0.01009 0.00994 0.00882 0.01037 0.01301

Tajima’s D 21.414 21.114 21.087 21.263 21.783* 21.706*
P valuea 0.061 0.130 0.138 0.093 0.016 0.017

Fu and Li’s D a 21.684 21.103 21.281 22.773** 23.638** 23.636**
Fu and Li’s F a 21.958* 21.358 21.489 22.761* 23.476** 23.384**

Raggedness, r 0.0122** 0.0103* 0.0115* 0.0235 0.0053** 0.0024***
P valuea 0.008 0.011 0.028 0.215 0.011 0.001

S, number of segregating sites; h, total number of mutations; p, nucleotide diversity; pS, silent nucleotide diversity. * 0.01 ,
P , 0.05; ** 0.001 , P , 0.01; *** P , 0.001.

a P values for one-tailed test.
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to affect longer chromosomal regions than gene conver-
sion. In this sense, two of the detected recombination
events (in lines TB154 and TB390a with the O314123

arrangement) could correspond to double crossovers
instead of to gene conversion events as the length of
these tracts (between O3141X arrangements) is unusually
large. Tracts in lines TB154 and TB390a are longer than
1 kb, while the mean length of the gene conversion
tracts observed between Ost and O314 arrangements is 51
bp. In addition, these long tracts include the outermost
informative nucleotides of the data set, and, conse-
quently, it cannot be dismissed that their length was

Figure 3.—Sliding window plot of nucleotide diversity, p,
still considerably large.and of nucleotide divergence, K, across the rp49 region for

Figure 4 shows the neighbor-joining tree (Saitou andsequences of the Ost gene arrangement. Nucleotide divergence
was estimated as the average number of nucleotide substitu- Nei 1987) of the rp49 sequences. In the gene tree, se-
tions per site between D. subobscura (16 Ost sequences) and D. quences corresponding to the Ost gene arrangement
guanche ; values of K are divided by T 1 1 5 3.883, where T form a monophyletic group, while those correspondingis the divergence time (in 2N generations, where N is the

to the other gene arrangements (O314, O31418, andeffective population size) between D. guanche and the Ost gene
arrangement of D. subobscura. The T value was estimated as O314123) are mixed. Under the assumption that inver-
described in Hudson et al. (1987). Window size, 50 sites (ex- sions are monophyletic, the topology of the tree would
cluding sites with alignment gaps); window displacement, 10 indicate that gene flow is higher among O3141X se-
sites.

quences than between O3141X and Ost sequences.
Neutrality tests: The observed distribution of muta-

tions within species was contrasted with that predictedbetween Ost and O3141X sequences and rather low among
by the neutral theory. The Tajima (1989) and the FuO3141X sequences (Table 4). Using the algorithm of
and Li (1993) tests contrast different measures of u (u 5Betrán et al. (1997) we identified several gene conver-
4Nu, where N is the effective population size and usion tracts (Figure 2). This algorithm can detect gene
is the mutation rate): those based on the number ofconversion tracts only if they contain at least two infor-
segregating sites, on the number of pairwise differences,mative sites (Equation A1 in Betrán et al. 1997), and
and on the number of mutations in external branchesthe tract length is underestimated by the nucleotide
of the genealogy. Although the neutral model in generaldistance between them. Nearly all putative gene conver-
was not rejected, the probability values were very closesion tracts detected were transferred between Ost and
to the 5% critical value (Table 3; see also Table 5).O3141X sequences. Although no distinction can be made

We have also analyzed the pairwise nucleotide differ-between gene conversion and double crossover events
ence distribution, or mismatch distribution (Slatkinif the tract includes the outermost informative nucleo-

tides, genetic exchange by double crossover is expected and Hudson 1991; Rogers and Harpending 1992), for

TABLE 4

Genetic differentiation between gene arrangements

Ost Ost Ost O314 O314 O31418

O314 O31418 O314123 O31418 O314123 O314123

h 92 100 92 89 84 89
Shared mutations 12 6 8 25 24 21
P valuea 0.000 0.018 0.000 0.000 0.000 0.000

Dxy 0.01459 0.01445 0.01521 0.00907 0.00820 0.00877
Da 0.00734 0.00727 0.00855 0.00103 0.00068 0.00144
P valueb 0.000 0.000 0.000 0.000 0.001 0.000

c 0.00874 0.00905 0.01046 0.00182 0.00134 0.00233

FST 0.501 0.501 0.560 0.113 0.083 0.164
Nm 0.25 0.25 0.20 1.97 2.77 1.28

h, total number of mutations; c, parameter that measures the probability of detecting a converted site
(Betrán et al. 1997).

a P values based on the hypergeometric distribution.
b P values for the K*s statistic.
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Figure 4.—Genealogy of the 75 sequences of
the rp49 gene region of D. subobscura. Informative
nucleotide variants with evidence of genetic ex-
change (shaded boxes in Figure 2) have been
subtracted. The tree was built by the neighbor-
joining method and rooted using as outgroups
the sequences of D. madeirensis and D. guanche.
Numbers indicate bootstrap percentages based
on 500 replicates; only bootstrap values for the
main nodes are shown on the tree. Ost sequences
are depicted as squares; O314, O31418, and O314123

sequences are depicted as open, shaded, and solid
circles, respectively.

each gene arrangement (Figure 5). These authors have sample size (the studied sample size in each gene ar-
rangement) and u (the u estimated from the averageshown that the expected pairwise difference distribution

in a growing population resembles a Poisson distribu- number of nucleotide differences) were fixed for all
replicates. The parameter r was estimated in each repli-tion. In all gene arrangements, the observed distribu-

tion was close to the Poisson distribution and was fit cate, and the proportion of cases (replicates) where the
r value was lower than the observed value was computedpoorly by the geometric distribution, which is expected

in populations of constant size. Although the observed (Table 3). The constant population size model was re-
jected in all cases except for the O314123 gene arrange-shape of the distribution is consistent with a process of

population (in this case, gene arrangement) expansion, ment (P 5 0.215); however, when nucleotide variants
included in gene conversion tracts were subtracted, thatit does not constitute any evidence for expansion. In

fact, under the neutral model with no intragenic recom- model was also rejected for this arrangement (P 5 0.04;
Table 5).bination, the expected geometric distribution in popu-

lations of constant size is the sum of several quite dif- On the other hand, in populations of constant size the
expected shape of the pairwise difference distribution isferent distributions (including bimodal and trimodal

distributions; Watterson 1975; Slatkin and Hudson a function of the intragenic recombination parameter
C 5 4Nc (where N is the effective population size, and1991; Rogers and Harpending 1992). However, the

expected values of the raggedness statistic r, which quan- c is the recombination rate per generation between the
most distant sites). For high values of C the distributiontifies the smoothness of the pairwise difference distri-

bution, are lower in expanding populations than in of the pairwise differences might resemble a Poisson
distribution, and thus the raggedness r statistic is ex-populations of constant size (Harpending et al. 1993;

Harpending 1994). To test whether our data are com- pected to be lower. Additionally, the variance of the
distribution of Tajima’s D statistic is expected to bepatible with the constant population size model (Eller

and Harpending 1996), we performed simulations on reduced with increasing values of the recombination
parameter. Because there is recombination in homo-the basis of the neutral coalescent process without re-

combination (Hudson 1990). In the simulations the karyotypes, we have conducted computer simulations
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TABLE 5

Tajima’s D and raggedness r statistics in different gene arrangements

Ost O314 O31418 O314123 O3141X Total

Sample size 16 18 21 20 59 75
Tajima’s D 21.262 20.863 21.074 21.129 21.798* 21.722*
P valuea 0.091 0.200 0.136 0.122 0.012 0.017
Raggedness, r 0.0137* 0.0130* 0.0092* 0.0147* 0.0049** 0.0020***
P valuea 0.012 0.026 0.010 0.040 0.004 0.000

Estimates of Tajima’s D and of the raggedness r statistics were performed using all nucleotide polymorphisms
after subtracting all informative nucleotide variants with evidence of genetic exchange (shaded boxes in Figure
2). * 0.01 , P , 0.05; ** 0.001 , P , 0.01; *** P , 0.001.

a P values for one-tailed test.

to determine the critical values of the raggedness r and references therein), due to the low probability of gener-
ating two simultaneous breaks at exactly the same posi-Tajima’s D statistics under different values of the recom-

bination parameter (Table 6). In general, either the tions independently in different chromosomes. The
monophyletic character has been questioned, however,raggedness r statistic or Tajima’s D statistic estimated

from our sequences was significantly different from the by the observation in some species of hot spots of in-
version breakpoints and by the discovery of transpos-expected values.
able elements. It has been argued that transposable
elements, which can generate chromosomal rearrange-

DISCUSSION
ments in the laboratory, could also have generated the
naturally occurring inversions of Drosophila. However,Origin and evolution of inversions: It has been classi-

cally considered that inversions have a unique origin, the nucleotide sequence of regions covering the
breakpoints of two such inversions did not reveal thethat is, that they are monophyletic (Powell 1997 and

Figure 5.—Distribution of the pairwise nucleotide differences in the different gene arrangements studied. The expected
values were obtained from Equation 3 in Rogers (1995) and considering u0 5 0.
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TABLE 6

Tajima’s D and raggedness r statistics under different recombination values

P (D , Dobs) 95% CI of D P (R , robs) 95% CI of r

Ost (n 5 16; u 5 9.425)
C 5 0 0.0612 (21.708, 1.690) 0.0085** (0.0153, 0.2025)
C 5 10 0.0170* (21.305, 1.248) 0.0273* (0.0119, 0.1421)
C 5 25 0.0052** (21.108, 1.063) 0.0511 (0.0106, 0.1075)
C 5 50 0.0013** (20.965, 0.930) 0.0800 (0.0095, 0.0855)

O314 (n 5 18; u 5 11.895)
C 5 0 0.1297 (21.753, 1.701) 0.0109* (0.0122, 0.1474)
C 5 10 0.0503 (21.321, 1.212) 0.0306* (0.0099, 0.1052)
C 5 25 0.0216* (21.083, 1.035) 0.0566 (0.0086, 0.0793)
C 5 50 0.0075** (20.903, 0.919) 0.0922 (0.0078, 0.0637)

O31418 (n 5 21; u 5 11.748)
C 5 0 0.1377 (21.711, 1.685) 0.0280* (0.0112, 0.1262)
C 5 10 0.0572 (21.325, 1.235) 0.0830 (0.0084, 0.0924)
C 5 25 0.0238* (21.077, 1.014) 0.1680 (0.0072, 0.0669)
C 5 50 0.0101* (20.927, 0.894) 0.2521 (0.0064, 0.0527)

O314123 (n 5 20; u 5 10.458)
C 5 0 0.0927 (21.785, 1.705) 0.2152 (0.0122, 0.1514)
C 5 10 0.0309* (21.336, 1.243) 0.3941 (0.0093, 0.1035)
C 5 25 0.0133* (21.108, 1.041) 0.5592 (0.0079, 0.0775)
C 5 50 0.0040** (20.939, 0.927) 0.7006 (0.0071, 0.0587)

C, recombination parameter; n, sample size; P (D , Dobs), probability of obtaining values of the Tajima’s D
lower than the observed; P (R , robs), probability of obtaining values of r (raggedness statistic) lower than the
observed; CI, confidence intervals. * 0.01 , P ,0.05; ** 0.001 , P ,0.01.

presence of any transposable element (Wesley and (Rozas and Aguadé 1993), for the Est-6 gene region
and In(3L)Payne and standard chromosomes of D. mela-Eanes 1994; Cirera et al. 1995).

Studies of nucleotide variation in inverted and nonin- nogaster (Hasson and Eanes 1996), and for the P6 (also
named Fbp2) region and In(2L)t and standard chromo-verted chromosomes have revealed that the distribution

of variation within and between gene arrangements var- somes of D. melanogaster (Bénassi et al. 1993). The results
of these latter studies would be consistent with: (i) aies according to the location of the region studied in

the inversion heterokaryotypes. In those surveys where multiple origin of the inversions, (ii) a unique origin of
inversions with transfer of genetic information betweenthe region studied was close to an inversion breakpoint,

all sequences of the inverted chromosomes formed a gene arrangements (by double crossover or gene con-
version), or (iii) a unique origin of inversions with anunique cluster in the gene tree. This was the case for

the amylase (Amy) locus and the most common gene important number of parallel mutations.
Present data on nucleotide polymorphism at the rp49arrangements of the third chromosome of D. pseudo-

obscura (Aquadro et al. 1991; Popadić and Anderson gene region of D. subobscura are compatible with a mono-
phyletic origin of the studied inversions. The topology1994), the esterase-5 (Est-5) gene region, and the sex-

ratio and standard chromosomes of D. pseudoobscura of the rp49 gene tree (Figure 4), including sequences
of the four major gene arrangements, clearly supports(Babcock and Anderson 1996), the rp49 gene region

and the Ost and O314 gene arrangements of D. subobscura the monophyly of the Ost gene arrangement. However,
for the other gene arrangements (O314, O31418, and(Rozas and Aguadé 1993, 1994), and both the break-

point regions and the heat shock 83 (Hsp83) gene and O314123) the sequences do not form unique clusters in
the gene tree. As we have shown that parallel mutationthe In(3L)Payne and standard chromosomes of D. mela-

nogaster (Wesley and Eanes 1994; Hasson and Eanes cannot account for the high number of observed shared
polymorphic sites, the topology of the tree for O3141X1996). These studies clearly support the monophyly

of inversions. However, in those studies of nucleotide arrangements would be compatible either with a multi-
ple origin of the corresponding inversions (Figure 1)regions located in a more central position of the inver-

sion loop, the sequences did not cluster in the gene or with a unique origin with genetic exchange between
arrangements. It should be noted, however, that thetree according to their gene arrangements. This was the

case for the Amy region and gene arrangements Tree location of the rp49 gene in the inversion loop is differ-
ent in O3141X heterozygotes than in heterozygotes be-Line, Olympic, Estes Park, and Hidalgo of D. pseudo-

obscura (Popadić et al. 1995), for the rp49 region and tween Ost and O3141X. In the latter, the rp49 region is
very close to one of the breakpoints and within thegene arrangements O314 and O31418 of D. subobscura
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inversion, while in heterozygotes between O3141X chro- genetic differentiation between Ost and O3141X would
not be caused by the geographic distribution of thesemosomes the region is located in a more central position

of the inversion loop. The observed pattern of nucleo- arrangements, but by the reduced genetic exchange at
the rp49 region in these heterokaryotypes.tide variation in the different arrangements and the

location of the DNA region in the heterokaryotypes It has been shown that the rate of decay of locus-
inversion disequilibria only depends on the rate of trans-support a differential rate of genetic transfer between

arrangements: no (or reduced) genetic exchange if the fer of genetic information between gene arrangements
(Ishii and Charlesworth 1977; Nei and Li 1980) andgene is at (or near) the breakpoint and extensive genetic

exchange if the gene is in a more central position in that the decay half-life of the association is of the order
of the reciprocal of the genetic exchange rate. Assumingthe inversion. Therefore, the distribution of the O3141X

sequences in the gene tree would not provide evidence that all gene flow detected between Ost and O314 was
due to gene conversion, Rozas and Aguadé (1994)for a multiple origin of either inversion 8 or inversion

23 (see Figure 1). estimated that the gene conversion rate per base pair
and per generation is z3.5 3 1027. It is also possibleRecombination and gene flow between inversions:

Here we have detected several short gene conversion to estimate the gene conversion rate from the total
number of gene conversion tracts (those observed plustracts and no evidence of double crossovers when the

rp49 region is close to the inversion breakpoint (i.e., in those inferred but not observed); for the rp49 sequences
of Ost and O314, this rate has been estimated as 2.7 3heterozygotes between Ost and O3141X arrangements),

and few short gene conversion tracts and some long 1027 (Betrán et al. 1997).
The adaptive character of chromosomal polymor-tracts that might correspond to double crossovers when

the gene is in a more central position in the inversion phism is well documented (see, e.g., Prevosti et al.
1988), as well as the involvement in this adaptationloop (i.e., in heterozygotes between O3141X arrange-

ments). Our results are in agreement with some predic- of the differential gene content of inversions (Powell
1997). Coadaptation among loci within inversions hastions of the genetic exchange between gene arrange-

ments: a major role of gene conversion in regions been proposed to maintain chromosomal polymor-
phism (Prakash and Lewontin 1968; see also Powellaround the inversion breakpoints as opposed to a major

role of crossing over in the central regions of inversions 1997). Our results (together with previous observations)
provide valuable information on the possible distribu-(Navarro et al. 1997). These authors showed that ex-

change in inversion heterokaryotypes due to double tion along the inversion of the members of the co-
adapted complex. In fact, the reduction of recombi-crossing over would be negligible near the breakpoints

and maximum in the central regions of the inverted nation in inversion heterokaryotypes would play a
fundamental role in maintaining blocks of genes to-fragment. Assuming that the gene conversion rate is

constant across the inverted region, gene flow (both gether. However, nucleotide variation studies have
shown that recombination is not totally suppressed andby double crossing over and gene conversion) would

therefore be lower near the breakpoints and maximum can be an important homogenizing factor, especially
for genes located in the central part of the inversion.in the central region of inversions. According to these

predictions, the lower genetic differentiation detected Therefore, selection could more easily maintain co-
adapted complexes if the corresponding loci were inbetween O3141X chromosomes than between Ost and

O3141X gene arrangements is caused by the higher ge- regions with low rates of genetic exchange between ar-
rangements, that is, close to the inversion breakpoints.netic exchange expected in the central part of inver-

sions. In the case of genes in a more central location in the
inversion, selection should be stronger to successfullyAlternatively, it could be argued that the observed

pattern of genetic differentiation between arrange- counteract the increased exchange of genetic informa-
tion due to crossing over. Therefore, if selection werements was due to their geographic differentiation or to

the differential frequency of Ost/O3141X heterokaryo- maintaining blocks of genes together, the target genes
would be more likely located near the breakpoints.types relative to heterokaryotypes between O3141X ar-

rangements. However, genetic differentiation between Nucleotide variation distribution: The topology of the
gene tree for all Ost and for all O3141X sequences clearlyOst and O3141X arrangements is similar regardless of the

geographic origin of the O3141X chromosomes, which is resembles a star phylogeny (Figure 4), that is, a phylog-
eny where the tree is stretched near the terminal nodesconsistent with previous studies at the rp49 region show-

ing that European populations are not genetically differ- and compressed near the root. This is the topology
expected for populations that have recently expandedentiated within each of these arrangements (Rozas et

al. 1995). Also, Ost and O314 are the most frequent gene from a very small size and are therefore in the transient
phase to equilibrium. During this phase, the specificarrangements in these populations, and therefore ge-

netic exchange between these arrangements could oc- footprint left by the expansion should be detected in
the pattern of nucleotide variation. No footprint wouldcur in the rather frequent Ost/O314 heterokaryotypes.

These observations support the idea that the strong be detected, however, if the elapsed time since the
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Figure 6.—Schematic represen-
tation of the history of the studied
inversions and of the rp49 gene-
alogy. The genealogy, which is
stretched near the terminal nodes
and compresed near the root (star
phylogeny), tries to reflect the ex-
pansion of the extant gene arrange-
ments studied. Circles indicate the
origin of inversions.

expansion were long enough (e.g., more than 4N gener- much lower than 4N generations). On the other hand,
the observed pattern of nucleotide variation could alsoations).

Due to the unique origin of inversions, a particular reflect an expansion of the whole species, but in this
case all loci in the genome would show the same patterngene arrangement increases in frequency (and there-

fore expands) from one copy to its current frequency of variation. Nucleotide variation at the region encom-
passing the two Acp70A genes of D. subobscura (Cirerain the population. In our case, the expansion of at least

some extant arrangements was probably associated with and Aguadé 1998), which is located in a region not
affected by inversions, did not show, however, negativethe extinction of the ancestral O3 arrangement. The

observed pattern of nucleotide variation would indicate, values of Tajima’s D statistic. The hypothesis of a recent
expansion of the whole species can be discarded on thistherefore, that the time since the origin of the particular

inversion has not been long enough to reach equilib- basis, although additional data on variation at loci not
associated with inversions would be needed to furtherrium. The negative values of Tajima’s D and of Fu and

Li’s D and F statistics and the Poisson shape of the support this conclusion.
Age of inversions: Assuming that the pattern of nucle-pairwise difference distribution (and the corresponding

small values of the raggedness statistic) might also sup- otide variation within a particular arrangement reflects
its expansion, we can estimate the time of origin of thatport this interpretation. Nevertheless, in populations of

constant size, Tajima’s D and the raggedness r statistics arrangement from the coalescent time for its nucleotide
sequences. The sudden expansion model basically de-are a function of the intragenic recombination level.

We have shown that the higher the recombination pa- pends on three parameters: u0, or initial theta; u1, or
final theta; and t 5 2ut (units of mutational time, whererameter, the lower the raggedness r values and the lower

the variance of Tajima’s D statistic (Table 6). Although u is the mutation rate and t the time in generations;
Rogers and Harpending 1992). We can estimate tthe actual value of the recombination parameter is not

known for the region studied, in general, either the (Rogers 1995, Equation 3) from the observed values
of k (nucleotide diversity per sequence, that is, the aver-raggedness r statistic or Tajima’s D statistic was signifi-

cantly different from the expected values. This would age number of nucleotide differences between two se-
quences), considering that u0 5 0 (due to the uniqueallow us to conclude, therefore, that the observed pat-

tern of nucleotide variation within gene arrangement origin of inversions). To estimate coalescent times, only
variation that originated independently in each genestill reflects the expansion of the corresponding inver-

sion since its origin (Figure 6). arrangement should be considered. For this reason, we
have subtracted all nucleotide variants for which thereBecause of the geographic distribution of the gene

arrangements, some of them with a clinal distribution, is evidence of genetic transfer from another gene ar-
rangement: each informative nucleotide variant withinthe expansion hypothesis should be more appropriately

contrasted with a stepping-stone model. However, both a detected gene conversion or double crossover tract
has been replaced by the most frequent nucleotide vari-the estimated population size of D. subobscura (107, Com-

eron 1997) and the estimated times for the origin of the ant in the recipient chromosomal class.
To estimate coalescent times, an estimate of the neu-different inversions (see below) support the hypothesis

that variation within gene arrangement has not yet at- tral mutation rate is needed. For a time of divergence
between D. guanche and D. subobscura (Ramos-Onsinstained equilibrium (i.e., the time of origin should be
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