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Summary

Groups of recently diverged species offer invaluable glimpses into the history and genetic basis of
speciation and phenotypic evolution. In this report, we combine phylogenetic and population-
genetic approaches to reconstruct the evolutionary history of the Drosophila bipectinata species
complex. This complex is a group of four closely related, largely sympatric species – D. bipectinata,
D. parabipectinata, D. malerkotliana and D. pseudoananassae. Using the sequences of one
mitochondrial and six nuclear loci, we show that D. bipectinata and D. parabipectinata are the two
most closely related species, and that together with D. malerkotliana they form a monophyletic
clade to which D. pseudoananassae is a relatively distant outgroup. Genetic divergence among
D. bipectinata, D. parabipectinata and D. malerkotliana is extremely low, and we estimate that these
species diverged only 283 000–385 000 years ago. We also find that mitochondrial DNA shows
evidence of recent gene flow across species boundaries. Despite the low genetic divergence, species
of the bipectinata complex show an unusually high degree of morphological differentiation. This
contrast underscores the importance of understanding the genetic basis of functional differentiation
among closely related species.

1. Introduction

Evolutionary studies in the genus Drosophila have
made major contributions to our understanding of
speciation and species divergence (Patterson & Stone,
1952; Dobzhansky, 1970; Powell, 1997). This is due
both to the power and convenience of Drosophila
as an experimental system, and to the existence of
‘species complexes ’ – groups of closely related species
that have diverged enough to acquire reproductive
isolation and phenotypic differences, but not enough
to preclude hybridization and genetic analysis. In
particular, much of what we know about the genetic
basis of speciation and phenotypic evolution is based
on the work in the simulans and pseudoobscura species
complexes (Coyne, 1992; Laurie et al., 1997; Kliman
et al., 2000; Noor et al., 2000; Machado et al., 2002;
Wu & Ting, 2004). In this report, we describe another
promising group of closely related species, the
Drosophila bipectinata species complex.

The bipectinata species complex is a group of
four closely related species – D. bipectinata, D. para-
bipectinata, D. malerkotliana and D. pseudoananassae
(Bock, 1971b, 1978; Singh & Singh, 2001). These
species occur throughout Southeast Asia, extending
into northeastern Australia, the Indian subcontinent
and South Pacific (Fig. 1). All species are sympatric
over most of their geographic ranges. In each of the
latter two species, two allopatric subspecies have been
described: D. m. malerkotliana and D. m. pallens, and
D. p. pseudoananassae and D. p. nigrens (Fig. 1). The
bipectinata complex is part of the ananassae species
subgroup, which in turn belongs to the large and
diverse melanogaster group (Bock & Wheeler, 1972;
Bock, 1980; Lemeunier et al., 1986; Lachaise et al.,
1988; Kopp & True, 2002b ; Schawaroch, 2002).

Based on isozyme variation (Yang et al., 1972),
polytene chromosome morphology (Bock, 1971a ; Jha
& Rahman, 1972) and the patterns of reproductive
isolation (Bock, 1978), D. malerkotliana, D. bipecti-
nata and D. parabipectinata appear to be very close
relatives, whereas D. pseudoananassae is more dis-
tantly related to the other three species. All species of
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the bipectinata complex can be hybridized in the lab-
oratory. Consistent with Haldane’s rule (Haldane,
1922), the hybrid males are invariably sterile, whereas
all hybrid females are fertile when backcrossed to
either parent. There are no apparent reproductive
barriers separating the subspecies of D. malerkotliana
and D. pseudoananassae.

The bipectinata complex is distinguished from
many other Drosophila species complexes by the high
degree of morphological differentiation among and
within species. The most obvious morphological
features distinguishing the species and subspecies of
the bipectinata complex are abdominal pigmenta-
tion and sex comb morphology. D. parabipectinata,
D. m. malerkotliana and D. p. nigrens are pigmented
in a sexually dimorphic pattern, where the last three
abdominal segments are completely melanized in
males but not in females. However, males of D. bipec-
tinata, D. p. pseudoananassae and D. m. pallens lack
such pigmentation, and are similar to females (Fig. 2).
D. bipectinata and D. parabipectinata are also unique
among the ananassae subgroup (but similar to several
more distant evolutionary lineages) in having rotated,
obliquely oriented sex combs, while D. malerkotliana
and D. pseudoananassae have transverse sex combs
that are typical of the ananassae subgroup (Fig. 3).

Sex comb morphology also varies within species,
especially in D. bipectinata (Chatterjee & Singh, 1993;
Polak et al., 2004).

The extensive morphological variation within and
among species together with the ease of hybridization
makes the bipectinata species complex an excellent
model for investigating the genetic basis of morpho-
logical evolution. To develop a historical framework
for these studies, we have combined phylogenetic
and population-genetic approaches to reconstruct
the order and timing of speciation events, the ex-
tent of genetic differentiation among species and
variation within species, and the levels of gene
flow across species boundaries. We find that the high
degree of morphological divergence among species
and subspecies of the bipectinata complex stands
in sharp contrast with an exceptionally low genetic
differentiation at randomly chosen, neutrally evolving
loci.

2. Materials and methods

(i) Taxon sample

The main taxon sample used in the analysis of nuclear
loci consisted of 29 strains representing all six species

Fig. 1. Geographic distribution of the bipectinata species complex. The map is based on published reports (Bock, 1971b,
1980; Okada, 1979; Lemeunier et al., 1986), collection catalogs (Drosophila Species Stock Center, University of
Arizona; Ehime University, Tokyo Metropolitan University and Tsukuba University Drosophila stock collections; and
the Bishop Museum and Lund University museum collections) and personal communications from Drs B. N. Singh,
S. McEvey, M. Polak, M. Toda and S.-C. Tsaur.
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and subspecies of the bipectinata complex, including
seven strains of D. m. malerkotliana, five strains of
D. m. pallens, eight strains of D. bipectinata, five
strains of D. parabipectinata, two strains of D. p.
pseudoananassae and two strains of D. p. nigrens.
Twenty-six additional strains of D. bipectinata,
D. parabipectinata and D. m. pallens were included
in the analysis of mitochondrial DNA. Geographic
origin and collection dates for all strains are listed in
Appendix Table 1. Strains used in this work represent
the entire geographic range of the bipectinata species
complex (Fig. 1). In most cases, only one strain from

each location was available, so that population sub-
division within species could not be investigated.

(ii) Sequences

Species of the bipectinata complex show very low
levels of sequence divergence, and only non-coding
sequences contain sufficient variation to be useful
for phylogenetic analysis. Our emphasis was there-
fore on isolating intronic sequences of nuclear genes.
Suitable fragments of six nuclear loci were amplified
and sequenced, including aristaless (al), bric a brac 2

D. bipectinata D. m. malerkotliana D. p. pseudoananassae

D. p. nigrensD. m. pallensD. parabipectinata

Fig. 2. Male abdominal pigmentation in the bipectinata species complex. Adult abdominal cuticles were cut open along
the dorsal midline and mounted flat as described (Duncan, 1982), so that dorsal cuticle is on the outside and ventral
cuticle is in the middle. Females of all species and subspecies lack dark abdominal pigmentation.

D. bipectinata D. parabipectinata D. malerkotliana D. pseudoananassae

Fig. 3. Sex comb morphology in the bipectinata species complex. The two most proximal tarsal segments of the
prothoracic male legs are shown for each species. Sex combs are indicated by arrows. Female chaetotaxy is identical in
all species.
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(bab2), Glycerol 3 phosphate dehydrogenase (Gpdh),
pale (ple), Superoxide dismutase (Sod) and upheld (up).
In addition, we sequenced a fragment of the mito-
chondrial Cytochrome oxidase subunit I (COI) gene.
In D. melanogaster, the up locus is located on the
X chromosome, while the other five nuclear loci are
autosomal. We have not examined the chromosomal
locations of these loci in the bipectinata complex.
Given the high degree of conservation of chromoso-
mal arms in Drosophila (Ranz et al., 1999; Gonzalez
et al., 2002), we treated the up locus as X-linked
and the other loci as autosomal, for the purposes of
population-genetic analysis. For each locus, the total
length of aligned sequence fragments, the number of
non-coding positions, the primers used to amplify
the locus and the recommended annealing tempera-
tures are listed in Appendix Table 2. Genomic DNA
was isolated from a single male of each strain.
Amplified PCR fragments were either sequenced
directly using the same primers, or TA-cloned and
sequenced using vector primers. All sequences have
been deposited in EMBL/GenBank under accession
numbers AJ844670–AJ844698 (al), AJ844699–
AJ844727 (bab2), AJ844728–AJ844756 (Gpdh),
AJ844757–AJ844809 (COI), AJ844810–AJ844838
(ple), AJ844839–AJ844867 (Sod) and AJ844868–
AJ844892 (up).

ABI trace chromatograms were examined and the
sequences corrected, if needed, using EditView and
Contig Express software (from Applied Biosystems
and Invitrogen, respectively). Some individuals were
found to be heterozygous at one or more nucleotide
positions, which were then represented using IUPAC
ambiguity codes. Sequences were aligned using
ClustalW multiple alignment algorithm (Thompson
et al., 1994). Some small stretches of the Sod and up
introns could not be aligned with confidence, and
were excluded from analysis. All other sequences
aligned unambiguously. For each locus, we prepared
separate alignments for each species, as well as a
combined file that included sequences from all species.
Single-species alignments, which contained fewer
gaps and were therefore shorter, were used to analyse
sequence variation, allele frequency spectrum and re-
combination within species. Multi-species alignments
were used for the analysis of species divergence and
phylogenetic reconstruction.

(iii) Phylogenetic analysis

Phylogenetic reconstructions were performed using
PAUP (Swofford, 2000) and MrBayes (Huelsenbeck
& Ronquist, 2001) programs. For Gpdh, Sod and
COI, D. ananassae and D. melanogaster sequences
were used to provide outgroup information. Each
locus and the combined data set consisting of con-
catenated sequences of all six nuclear loci were

analysed using maximum parsimony, minimum evol-
ution (based on total distance estimates) and Bayesian
inference (Yang & Rannala, 1997; Larget & Simon,
1999; Huelsenbeck et al., 2002). One hundred
bootstrap replicates with random order of sequence
addition and TBR branch swapping were used to
evaluate clade support in the maximum parsimony
and minimum evolution analyses. For several loci, the
number of equally parsimonious trees was very large,
so that exhaustive bootstrapping could not be per-
formed. In such cases, the number of trees swapped
at each replicate was limited to 500. We found that
minimum evolution analysis was highly sensitive
to the choice of distance estimates. Typically, simple
measures of distance (such as total uncorrected dis-
tances) produced the highest bootstrap values, while
more highly parameterized models of sequence evol-
ution (K2P or HKY85) yielded lower support. We
suspect that recombination within loci causes models
of sequence evolution to perform erratically. Bayesian
analysis was carried out with uniform priors. For
each data set, the analysis was repeated two to
four times, and the chain was allowed to run for 2–3
million generations. Trees were sampled every 100
generations after a burn-in of 200 000 generations.
Consensus tree topologies produced by replicate runs
were always identical, and the posterior probabilities
of taxon partitions were almost identical as well.
In the combined analysis of the multi-locus data set,
individual loci were treated as separate partitions with
different models of sequence evolution. However,
simplified analysis in which a single model of sequence
evolution was applied to all partitions produced
virtually identical results.

Incongruence length difference (ILD) and
Shimodaira–Hasegawa (SH) statistical tests (Farris
et al., 1995; Shimodaira &Hasegawa, 1999; Goldman
et al., 2000) were performed in PAUP. The ILD test
was carried out for the combined data set consisting
of six nuclear loci, treated as separate partitions. One
hundred replicates were performed to obtain a null
distribution of tree length differences. For SH tests,
the optimal tree reconstructed for each locus using
maximum likelihood was compared with alternative
trees reconstructed from all other individual loci and
from the combined nuclear data set, under the model
of sequence evolution estimated for the locus being
tested. Since multiple comparisons were involved,
statistical significance of test values was assessed using
Bonferroni-corrected P values.

(iv) Population genetic analysis

Most population-genetic analyses were performed
using DnaSP (Rozas & Rozas, 1999), ProSeq
(Filatov, 2002) and SITES (Hey & Wakeley, 1997)
software. In the assessments of sequence variation,
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polymorphic sites segregating within indels were in-
cluded in the analysis, whereas indels themselves
were not considered as characters. Nucleotide diver-
sity (p) (Tajima, 1983) and Watterson’s estimate of
the population mutation rate h (Watterson, 1975)
were calculated for each species and locus. To obtain
mean estimates of sequence variation for each species,
the values of p and h at each locus were weighted by
the length of that locus. These weighted averages were
essentially identical to the values obtained from the
concatenated data set.

The presence and extent of intra-locus recom-
bination were assessed using the c estimator of the
population recombination rate 4Nc (Hey & Wakeley,
1997) and the four-gamete test, which measures
the minimum number of recombination events in the
sequence sample (Hudson & Kaplan, 1985). These
analyses were performed both for single-species and
for multi-species alignments, producing similar re-
sults. It should be noted, however, that the precision
of 4Nc estimates is probably quite low due to the
small number of sequences and the short length of
some loci.

Allele frequency spectrum was examined using
Tajima’s D and Fu & Li’s D and F test statistics
(Tajima, 1989; Fu & Li, 1993). Tajima’s test is
based on the difference between two estimates of h :
one based on the number of segregating sites and
one based on average pairwise allele differences
(Watterson, 1975; Tajima, 1989). Significance of
Tajima’s D values is determined by comparing them
with a distribution obtained by coalescent simulations
under the neutral model of sequence evolution
(Hudson, 1990). Significantly negative Tajima’s D
values indicate an excess of low-frequency variants,
which may reflect either directional or purifying
selection acting on the locus, or recent population
expansion. Significantly positive values indicate an
excess of intermediate-frequency variants, which may
reflect balancing selection or population subdivision.
We performed coalescent simulations separately
for each locus and species, conditioning them on the
length of the sequence, the number of strains and
the number of segregating sites. Since the expected
values of D depend on the population recombination
rate, we repeated these simulations using 4Nc per base
pair values ranging from zero to 0.015. In addition to
single-locus analyses, we calculated weighted average
values of Tajima’s D across loci for each species
following the same procedure as for p and h. These
average values were then used to compare the
empirical results to the test distribution obtained by
coalescent simulations.

Fu & Li’s tests are similar in concept to Tajima’s,
and measure the excess or deficiency of nucleotide
substitutions on the terminal branches of allele gen-
ealogy (i.e. singleton polymorphisms) (Fu & Li, 1993).

To polarize nucleotide substitutions, allele genealo-
gies in each species were rooted using outgroup se-
quences. The outgroup was chosen so as to minimize
the number of polymorphisms shared with the
ingroup: D. pseudoananassae was used as the out-
group for D. bipectinata, D. parabipectinata and
D. malerkotliana, while D. parabipectinata was used
as the outgroup for D. pseudoananassae. Significance
of the test statistics was assessed using critical values
listed by Fu & Li (1993). These values assume the
absence of recombination and are conservative when
recombination is present, as in our data set. The
power of both Tajima’s and Fu & Li’s tests in our
analysis is limited by the relatively small number
of sequences, especially for D. parabipectinata and
D. pseudoananassae.

Fst values were calculated for each locus and for
each pair of species to assess the extent of genetic
differentiation. Given high levels of recombination
in our data set, each polymorphic site was treated as
a separate locus (Hudson et al., 1992b). Significance
of the Fst values was determined by permutation tests
(Hudson et al., 1992a).

Isolation model fitting and tests of gene flow were
performed using SITES and WH programs (Wang
& Hey, 1996; Hey & Wakeley, 1997; Wang et al.,
1997; Kliman et al., 2000; Machado et al., 2002). This
model assumes that a single ancestral species gives
rise instantaneously to two descendant species rep-
resented by the sequence samples ; that the effective
population size has been constant for each of the
three species; and that the two descendant species
evolved in complete isolation, i.e. without gene flow.
Under these assumptions (some of which may be
violated in our case : see below), the expected number
of fixed differences and shared polymorphisms at each
locus follows a distribution that can be estimated
by coalescent simulations. If one or more loci have
experienced recent gene flow across species, the
observed numbers of fixed differences and shared
polymorphisms at these loci will deviate from the
simulated distribution: specifically, the number of
shared polymorphisms will be elevated, while the
number of fixed differences is reduced. The sig-
nificance of this deviation is determined using a
x2 test or the WWH statistic based on the count of
fixed differences and shared polymorphisms (Wang
et al., 1997; Kliman et al., 2000; Machado et al.,
2002).

3. Results

(i) Polymorphism levels

As in other Drosophila species (Kliman et al., 2000;
Machado et al., 2002), nuclear polymorphism levels
in the bipectinata species complex vary considerably
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Table 1. Polymorphism levels and allele frequency spectrum

Locus Taxon N P S M p h(W) Tajima D Fu & Li D Fu & Li F

al D. malerkotliana 12 530 18 18 0.0083 0.0115 x1.22315 x1.37659 x1.59483
432 17 17 0.0098 0.0134 x1.16252 x1.22614 x1.44028

D. m. malerkotliana 7 518 13 13 0.0086 0.0102 x0.85656 x1.13639 x1.26423
420 13 13 0.0107 0.0126 x0.85656 x1.13639 x1.26423

D. m. pallens 5 519 10 10 0.0085 0.0092 x0.59633 x0.48589 x0.60616
421 9 9 0.0095 0.0103 x0.52643 x0.30029 x0.41351

D. bipectinata 8 518 17 17 0.0094 0.0127 x1.33693 x2.09504* x2.29744*
420 15 15 0.0104 0.0138 x1.26301 x2.26013* x2.41947*

D. parabipectinata 5 517 5 5 0.0043 0.0046 x0.56199 x1.11782 x1.18305
419 5 5 0.0053 0.0057 x0.56199 x1.11782 x1.18305

D. pseudoananassae 4 526 17 17 0.0168 0.0176 x0.48366 x0.97081 x1.03528
428 16 16 0.0191 0.0204 x0.65448 x1.17360 x1.26691

bab2 D. malerkotliana 12 2237 89 90 0.0078 0.0132 x1.97506** x3.12529** x3.37852**
D. m. malerkotliana 7 2220 54 54 0.0074 0.0099 x1.27839 x2.09345* x2.26165*
D. m. pallens 5 2234 44 44 0.0080 0.0095 x0.99781 x1.82099* x1.94844*
D. bipectinata 8 2245 65 66 0.0079 0.0112 x1.57833 x2.31769* x2.54914*
D. parabipectinata 5 2247 29 29 0.0053 0.0062 x0.89450 x0.74182 x0.90964
D. pseudoananassae 4 2252 41 41 0.0093 0.0099 x0.55663 x1.04248 x1.04526

Gpdh D. malerkotliana 12 1125 69 80 0.0155 0.0203 x1.78818* x2.85518** x3.11855**
371 43 51 0.0315 0.0384 x1.63192 x2.47139* x2.73864**

D. m. malerkotliana 7 1123 44 55 0.0159 0.0160 x1.37585 x1.87608 x2.13456
369 30 38 0.0336 0.0332 x1.34288 x1.70122 x1.96794

D. m. pallens 5 1109 36 36 0.0144 0.0156 x0.62513 x1.32454 x1.39887
355 21 21 0.0270 0.0284 x0.46201 x1.13663 x1.21527

D. bipectinata 8 1116 63 66 0.0184 0.0218 x1.10413 x1.83196 x2.03849
362 42 45 0.0408 0.0447 x0.85830 x1.32992 x1.52564

D. parabipectinata 5 1123 14 14 0.0055 0.0060 x0.56398 0.07790 x0.12126
369 9 9 0.0108 0.0117 x0.52644 0.73446 x0.60800

D. pseudoananassae 4 1107 22 27 0.0129 0.0108 0.06671 x1.03735 x1.03085
397 14 17 0.0231 0.0192 0.27911 x0.80320 x0.78423

ple D. malerkotliana 12 961 34 34 0.0073 0.0117 x1.71156 x2.88899** x3.10179**
698 28 28 0.0082 0.0133 x1.69923 x2.81674** x3.03282**

D. m. malerkotliana 7 959 28 28 0.0092 0.0119 x1.28073 x2.19380** x2.38104**
696 22 22 0.0100 0.0129 x1.27303 x2.17383* x2.35803*

D. m. pallens 5 961 11 11 0.0050 0.0055 x0.65430 x1.39122 x1.46866
698 10 10 0.0063 0.0069 x0.59632 x1.29567 x1.36388

D. bipectinata 8 960 20 20 0.0062 0.0080 x1.20474 x2.02484* x2.19473
697 17 17 0.0072 0.0094 x1.22454 x2.09500* x2.26154*

D. parabipectinata 5 959 19 20 0.0094 0.0095 x0.69305 x0.97882 x1.09843
696 16 17 0.0109 0.0110 x0.59444 x0.73002 x0.83888

D. pseudoananassae 4 961 12 12 0.0064 0.0068 x0.58365 x0.51161 x0.61642
698 11 11 0.0081 0.0086 x0.55826 x0.75678 x0.84449

Sod D. malerkotliana 12 1037 85 86 0.0201 0.0271 x0.95413 x1.03229 x1.20941
626 63 64 0.0267 0.0339 x0.94042 x1.02977 x1.20029

D. m. malerkotliana 7 1020 56 56 0.0193 0.0224 x0.44925 x0.65313 x0.73243
626 43 43 0.0260 0.0288 x0.48416 x0.72290 x0.80684

D. m. pallens 5 1037 47 47 0.0191 0.0218 x0.84029 x1.00738 x1.15082
626 36 36 0.0246 0.0276 x0.81659 x1.06172 x1.19255

D. bipectinata 8 1001 71 77 0.0247 0.0274 x1.13411 x1.45171 x1.67088
590 57 63 0.0342 0.0379 x1.11964 x1.43333 x1.63129

D. parabipectinata 5 1020 47 49 0.0208 0.0221 x0.77829 x1.26887 x1.44052
609 46 48 0.0342 0.0363 x0.77829 x1.26691 x1.44052

D. pseudoananassae 4 667 35 36 0.0290 0.0286 x0.11848 x0.02926 x0.02552
602 35 36 0.0321 0.0317 x0.11848 x0.02926 x0.02552

up D. malerkotliana 11 549 14 14 0.0082 0.0082 x0.14547 x0.59853 x0.57007
D. m. malerkotliana 6 545 12 12 0.0095 0.0090 0.14539 0.31263 0.32808
D. m. pallens 5 541 9 9 0.0062 0.0074 x1.18441 x0.07771 x0.36417
D. bipectinata 8 562 15 15 0.0089 0.0112 x1.00801 x1.81464 x1.93532
D. parabipectinata 4 553 0 0 0.0000 0.0000 NE NE NE
D. pseudoananassae 2 564 8 8 0.0154 0.0154 NE NE NE
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from gene to gene (Table 1). To obtain estimates of
nucleotide diversity that are comparable across loci,
as well as to similar estimates in other Drosophila
species, we measured p values (Tajima, 1983) for
non-coding sequences only (Table 1). In a combined
sample of all six nuclear loci, non-coding p values
were the highest for D. bipectinata (0.0138) and the
lowest for D. parabipectinata (0.0095). These differ-
ences between species are not as pronounced as those
found in the pseudoobscura and simulans species com-
plexes (Kliman et al., 2000; Machado et al., 2002).
Polymorphism levels were also similar in the two
subspecies of D. malerkotliana (0.0127 and 0.0112).

In D. malerkotliana, D. bipectinata and D. para-
bipectinata, polymorphism levels at the mitochondrial
COI locus are considerably lower than in the nuclear
sequences (0.0044–0.0084; Table 1). The higher di-
versity in D. pseudoananassae (0.0182) is due entirely
to the divergence between its two subspecies ; no
sequence differences were observed within either sub-
species. To test whether low variation is unique to the
COI locus, we sequenced a second mitochondrial
DNA fragment that spanned the non-coding origin
of replication region and several tRNA genes from
five strains of D. m. malerkotliana and D. m. pallens.
No nucleotide differences were found (data not

shown), suggesting that low intraspecific polymorph-
ism is a general feature of mitochondrial DNA
in these species.

(ii) Recombination

c estimates of the population recombination par-
ameter 4Nc (Hey &Wakeley, 1997) and the minimum
number of recombination events for each species
and locus (Hudson & Kaplan, 1985) are shown in
Appendix Table 3. Recombination was detected at all
loci. However, the amount of variation at some loci
was not always sufficient to estimate recombination
for each individual species. Since much of the vari-
ation is shared among D. malerkotliana, D. bipecti-
nata and D. parabipectinata, and since many alleles
pre-date the separation of these species, we estimated
4Nc for combined samples consisting of sequences
from D. malerkotliana and D. bipectinata, D. bipecti-
nata and D. parabipectinata, and all three species
together. The resulting estimates were roughly similar
to those obtained for individual species (Appendix
Table 3). Thus, although our data are not sufficient
to obtain precise estimates of 4Nc, it appears that
all loci in our sample have undergone recombi-
nation. This finding has important implications for

Table 1. (Cont.)

Locus Taxon N P S M p h(W) Tajima D Fu & Li D Fu & Li F

CO1 D. malerkotliana 20 553 15 15 0.00511 0.00894 x1.58175 x3.11964** x3.18085**
D. m. malerkotliana 7 553 4 4 0.00302 0.00345 x0.59756 x0.31269 x0.44473
D. m. pallens 13 553 11 11 0.00512 0.00745 x1.26444 x2.49140* x2.57779*
D. bipectinata 23 553 24 24 0.00841 0.01395 x1.48497 x2.44047* x2.57698*
D. parabipectinata 8 553 6 6 0.00435 0.00486 x0.48874 x1.09521 x1.12848
D. pseudoananassae 4 476 13 13 0.01821 0.01467 2.24818* 2.33023* 2.72118*

All nuclear D. malerkotliana 12 6439 309 322 0.0111 0.0159 x1.52078
4913 254 264 0.0123 0.0172 x1.50224

D. m. malerkotliana 7 6385 207 218 0.0113 0.0158 x1.00768
4876 174 182 0.0127 0.0146 x0.98507

D. m. pallens 5 6401 157 157 0.0103 0.0117 x0.83937
4875 129 129 0.0112 0.0127 x0.85804

D. bipectinata 8 6402 251 261 0.0123 0.0152 x1.30059
4876 211 221 0.0138 0.0169 x1.32591

D. parabipectinata 5 6419 114 117 0.0079 0.0085 x0.68427
4893 105 108 0.0095 0.0103 x0.68003

D. pseudoananassae 4 6077 135 141 0.0128 0.0128 x0.34174
4941 125 129 0.0128 0.0129 x0.38127

N, number of sequences for each species ; P, number of aligned nucleotide positions; S, number of polymorphic sites ;M, total
number of mutations; p, average nucleotide diversity per base pair (Tajima, 1983); h(W), Watterson (1975) estimate of the
population mutation rate per base pair. For loci that contain both coding and non-coding sequences, P, S,M, p, h, Tajima’s
D (Tajima, 1989) and Fu & Li’s D and F statistics (Fu & Li, 1993) were calculated for all sites (top line in each cell) and for
non-coding sequences only (bottom line). Fu & Li’s D and F statistics were calculated using outgroup sequences. Tajima’s D
and Fu & Li statistic values that are significant under the conservative assumption of no recombination within the locus are
indicated by single asterisks (P<0.05) or double asterisks (P<0.025). For the up locus, some values could not be estimated
(NE) due to insufficient number of sequences or lack of variation. For each species, average values of p, h and Tajima’s D
across nuclear loci were calculated by weighting the value for each locus by the length of that locus (for all sites and for
non-coding positions).
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the analysis of allele frequency spectrum, speciation
model fitting and phylogenetic analysis.

(iii) Neutrality tests

Since the sequences in our sample are predominantly
non-coding, we did not use neutrality tests based on
contrasts between synonymous and non-synonymous
nucleotide substitutions. Instead, we applied the
multilocus version of the HKA test (Hudson et al.,
1987; Kliman et al., 2000), which is based on the
prediction of the neutral model that the numbers of
intraspecific polymorphism and fixed interspecific
differences should be correlated across loci. No sig-
nificant deviations from the neutral expectation were
found for any species or loci (results not shown),
suggesting that the patterns of sequence variation in
our sample have not been influenced by a strong
directional or purifying selection.

We also used Tajima’s (1989) and Fu & Li’s (1993)
statistics to test each locus for deviations from the
allele frequency spectrum expected under the neutral
model of sequence evolution (Table 1). Test statistics
for nuclear loci are negative in almost all cases.
Several loci produce significant values of Tajima’s
and/or Fu & Li’s statistics for some species even
under the conservative assumption of no recombi-
nation. Especially low values are observed at the
bab2 locus, but some significantly negative values
are also seen at the al, Gpdh and ple loci (Table 1).
At the mitochondrial COI locus, significantly nega-
tive values are observed in D. malerkotliana and D.
bipectinata, while significantly positive values are
found in D. pseudoananassae. The latter observation
is due to the high divergence between the two sub-
species, D. p. pseudoananassae and D. p. nigrens.

The negative values of Tajima’s and Fu & Li’s
statistics for all nuclear loci suggest that some or
all species may have experienced recent population
expansion. To test whether the observed pattern
deviates significantly from the neutral expectation,
we first calculated the average Tajima’s D values
for each species (Table 1). Two different measures
were used: a mean value of D across loci weighted by
the size of each locus, and the D value estimated
from a single data set consisting of concatenated
sequences of all six nuclear loci. The two measures
were nearly identical ; the value shown in Table 1 is
the weighted average. The average values of D
were negative for each species, ranging from x1.5208
in D. malerkotliana to x0.3417 in D. pseudoana-
nassae. The significance of these values was assessed
by coalescent simulations conditioned on 4Nc par-
ameters ranging from zero to 0.01 per base pair.
The empirical estimates of 4Nc in our sample are
in excess of 0.02 for most loci (Appendix Table 3),
indicating that our simulations remain conservative.

The results of coalescent simulations for each species
are shown in Fig. 4. A comparison of actual and
simulated values of Tajima’s D indicates that the
average values observed in D. malerkotliana and
D. bipectinata fall below the neutral expectations
for any reasonable level of recombination (P<0.05).
For D. pseudoananassae and D. parabipectinata,
the observed average D values are not significant at
4Nc=0.01.

Among individual loci, the strongest negative
values of Tajima’s D are observed for bab2, suggest-
ing that combined analysis may be influenced by
the inclusion of that locus. We therefore estimated
average D values and repeated the coalescent simu-
lations after excluding bab2 from the data set. In
this analysis, the observed average D values for
D. malerkotliana and D. bipectinata were significant
(P<0.05) at 4Nc=0.015, but not at 4Nc=0.01 (data
not shown). Overall, both individual and combined
analysis of nuclear loci suggests a significant excess
of low-frequency polymorphisms in D. malerkotliana
and D. bipectinata. The simplest interpretation of
this pattern is that these two species have experienced
recent population expansion.

(iv) Divergence and shared variation among species

To assess the extent of genetic differentiation among
species, we first compared the average pairwise dis-
tances between alleles sampled from different species
to the distances between alleles sampled from each
individual species. The distances were calculated sep-
arately for each locus, as well as for a combined data
set consisting of only non-coding sequences from

4 Nc/base pair

D. malerkotliana
D. bipectinata
D. parabipectinata
D. pseudoananassae
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Fig. 4. Tajima’s D values as a function of 4Nc. The c
estimate of 4Nc (Hey & Wakeley, 1997) was used in all
simulations. Simulations were performed separately for
each locus, conditioned on the number of sequences, length
of the locus and the number of segregating sites. Average
Tajima’s D values for each species were then computed by
weighting the value for each locus by the length of that
locus. One thousand simulations were performed for each
value of 4Nc. The plots show the lower 2.5% bound of
the simulated D values, corresponding to P=0.05 for
one-tailed tests.
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all six nuclear loci (Table 2). Average pairwise allele
differences are very similar within each species. For
D. malerkotliana, D. bipectinata and D. parabipec-
tinata, the distances between alleles sampled from
different species are only slightly (approximately
20–25%) higher on average than the intraspecific
distances, suggesting that these species diverged very
recently and/or continue to exchange alleles through
gene flow. On the other hand, alleles sampled from
D. pseudoananassae show much higher divergence
from the other three species (Table 2), indicating a
more distant relationship. D. bipectinata, D. maler-
kotliana and D. parabipectinata are almost equally
diverged from D. pseudoananassae (4.384%, 4.080%
and 4.408% non-coding sequence divergence,
respectively).

We also calculated fixation indices (Fst) (Hudson
et al., 1992a, b) and the numbers of fixed differences
and shared polymorphisms for each pair of species
(Table 3). All pairs of species show significant
Fst values at most loci. However, genetic differen-
tiation among D. malerkotliana, D. bipectinata and
D. parabipectinata is quite low (Fst=0.1824–0.3139
for nuclear loci), while the differentiation between
these three species and D. pseudoananassae is greater
(Fst=0.4259–0.4822). There are many more shared
polymorphisms than fixed differences among
D. malerkotliana, D. bipectinata and D. para-
bipectinata, while in the comparison between
these species and D. pseudoananassae this pattern is
reversed (Table 3). There is no observable genetic
differentiation between the two subspecies of D. mal-
erkotliana (mean Fst=0.0034, no fixed differences
and no significant Fst values at any of the nuclear
loci).

Among D. malerkotliana, D. bipectinata and D.
parabipectinata, Fst values for the mitochondrial COI
locus are not significant, and are almost an order of
magnitude lower than for the nuclear loci (Table 3).
This pattern is unlikely under neutral coalescence
in the absence of gene flow, where fixed differences
between species should accumulate faster in mito-
chondrial DNA due to its smaller effective population
size. We believe that this result reflects a recent epi-
sode of gene flow that spread a single mitochondrial
haplotype across all three species (see below). High
differentiation between the two subspecies of D. mal-
erkotliana is probably an artifact of taxon sampling,
since the majority ofD. m. pallens alleles were isolated
from a single natural population, while the D. m.
malerkotliana alleles represent strains collected at
multiple geographic locations (Appendix Table 1).

(v) Tests of gene flow

The sharing of genetic variation may be due either
to the segregation of ancestral polymorphisms, or toT
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Table 3. Genetic differentiation among species

malerkotliana–
bipectinata

malerkotliana–
parabipectinata

bipectinata–
parabipectinata

malerkotliana–
pseudoananassae

bipectinata–
pseudoananassae

parabipectinata–
pseudoananassae

m. malerkotliana–
m. pallens

Genetic
differentiation (Fst)
al 0.5350** 0.6003** 0.1599* 0.4456** 0.5619** 0.6045** x0.0713
bab2 0.0050 0.0433* 0.0344* 0.3082** 0.2976** 0.3233** x0.0024
Gpdh 0.3113** 0.5510** 0.5363** 0.6030** 0.6366** 0.7676** 0.0240
ple 0.0243 0.0698 0.1061 0.5980** 0.6175** 0.5822** x0.0482
Sod 0.0462* 0.2192** 0.1584** 0.5928** 0.5859** 0.6153** 0.0629
up 0.2520** 0.4000** 0.0994* 0.0078 0.0050 0.0000 0.0552
CO1 0.0283 0.0080 0.0352 0.2708** 0.2367** 0.3051** 0.2252**

Mean nuclear 0.1956 0.3139 0.1824 0.4259 0.4508 0.4822 0.0034

Number of fixed differences/shared polymorphisms
al 3/1 (36) 3/0 (26) 0/0 (22) 2/0 (37) 7/1 (40) 7/0 (29) 0/5 (18)
bab2 0/14 (136) 0/10 (108) 0/6 (90) 9/1 (141) 7/1 (121) 8/4 (92) 0/8 (30)
Gpdh 2/5 (124) 6/2 (81) 6/2 (81) 22/0 (104) 23/0 (104) 30/0 (111) 0/11 (71)
ple 0/4 (50) 0/8 (45) 0/4 (35) 8/1 (52) 8/1 (39) 8/2 (37) 0/5 (34)
Sod 0/23 (131) 2/10 (124) 3/11 (110) 20/2 (129) 22/3 (120) 28/0 (103) 0/17 (87)
up 0/1 (28) 0/0 (14) 2/0 (16) 0/3 (19) 0/2 (20) 0/0 (8) 0/7 (14)
CO1 0/6 (34) 0/4 (18) 0/4 (27) 0/3 (25) 0/4 (32) 0/1 (18) 0/0 (15)

Total nuclear 5/48 (505) 11/30 (398) 11/23 (354) 61/7 (482) 67/8 (444) 81/6 (380) 0/53 (254)

The top part of the table shows Fst values for each locus, as well as the mean value for nuclear loci. Statistically significant values are indicated by single asterisks (P<0.05) or
double asterisks (P<0.01). The bottom part shows the numbers of fixed differences and shared polymorphisms at each locus, in that order. The total number of segregating sites in
both species is shown in parentheses.
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post-speciation gene flow (or both). D. malerkotliana,
D. bipectinata and D. parabipectinata hybridize easily
in the laboratory, suggesting that the exchange of
alleles across species boundaries is not impossible. We
examined the sequence data for evidence of recent
gene flow by fitting it to the isolation speciation model
(Wang & Hey, 1996; Wakeley & Hey, 1997; Wang
et al., 1997). The results for each pair of species are
shown in Table 4. If only nuclear loci are included
in the analysis, the isolation model (i.e., a complete
absence of gene flow) cannot be rejected for any of
the six species pairs. This general result is at least
somewhat robust to the assumed amounts of recom-
bination. Higher recombination reduces the variance
of parameter estimates, yielding lower P values
(Wang et al., 1997; Kliman et al., 2000; Machado et
al., 2002). P values shown in Table 4 correspond to
the c estimates of 4Nc obtained separately for each
species (see Appendix Table 3). However, even if the
highest 4Nc values estimated from combined data sets
are used for all species, the x2 and WWH statistics still
do not attain significance (results not shown). On the
other hand, if the mitochondrial COI locus is included
in the analysis, the x2 statistic reveals a significant
deviation from the pattern expected under strict iso-
lation for D. malerkotliana and D. parabipectinata,
and for D. bipectinata and D. parabipectinata
(Table 4). This suggests that some flow of mitochon-
drial DNA across species boundaries may have
occurred.

(vi) Ancestral population parameters

The isolation speciation model (Wang & Hey, 1996;
Wakeley & Hey, 1997; Wang et al., 1997) is based on

four main parameters : the population mutation rate
h for the ancestral species and the two descendant
species (a measure of effective population sizes) and
the time since speciation (t) scaled for the effective
population size. The estimates of these parameters for
each pair of species are shown, along with their 95%
confidence intervals, in Table 4. By using the average
of values estimated in different pairwise comparisons,
we can obtain a rough estimate of the population
mutation parameter for each of the four extant
species. The mean 4Nu estimates are 137.324 for
D. malerkotliana, 138.970 for D. bipectinata, 49.907
for D. parabipectinata and 69.757 for D. pseudo-
ananassae. Thus, D. malerkotliana and D. bipectinata
seem to have had larger effective population sizes than
the other two species.

Phylogenetic analysis indicates that the common
ancestor of D. bipectinata and D. parabipectinata
diverged from D. malerkotliana prior to the separ-
ation of the former two species (Figs 5, 6; see below).
We used this observation and the data from Table 4
to estimate 4Nu for the common ancestor of D. bipec-
tinata and D. parabipectinata (h=56.990), the com-
mon ancestor of D. malerkotliana, D. parabipectinata
and D. bipectinata (h=69.985) and the common
ancestor of all four species (h=83.0). A comparison
of 4Nu estimates between ancestral and descendant
species suggests that D. malerkotliana and D. bipecti-
nata, but not D. parabipectinata or D. pseudoana-
nassae, have experienced population expansion. This
is consistent with the strongly negative Tajima’s D
values observed in the former two species (Table 1;
Fig. 4).

The mean t (divergence time parameter) estimates
are 55.939 for D. bipectinata and D. parabipectinata,

Table 4. Isolation model fitting and parameter estimates

Species 1 Species 2 h1 he2 hA t x2 P(x2) WWH P(WWH)

malerkotliana bipectinata 139.6 70.3 129.9 69.3 44.873 0.227 25 0.211
(101–215) (91–211) (42–101) (28–41) 248.797 1.000 25 0.759

malerkotliana parabipectinata 162.3 48.3 69.7 50.0 46.498 0.389 16 0.650
(84–336) (28–96) (28–114) (17–35) 581.376 0.002 16 0.705

malerkotliana pseudoananassae 110.1 71.1 58.7 134.3 22.829 0.743 22 0.492
(84–145) (46–106) (18–104) (50–86)

bipectinata parabipectinata 184.9 55.2 57.0 55.9 38.498 0.659 17 0.425
(109–535) (37–85) (28–85) (21–28) 393.710 0.000 17 0.457

bipectinata pseudoananassae 102.2 73.3 88.8 114.8 71.233 0.422 26 0.513
(61–193) (43–153) (18–172) (29–85)

parabipectinata pseudoananassae 46.2 64.9 101.5 80.4 72.929 0.576 34 0.498
(8–101) (13–205) (24–193) (5–67)

For each pair of species, h1 is the estimate of the population mutation rate for the first species in the pair, h2 is the estimate
for the second species and hA is the estimate for the common ancestor of the two species. t is the estimate of the time since
speciation, scaled for the effective population size. Point estimates and 95% confidence intervals (in parentheses) are shown
for each parameter. x2 and WWH statistics (Wang et al., 1997) were used to test the fit of the isolation model. P values for
each statistic indicate the percentage of coalescent simulations that produced more extreme values. For three species pairs, the
x2 and WWH statistics were calculated for nuclear loci only (top value in each cell), and with the mitochondrial COI locus
included (bottom values).
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59.640 for D. malerkotliana and the common ancestor
of D. bipectinata and D. parabipectinata and 109.8
for the common ancestor of all four species. Since the
assumption of constant effective population sizes is
clearly violated in two of the species, the t estimates
are probably not precise. Nevertheless, we can con-
clude that there was only a very brief interval between
the two consecutive speciation events that separated
D. bipectinata, D. parabipectinata and D. maler-
kotliana, whereas D. pseudoananassae diverged from

the common ancestor of the other three species at a
much earlier date.

(vii) Phylogenetic analysis of nuclear loci

Phylogenetic reconstruction assumes that all nucleo-
tides within a locus share a unique, strictly bifurcating
history – in other words, that there is no recom-
bination within loci. This assumption is frequently
violated in data sets from closely related species, and

Fig. 5. Phylogenetic trees reconstructed from individual loci. Abbreviations: psn, D. pseudoananassae pseudoananassae ;
nig, D. pseudoananassae nigrens ; mal, D. malerkotliana malerkotliana ; pal, D. malerkotliana pallens ; bip, D. bipectinata ;
par, D. parabipectinata. See Appendix Table 1 for strain information. Each locus was analysed using maximum parsimony
(MP), minimum evolution based on total distances (ME) and Bayesian inference. Consensus trees, including branch
lengths, are from Bayesian analysis. Measures of statistical support are shown for selected nodes. These values are, in
order: MP bootstrap value, ME bootstrap value and Bayesian posterior probability. The Gpdh and Sod trees were rooted
using D. ananassae and D. melanogaster sequences. In both cases, the root is located on the branch separating D.
pseudoananassae from the other three species. All other trees are unrooted.
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the bipectinata complex is no exception. Due to the
high amounts of recombination at nuclear loci, the
‘tree ’ reconstructed from each locus is not a real
gene tree, but rather a superposition of multiple gen-
ealogies. Despite this important caveat, phylogenetic
analysis may offer a valuable glimpse into the history
of speciation.

Phylogenetic trees reconstructed from each of the
six nuclear loci are shown in Fig. 5. Statistical support
for monophyletic species and supra-specific clades
is indicated in Table 5. Several conclusions can be
drawn from this analysis. First, D. malerkotliana,
D. parabipectinata and D. bipectinata clearly form
a monophyletic group to the exclusion of D. pseudo-
ananassae, with long branches separating D. pseudo-
ananassae from the other three species. Second, al
and Gpdh provide some support for monophyletic
D. bipectinata and D. parabipectinata, which also
form a monophyletic clade together to the exclusion
of D. malerkotliana ; on the other hand, none of the
individual loci supports a monophyletic D. maler-
kotliana. Finally, in most analyses the sequences from
D. malerkotliana, D. parabipectinata and D. bipecti-
nata are intermingled, indicating a general lack of
differentiation among these species. Internal branches

tend to be very short, consistent with a nearly simul-
taneous separation of the three species (Table 4), as
well as the presence of intra-locus recombination
(Schierup & Hein, 2000). The main exception to this
pattern is the al tree, in which a long branch separates
D. bipectinata and D. parabipectinata from D. maler-
kotliana (Fig. 5). These species differ by several
fixed inversions (Narda, 1969; Bock, 1971a ; Jha &
Rahman, 1972; Banerjee & Singh, 1996; A. Kopp,
unpublished). One possibility is that the al locus is
located within one of these inversions, in which case
the divergence of al alleles may have pre-dated the
divergence of species.

A combined analysis of all six nuclear loci supports
the tree shown in Fig. 6. There is very strong support
for a monophyletic clade composed of D. maler-
kotliana, D. parabipectinata and D. bipectinata,
whereas D. pseudoananassae is the most basal species
in the bipectinata complex. A monophyletic D. para-
bipectinata, and a clade composed of D. parabipec-
tinata and D. bipectinata, are also well supported.
On the other hand, there is little support for the
monophyly of D. malerkotliana or D. bipectinata.
No intraspecific nodes are supported by bootstrap
values or posterior probabilities above 50%. The re-
sults of combined analysis should not be interpreted
literally as a representation of historical relation-
ships among strains, since it is virtually certain
that different nuclear loci have different genealogies.
The ILD (partition homogeneity) test (Farris et al.,
1995) reveals significant incongruence among nu-
clear loci (P<0.01). The Shimodaira–Hasegawa test
(Shimodaira & Hasegawa, 1999; Goldman et al.,
2000) also shows that some loci are incompatible
with trees reconstructed from other loci (Appendix
Table 4). However, all nuclear loci are compatible
with the tree reconstructed from the combined data
set (Fig. 6; Appendix Table 4). Despite the caveats
associated with recombination and incongruence
among loci, we can accept the topology (((bipectinata,
parabipectinata) malerkotliana) pseudoananassae) as
an approximation of the history of speciation in the
bipectinata complex.

(viii) Mitochondrial phylogeny

Genetic differentiation among D. malerkotliana, D.
parabipectinata and D. bipectinata is much lower at
the mitochondrial COI locus than at the nuclear loci
(Table 3). Nucleotide diversity at COI within species
is also unexpectedly low (Table 1). To understand the
reasons behind these findings, we reconstructed the
phylogeny of COI sequences from 55 strains rep-
resenting all four species. The resulting haplotype
network is shown in Fig. 7A, and the geographic
distribution of each haplotype is indicated in Fig. 7B.
The most striking feature of this phylogeny is that

 D. ananassae

psn Lae344
psn Wau73

nig 411.1
nig 421.1

mal 391.0
mal 391.1

mal Swb17
mal Rai
mal Cnx340

mal Cjb185
pal Q120

pal Q98
mal Mys96
pal KB477

pal R242
pal KB270

bip Pune
bip 381.0

bip KB51
bip 381.2

bip 381.3
bip 381.4
bip 381.1

bip 211.5
par Yun20

par Bsb1
par Yun7
par 401.0
par 401.2

100/100/100

100/100/100

100/100/100

D. parabipectinata 100/98/100

D. bipectinata 15/67/<5

92/77/100

D. malerkotliana 5/83/<5

43/45/100

35/39/67

50

Fig. 6. Phylogenetic tree reconstructed from the combined
nuclear data set. See Fig. 5 legend for details.
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nine strains of D. bipectinata, seven strains of D.
malerkotliana and two strains of D. parabipectinata
all share the same mitochondrial haplotype. This
haplotype is found over the geographic area from
Nepal to South Pacific islands. Although D. ananas-
sae is too far diverged from the bipectinata complex
to root the haplotype network reliably, it seems that
the single most widespread haplotype is close to the
ancestral bipectinata complex sequence (Fig. 7A).
Most of the other haplotypes found in our sample are
separated from the major haplotype by only one or
two nucleotide substitutions. Some of these haplo-
types are also shared by D. malerkotliana, D. bipecti-
nata andD. parabipectinata, and are found at multiple
geographic locations.

Strains of different species that share the same mito-
chondrial haplotype show much greater divergence at
nuclear loci (Figs 5, 6; Table 2). This pattern is the
opposite of that expected under random coalescence,
given the smaller effective population size for mito-
chondrial loci. The most likely explanation for this
discrepancy is gene flow. The spread of a single
mitochondrial haplotype across three species and over
a wide geographic area suggests that this process may
have been favoured by natural selection. Such selec-
tion could result, for example, from the spread of a
Wolbachia or similar female-inherited endosymbiotic
infection (Turelli & Hoffmann, 1995; Werren et al.,
1995; Charlat et al., 2003). We therefore attempted
to amplify Wolbachia sequences from each of the 55
strains represented in Fig. 7A using conserved primers
against 16S ribosomal RNA and Wolbachia Surface
Protein (Zhou et al., 1998). Only two strains (D. m.
pallens KB447 and KB786, both from Brunei) tested
positive for Wolbachia, so the evolutionary forces
behind the spread of mitochondrial DNA across
species boundaries remain unknown.

4. Discussion

(i) Evolutionary history of the bipectinata
species complex

In this report, we combine phylogenetic and popu-
lation-genetic approaches in an effort to reconstruct
the evolutionary history of the Drosophila bipectinata
species complex. Our sequence sample, while not
large, is sufficient to draw several conclusions. First,
we find that D. bipectinata, D. parabipectinata and
D. malerkotliana form a monophyletic group, while
D. pseudoananassae is much more distantly related
to the other three species. This phylogeny is consistent
with the relationships proposed on the basis of
isozyme variation (Yang et al., 1972), chromosome
morphology (Bock, 1971a ; Jha & Rahman, 1972)
and interspecific hybridization (Bock, 1978). In
particular, D. bipectinata, D. parabipectinata andT
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D. malerkotliana hybridize easily in the laboratory
and produce abundant and morphologically normal
progeny. On the other hand, D. pseudoananassae is
difficult to hybridize to any of the other three species,
and the resulting F1 progeny are semi-lethal and fre-
quently have morphological abnormalities (Bock,
1978; A. Kopp, unpublished). The relationship
among D. bipectinata, D. parabipectinata and D.
malerkotliana is extremely close (Tables 2, 3). Phylo-
genetic analysis suggests that the common ancestor of
D. bipectinata and D. parabipectinata diverged from
D. malerkotliana prior to the separation of the former
two species (Fig. 6). However, estimates of divergence
time indicate that the two speciation events were se-
parated by a very brief interval (Table 4). Although an
apparently closer relationship between D. bipectinata
and D. parabipectinata could in principle be due to
a greater post-speciation gene flow between these
two species, this explanation appears unlikely, since
we do not find any evidence of gene flow in our sample
of nuclear sequences. A sister-group relationship be-
tween D. bipectinata and D. parabipectinata is also
supported by their similar sex comb morphology (see
below).

In contrast to the species phylogeny, analysis of
present-day variation reveals greater differentiation
between D. malerkotliana and D. parabipectinata than
either between D. malerkotliana and D. bipectinata,
or between D. parabipectinata and D. bipectinata
(Table 3). Interestingly, this observation is paralleled
by the pattern of reproductive isolation among these
species. Hybridization in the laboratory between
D. malerkotliana and D. bipectinata, and between
D. parabipectinata and D. bipectinata, occurs more
readily than hybridization between D. malerkotliana

and D. parabipectinata (Bock, 1978; A. Kopp, un-
published). Moreover, fertile male hybrids can be
produced quite easily by repeated backcrossing
for D. malerkotliana and D. bipectinata, and for
D. parabipectinata and D. bipectinata, but only with
difficulty for D. malerkotliana and D. parabipectinata
(A. Kopp, unpublished).

After their divergence, the four species of the
bipectinata complex seem to have had different demo-
graphic histories. D. malerkotliana and D. bipectinata
have experienced strong population growth, as evi-
denced by significant negative values of Tajima’s
and Fu & Li’s statistics at nuclear loci (Table 1,
Fig. 4) and by comparison of population mutation
rate estimates between these two species and their
hypothetical ancestors (Table 4). On the other hand,
evidence of recent population expansion is lacking
in D. parabipectinata and D. pseudoananassae. The
smaller effective population size in D. parabipectinata
may be responsible for the greater genetic divergence
between this species and D. malerkotliana than
between D. malerkotliana and D. bipectinata.

Although we do not find any evidence of nuclear
gene flow in our sequence sample, it is unlikely that
divergence among D. malerkotliana, D. bipectinata
and D. parabipectinata took place entirely without
gene flow. First, the results of isolation model fitting
should be interpreted with caution, since one of the
main assumptions of the model – a constant effective
population size – is violated in D. malerkotliana and
D. bipectinata. Most importantly, mitochondrial
DNA provides strong evidence of recent gene flow
(Fig. 7; Table 4). Hybridization in nature is probably
quite rare. F1 and backcross hybrids between D. bi-
pectinata and D. malerkotliana can be distinguished

Fig. 7. (A) Mitochondrial haplotype network based on the COI locus. Numbers next to the edges denote the numbers
of nucleotide substitutions that distinguish nearest haplotypes. (B) Same network, showing the geographic distribution of
haplotypes.
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from either parental species by their sex comb mor-
phology. In the course of our field work, we have
collected several thousand males of both species,
without observing a single possible hybrid (A. Kopp
& O. Barmina, unpublished). However, even rare
episodes of hybridization would be sufficient to
introgress some genetic material across species
boundaries. Due to Haldane’s rule (Haldane, 1922),
the signature of hybridization would be most notice-
able at mitochondrial loci, but parts of the nuclear
genome that are not linked to genes responsible for
reproductive isolation may also be introgressed (Wu,
2001).

One of the most interesting features of the bipecti-
nata species complex is that its four members are
almost completely sympatric (Fig. 1). This does not
necessarily imply that speciation events that separ-
ated these species occurred in sympatry. The geo-
graphic distribution of the bipectinata complex
includes the entire insular Southeast Asia, which
contains thousands of large and small islands and
is famous for its biological diversity (Holloway &
Hall, 1998). This region has had a very active geo-
logical history (Hall, 2002), and was affected by
repeated fluctuations in sea level (Voris, 2000). It
is entirely possible that different species of the bi-
pectinata complex originated on different islands
and subsequently spread to other parts of Southeast
Asia and nearby regions, achieving their current
sympatric distribution. Unfortunately, the sequence
data available to us do not shed any light on the
historical biogeography of the bipectinata complex.
Most of the historical information contained in the
non-recombining mitochondrial DNA appears to
have been wiped out by a recent spread of a single
haplotype across three species, while the amount
of recombination at nuclear loci is so high that we
are unable to reconstruct allele trees.

(ii) A role for phylogenetic methods in the study
of speciation

In the bipectinata species complex, as in the simulans
and pseudoobscura complexes (Kliman et al., 2000;
Machado & Hey, 2003), different loci have different
genealogies (Fig. 5). This may be due either to gene
flow during the early stages of speciation, or simply
to lineage sorting and persistence of ancient poly-
morphisms that pre-date speciation. Regardless of
the cause, there is no single dichotomous tree that
can adequately describe the history of the species’
genomes. Given high amounts of intra-locus recom-
bination, even a gene tree becomes an almost
meaningless concept. In practical terms, the most
easily observable effect of recombination is to stretch
out the terminal branches of the ‘tree ’, causing it to
approach a star phylogeny (Schierup & Hein, 2000).

This obviously complicates the reconstruction of
interspecific relationships, which are represented by
the deepest nodes in the phylogeny. However, the
effect of recombination on tree topology depends
mainly on the degree of relatedness of the recom-
bining sequences. If recombination occurs between
closely related sequences, as is likely in a sample
drawn from several reproductively isolated species,
the recovered tree will have the topology supported
by the majority of individual characters (Posada &
Crandall, 2002). Then, while each individual locus
can be highly misleading, a combined analysis of a
sufficiently large multi-locus data set may give us a
reasonable approximation of the order of speciation
events. In effect, we may still be able to recover parts
of the species tree even though gene trees do not exist.

Such relaxed interpretation of phylogenetic trees
is quite different from the traditional approach to
combining multiple data partitions (Huelsenbeck
et al., 1996; Wiens, 1998), and is open to many criti-
cisms. However, sometimes we need a tree-like rep-
resentation of species’ histories – in particular, to
trace the patterns of morphological evolution. While
we cannot draw any conclusions about intraspecific
relationships, phylogenetic analysis shows that D. bi-
pectinata and D. parabipectinata are sister species
(Figs 5, 6). This conclusion is further corroborated
by morphological similarities (Fig. 3) and by patterns
of reproductive isolation. We suggest that while
methodological caveats should always be kept in
mind, they should not necessarily prevent us from
applying phylogenetic tools to analyse the history of
recent speciation events.

(iii) Estimating the dates of speciation

We can use the levels of genetic variation within and
among species to obtain a very rough estimate of the
dates of speciation events. Since the island of Kauai
in the Hawaii archipelago is known to be 5.1 million
years (MY) old, we can calibrate the divergence of
non-coding nuclear sequences in Drosophila by com-
paring sequences from D. picticornis, which occurs
only on Kauai, and from the clade composed of
D. planitibia, D. silvestris, D. heteroneura and D. dif-
ferens, which occur only on the younger islands
(Rowan & Hunt, 1991; Russo et al., 1995). The mean
pairwise divergence of non-coding nuclear sequences
between these two taxa, averaged across three loci
(Gpdh, Adh and yp1), is 10.663%, which yields an
estimate of the divergence rate of 1.045% per lineage
per million years. The average divergence of non-
coding nuclear sequences betweenD. pseudoananassae
and the other species of the bipectinata complex is
4.243%, suggesting that D. pseudoananassae split off
from the other three species approximately 2.03 MY
ago.
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This method of estimating speciation dates cannot
be applied to D. malerkotliana, D. bipectinata and
D. parabipectinata, since these species carry many
ancestral alleles that pre-date speciation. Instead, we
can use an approach similar to the one proposed by
Kliman et al. (2000). If differences between alleles
accumulate at a rate roughly proportional to the
absolute divergence time, then the average pairwise
distance between alleles sampled from two different
species (d1/2) should be equal to the sum of the
average distance between alleles that were present in
the common ancestor of these species (dA) and the
subsequent divergence 2ut, where u is the rate of
accumulation of nucleotide differences per lineage
per unit of time and t is the time since speciation.
Since all three species have diverged from D. pseudo-
ananassae at a similar rate, we can use a single u
estimate for all lineages. d1/2 values for each pair of
species are known (Table 2), and u can be assumed
to equal the neutral divergence rate estimated above
(1.045% per lineage per MY); the biggest uncertainty
lies in the estimate of dA. The effective population
size of the common ancestor of D. malerkotliana,
D. bipectinata and D. parabipectinata was probably
slightly higher than in D. parabipectinata, but lower
than inD. malerkotliana orD. bipectinata (Table 4). If
we assume that average sequence divergence within
species is roughly proportional to its effective popu-
lation size, then dA for the common ancestor of these
three species should be equal to or greater than the
average divergence within D. parabipectinata. The 2ut
parameter can then be estimated at 0.592%, 0.743%
and 0.804% from the pairwise comparisons between
D. malerkotliana/D. bipectinata, D. malerkotliana/
D. parabipectinata and D. bipectinata/D. para-
bipectinata, respectively. According to these esti-
mates, the common ancestor of all three species
existed 283 000–385 000 years ago – more recently if
dA was higher than the average sequence divergence
within D. parabipectinata. Needless to say, this is a
very rough estimate that depends on several unveri-
fied assumptions, including the constancy of the
molecular clock in different Drosophila lineages.

(iv) Comparison with other species complexes

Much of what we know about the population genetics
of speciation and species divergence is based on the
work in two groups of closely related Drosophila
species: the simulans species complex (which includes
D. simulans, D. mauritiana and D. sechellia) and
the pseudoobscura complex (including D. p. pseudo-
obscura, D. p. bogotana and D. persimilis) (Coyne,
1992; Palopoli & Wu, 1994; Wang et al., 1997; Kli-
man et al., 2000; Noor et al., 2000; Machado et al.,
2002; Wu & Ting, 2004). To help us understand
the evolutionary history of the bipectinata complex,

it is worth comparing with to these better-known
Drosophila groups (Table 6).

Several conclusions can be drawn from this com-
parison. First, population bottlenecks do not appear
to have played a major role in any of the bipectinata
complex species, as they did in D. sechellia and
D. p. bogotana (Kliman et al., 2000; Machado et al.,
2002). Second, genetic differentiation at nuclear loci
amongD. malerkotliana,D. bipectinata andD. parabi-
pectinata is much lower than in the simulans species
complex, and slightly lower than in the pseudoobscura
complex (Table 6). The most likely explanation is
that species of the bipectinata complex diverged more
recently and/or had larger effective population sizes
than species of the pseudoobscura and simulans
complexes. Finally, the exchange of mitochondrial
DNA among sympatric Drosophila species appears
to be common. For example, although D. p. pseudo-
obscura is more closely related to D. p. bogotana
at nuclear loci, the differentiation at mitochondrial
loci between the two subspecies of D. pseudoobscura
is far greater than differentiation between D. pseudo-
obscura and D. persimilis (Table 6). Since D. p.
pseudoobscura is partially sympatric with D. persi-
milis but completely allopatric with D. p. bogotana,
gene flow appears to be the most likely explanation
(Powell, 1983; Machado et al., 2002). Mitochondrial
gene flow is also likely to have occurred among D.
simulans, D. mauritiana and D. sechellia (Ballard,
2000a, b ; Ballard et al., 2002; Solignac, 2004). In
fact, interspecific introgression of mitochondrial
DNA has been documented in a wide variety or
animals, especially insects (Willett et al., 1997; Sota
& Vogler, 2001; Sota et al., 2001; Martin et al.,
2002; Shaw, 2002) and vertebrates (Ferris et al.,
1983; Mukai et al., 1997; Crochet et al., 2003;
Rognon & Guyomard, 2003). In male-heterogametic
organisms in particular, the exchange of mitochon-
drial DNA is made easier by the fact that recently
diverged species can continue to produce fertile
female hybrids for a long time after the initial
speciation event (Coyne & Orr, 1989; Orr, 1993;
Coyne, 1994; Turelli, 1998; Ting et al., 2000; Wu,
2001). On a practical note, while the non-recombin-
ing mitochondrial DNA is useful for population-
genetic and phylogeographic studies, it should not be
used as an approximation of species phylogeny in
groups of closely related taxa.

(v) Morphological evolution

The bipectinata species complex differs from the
better-known pseudoobscura and simulans complexes
in that its member species display a much greater
degree of morphological divergence (Figs 2, 3).
Phylogenetic analysis shows that taxa with light
and dark male pigmentation do not cluster together
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Table 6. A comparison of three Drosophila species complexes

malerkotliana bipectinata parabipectinata pseudoananassae
malerkotliana–
bipectinata

malerkotliana
parabipectinata

bipectinata–
parabipectinata

pseudoananassae–
others

Genetic distancea (nuclear) 1.486 1.702 1.350 1.790 1.942 2.093 2.154 4.243
Genetic distance (mitochondrial) 0.610 0.438 0.410 1.821 0.482 0.471 0.409 1.717
Fst (nuclear) 0.196 0.314 0.182 0.536
Fst (mitochondrial) 0.028 0.008 0.035 0.256
Nucleotide diversity p (nuclear) 0.0123 0.0138 0.0095 0.0128
Nucleotide diversity p
(mitochondrial)

0.0051 0.0084 0.0044 0.0183

simulans mauritiana sechellia melanogaster
simulans–
mauritiana

simulans–
sechellia

mauritiana–
sechellia

melanogaster–
others

Genetic distance (nuclear) 2.116 0.987 0.685 2.406 3.085 3.077 6.857
Genetic distance (mitochondrial) 1.548 1.744 0.108 1.948 2.594 2.835 4.014
Fst (nuclear) 0.573 0.659 0.700 0.804
Fst (mitochondrial) 0.032 0.009 0.053 0.776
Nucleotide diversity p(nuclear) 0.0247 0.0144 0.0071
Nucleotide diversity p
(mitochondrial)

0.0147 0.0116 0.0170

pseudoobscura bogotana persimilis miranda
pseudoobscura–
bogotana

pseudoobscura–
persimilis

persimilis–
bogotana

miranda–
others

Genetic distance (nuclear) 1.564 0.614 0.877 1.628 1.669 1.970 2.075 3.840
Genetic distance (mitochondrial) 0.325 0.097 0.338 1.592 0.376 1.580 3.572
Fst (nuclear) 0.291 0.381 0.624 0.528
Fst (mitochondrial) 0.865 0.113 0.865 0.936
Nucleotide diversity p (nuclear) 0.0172 0.0039 0.0079
Nucleotide diversity p
(mitochondrial)

0.0033 0.0015 0.0049

Average pairwise distances between alleles (in per cent) and Fst and p values are shown for each species or species pair. To make the estimates comparable across taxa, genetic
distances and p values were estimated for non-coding sequences only. For the bipectinata species complex, all six nuclear loci were combined for this analysis. For the simulans
complex, 13 loci were used, including Adh, ci, janA,OdsB, hb, In(2L)t, per, tra, yp2, z, Zw, Sxl and w (data reported by Kliman et al. (2000). For the pseudoobscura complex, six loci
were analysed, including 2001, 2003, 3002, 4002, 4003 and X008 (data reported by Machado et al. (2002).
a Average pairwise distances between alleles, in per cent.
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(Figs 2, 6). The distribution of pigmentation patterns
on the phylogenetic tree is completely random, indi-
cating that evolutionary transitions between light
and dark male pigmentation occurred several times
within the bipectinata complex. In view of the recent
divergence among these species, the most likely
explanation is that the alleles responsible for pig-
mentation differences pre-date speciation. In contrast,
the evolution of a highly developed oblique sex comb
in the bipectinata complex appears to be a unique
event that occurred in the common ancestor of D.
bipectinata and D. parabipectinata after its divergence
from D. malerkotliana (Figs 3, 6). The oblique sex
comb seen in D. parabipectinata and D. bipectinata is
unique within the ananassae species subgroup, but
strongly resembles the morphology seen in several
other lineages in the melanogaster species group
(Kopp & True, 2002a) and in the obscura species
group (Lakovaara & Saura, 1982), presenting a clear
example of convergent evolution.

The high degree of morphological divergence
stands in sharp contrast with the exceptionally
low genetic differentiation among D. malerkotliana,
D. bipectinata and D. parabipectinata at randomly
chosen, neutrally evolving loci. There are many
examples in the animal world where the genealogy of
neutrally evolving loci does not reflect the pattern of

phenotypic differentiation (Brower, 1994; McMillan
et al., 1999; Beltran et al., 2002; Shaw, 2002; Sota,
2002; Broughton & Harrison, 2003; Besansky
et al., 2003; Glor et al., 2003; Ramon et al., 2003;
Salzburger & Meyer, 2004). These observations are
consistent with a view of speciation in which the gen-
omes of closely related species are mosaics composed
of blocks of high and low divergence (Ting et al.,
2000; Wu, 2001; Ortiz-Barrientos et al., 2002;
Machado & Hey, 2003; Wu & Ting, 2004). Even
low levels of gene flow between emerging species
will be sufficient to maintain a common gene pool at
neutral loci (Crow & Kimura, 1970). However, genes
involved in differential adaptation or reproductive
isolation are likely to be eliminated from the recipient
population by selection. Gene flow at these loci will
cease earlier than in the rest of the genome, causing
them to show a greater degree of interspecific differ-
entiation than other parts of the species’ genomes
(Ting et al., 2000; Wu, 2001). An important obser-
vation in this regard is that the size of the sex comb
appears to be under sexual selection in D. bipectinata
(Polak et al., 2004). In the future, identification of
genes responsible for phenotypic diversification in
the bipectinata species complex may help us under-
stand the evolutionary processes driving species
divergence.

Appendix

Appendix Table 1. Geographic origin of strains used in the analysis

Species Strain Typea Origin Yearb Donor

D. p. pseudoananassae psn Lae344* Iso Lae, Papua New Guinea 1981 Y. Fuyama
psn Wau73* Iso Wau, Papua New Guinea 1981 Y. Fuyama

D. p. nigrens nig 411.0* Multi Samut Songkhram, Thailand 1971 TDSSCc

nig 421.0* Multi Chiang Mai, Thailand 1971 TDSSC
D. m. malerkotliana mal 391.0* Multi Mysore, India 1971 TDSSC

mal 391.1* Multi Samut Songkhram, Thailand 1971 TDSSC
mal Swb17* Iso Schwebo, Myanmar 1981 Y. Fuyama
mal Cnx 340* Iso Chiang Mai, Thailand 1981 Y. Fuyama
mal Cjb185* Iso Coimbatore, India 1981 Y. Fuyama
mal Mys96* Iso Mysore, India, 1981 Y. Fuyama
mal Rai* Multi Raichuri, India 1991 B. N. Singh

D. m. pallens pal R242* Iso Puerto Princesa, Palawan, Philippines 1979 Y. Fuyama
pal Q98*, 120* Iso Los Banos, Luzon, Philippines 1979 Y. Fuyama
pal KB270*, 477* Iso Temburong, Brunei 2003 our collection
pal KB (other) Iso Temburong, Brunei 2003 our collection

D. bipectinata bip 381.0* Multi Patan, Nepal 1954 TDSSC
bip 381.1* Multi Cabuyao, Laguna, Luzon ? TDSSC
bip 381.2* Multi Pago-Pago, Amer. Samoa 1967 TDSSC
bip 381.3* Multi Chia-i, Taiwan 1967 TDSSC
bip 381.4* Multi Samut Songkhram, Thailand 1971 TDSSC
bip Pune* Multi Pune, India 1999 B. N. Singh
bip 211.5* Iso Taiwan 1989 S.-C. Tsaur
bip KB51* Iso Temburong, Brunei 2003 our collection
bip KB (other) Iso Temburong, Brunei 2003 our collection
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Appendix Table 1. (Cont.)

Species Strain Typea Origin Yearb Donor

bip Lae321, 327 Iso Lae, Papua New Guinea 1981 M. Watada
bip PPG93,96 Iso Pago-Pago, Amer. Samoa 1981 M. Watada
bip TBU83 Iso Tongatapu, Tonga 1981 M. Watada
bip B96 Iso Chiang Mai, Thailand 1979 M. Watada
bip D97 Iso Coimbatore, India 1979 M. Watada
bip ISG-B19, C12 Iso Ishigakijima, Okinawa, Japan 2002 M. Watada
bip TKNK2, 3 Iso Tokunoshima, Kagoshima, Japan 2002 M. Watada

D. parabipectinata par 401.0* Multi Ari Ksatr, Cambodia ? TDSSC
par 401.2* Multi Tagaytay, Philippines 1967 TDSSC
par Yun7*, 20* Iso Yunnan, China 2002 S.-C. Tsaur
par Yun (other) Iso Yunnan, China 2002 S.-C. Tsaur
par Bsb1*, 2 Iso Temburong, Brunei 2003 our collection

Strains included in the nuclear data set are marked by asterisks.
a Iso, isofemale strains; Multi, strains established from multi-female collections.
b Collection year.
c Tucson Drosophila Species Stock Center.

Appendix Table 2. Sequenced loci and amplification primers

Locus
Total
lengtha

Non-
codingb Forward primer Reverse primer

Temperature
(xC)c

al 530 432 GCTGGCGATGAAAATTGGA
TTAAC

TAGGGATTATACGGATGCG
ACTGG

55

bab2 2275 2275 AATCGAACMTTTCCAGCAAA
TTGCWTT

ATTTACAGGCMGACGGTGATT
GTTTAAA

52

Gpdh 1176 422 GTGGTGCCCCACCAGTTCAT GGCTTGAGCTGATTTGTGCA 55
ple 968 699 CATCTTCCAGAGCACCCAG

TATGTG
GTAGATGGGCTGGTACTCC
TGATCC

55

Sod 1058 646 CCTCTAGAAATGGTGG
TTAAAGCTGTNTGCCTT

GCTGAGCTCGTGTCCACCC
TTGCCCA

52

up 583 583 GACGAGAGTCCCAGCTGTTTTT GCATCCAACGTACCATCACATT 55
COI 553 0 CCAGCTGGAGGAGGAGATCC CCAGTAAATAATGGGTATCAGTG 55

a Length of the multi-species alignments (single-species alignments are shorter in most cases).
b Number of non-coding nucleotide positions in the multi-species alignment.
c Recommended annealing temperature for PCR.

Appendix Table 3. Recombination estimates

al bab2 Gpdh ple Sod up

c/base pair
D. malerkotliana 0.035 0.052 0.107 0.031 0.063 0.020
D. bipectinata NE 0 0.159 0.022 0.116 NE
D. parabipectinata NE NE 0 0 0.080 NE
D. pseudoananassae NE NE 0.049 NE 0.028 NE
D. malerkotliana+D. bipectinata 0.006 0.051 0.052 0.025 0.080 0.040
D. bipectinata+D. parabipectinata 0 0.020 0.071 0.010 0.075 NE
D. malerkotliana+D. bipectinata+D. parabipectinata 0.003 0.029 0.065 0.016 0.093 0.056

Minimum number of recombination events
D. malerkotliana 1 8 7 3 10 1

530 2237 1125 961 1037 549
D. bipectinata 0 1 8 1 12 0

518 2245 1116 960 1001 553
D. parabipectinata 0 0 0 0 3 0

517 2247 1123 959 1020 553
D. pseudoananassae 0 0 2 0 1 0

526 2252 1107 961 667 476
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