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The speciation history of the Drosophila nasuta complex
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Summary

The Drosophila nasuta subgroup of the immigrans species group is widely distributed throughout the
South-East Asian region, consisting of morphologically similar species with varying degrees of
reproductive isolation. Here, I report nucleotide variability data for five X-linked and two mtDNA
loci in eight taxa from the nasuta subgroup, with deeper sampling from D. albomicans and its sister
species D. nasuta. Phylogenetic relationships among these species vary among different genomic
regions, and levels of genetic differentiation suggest that this species group diversified only about
one million years ago. D. albomicans and D. nasuta share nucleotide polymorphisms and are
distinguished by relatively few fixed differences. Patterns of genetic differentiation between this
species pair are compatible with a simple isolation model with no gene flow. Nucleotide variability
levels of species in the nasuta group are comparable to those in members of the melanogaster and
pseudoobscura species groups, indicating effective population sizes on the order of several million.
Population genetic analyses reveal that summaries of the frequency distribution of neutral
polymorphisms in both D. albomicans and D. nasuta generally fit the assumptions of the standard
neutral model. D. albomicans is of particular interest for evolutionary studies because of its recently
formed neo-sex chromosomes, and our phylogenetic and population genetic analyses suggest that it
might be an ideal model to study the very early stages of Y chromosome evolution.

1. Introduction

The Drosophila nasuta subgroup of the immigrans
species group is widely distributed throughout the
South-East Asian region (Wilson et al., 1969), and
members have also been recorded from Africa and
Hawaii. The nasuta complex contains, depending on
the taxonomic system, nine to 14 taxa, including
D. nasuta, D. albomicans, D. pulaua, D. kepulauana,
D. kohkoa, D. sulfurigaster sulfurigaster, D. s. albos-
trigata, D. s. bilimbata, D. neonasuta, D. pallidifrons,
D. niveifrons and Taxon F, I and J (Kitagawa, 1991).
This group exhibits several features that make it
evolutionarily interesting, such as multiple speciation
events in a short time period resulting in morpho-
logically very similar species with varying degrees of
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reproductive isolation (Wilson et al., 1969) and ex-
tensive chromosomal polymorphism (Hatsumi et al.,
1988 ; Suzuki et al., 1990; Wilson et al., 1969). The
basic karyotype configuration of the immigrans group
isarod X and rod Y, a pair of dots (chromosome 4), a
pair of Vs (chromosome 2) and a double length rod
(chromosome 3). This double length rod is composed
of two of the five long rods of the primitive Drosophila
karyotype (Fig. 1). D. albomicans is of particular
interest in the nasuta subgroup. The karyotype of
this species is 2n=6 instead of 2n=8 (all other
nasuta members), resulting from the fusion of the
sex chromosomes with the third chromosomes
(Patterson & Stone 1952; Wilson et al., 1969). The
fusion of an autosome to the ancestral Y chromosome
parallels the karyotype of D. miranda, which has
served as a useful model species to study the evol-
ution of Y chromosomes (Bachtrog, 2005 ; Steinemann
& Steinemann, 1998). The neo-Y chromosome
of D. albomicans might be very young on an
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Fig. 1. Karyotype of the D. nasuta group (males are
shown). The basic karyotype configuration of the nasuta
group is a rod X and rod Y, a pair of dots (chromosome 4),
a pair of Vs (chromosome 2), and the double length rod
(chromosome 3), composed of two of the five long rods of
the primitive Drosophila karyotype. In D. albomicans, the
third chromosomes fused to the sex chromosomes.

evolutionary time scale, since D. albomicans and its
close sister species D. nasuta (which lacks this
Y-autosome fusion) are interfertile (Wilson et al.,
1969) and show little divergence at mtDNA (Yu et al.,
1999). Thus, D. albomicans could provide a potent
model system to study the very first stages of sex
chromosome evolution.

However, very little is known about general
patterns of molecular variation and divergence in this
species group. For evolutionary studies in this
species group, it is necessary to develop an historical
framework of the timing of speciation events and the
degree of separation between taxa. Despite extensive
analyses, including morphometric (Kitagawa et al.,
1982; Wilson et al., 1969), reproductive isolation
(Kitagawa, 1991; Wilson et al., 1969), chromosomal
evolution (Kitagawa et al., 1982; Suzuki et al., 1990;
Wilson et al., 1969), courtship song (Shao et al.,
1997), isozymes (Kitagawa, 1991) and mtDNA re-
striction and variability studies (Chang et al., 1989;
Yu et al., 1999; Nagaraja et al., 2004), the phylogen-
etic relationships among taxa of this group remain
unclear.

Molecular variation within and between species
contains information on a species’ demographic (i.e.
temporal and spatial) history. Here, I obtain multi-
locus sequence data from eight taxa and combine
phylogenetic and population-genetic approaches to
reconstruct the order of speciation events in this
species group. Most previous studies considered only
one individual per taxon for phylogenetic reconstruc-
tion. However, given the recent radiation of this group
and a lack of reproductive isolation between several
species, these taxa might not form monophyletic
groups (Wilson et al., 1969). In addition, no phy-
logeny based on nuclear DNA sequence markers has
been performed, and mtDNA has been found to fre-
quently introgress across species boundaries in other
Drosophila species (Bachtrog et al., 2006; Ballard,
2000; Powell, 1983). To overcome these limitations,
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I analyse two or more strains from most taxa, and
investigate both mtDNA and nuclear sequence mark-
ers. In addition, with deeper sampling of individuals
from D. albomicans and its sister species D. nasuta,
I estimate the extent of genetic differentiation among
this species pair and analyse patterns of molecular
variation within species. This analysis provides a first
important step towards characterizing the utility of
the D. albomicans neo-sex chromosomes as a novel
model system to study the very early stages of
Y chromosome degeneration.

2. Materials and methods
(1) Fly stocks

A total of 23 lines of D. albomicans, six lines of
D. nasuta, one line of D. pulaua, two lines of
D. kepulauana, two lines of D. kohkoa, two lines
of D. s. albostrigata, two lines of D. s. bilimbata and
two lines of D. s. sulfurigaster were used for this study.
A summary of all fly strains used, including their
geographic origin, is given in Table 1. For a subset of
the D. albomicans lines, we confirmed the karyotype
using mitotic chromosome preparations (Sullivan
et al., 2000).

(i) DNA sequencing

Genomic DNA was extracted from a single male of
each line using the Puregene DNA extraction kit
(Gentra Systems). PCR products were amplified as
360-1077 bp fragments from genomic DNA using
standard methods (Sambrook et al., 1989). Primer
pairs were designed from EST sequences generated
from a D. albomicans cDNA library (strain 15112-
1751.4) for X-linked genes, or using conserved
primers for mtDNA loci (Table 2). PCR products
were used as sequencing templates after treatment
with the SAP/EXO reagent. The original amplifi-
cation primers, and if necessary internal sequencing
primers, were used for sequencing with the BigDye 3.0
cycle sequencing kit (Applied Biosystems, Foster
City, CA) following the manufacturer’s protocol.
Sequences were run on an ABI 3730 automated se-
quencer, and each fragment was sequenced at least
once on both strands. I obtained polymorphism data
for five regions from the X chromosome (a total of
2723 bp) and two regions from the mtDNA (1827 bp).
Sequence trace files were proofread and aligned using
Sequencher (Gene Codes Corporation).

(iii) Phylogenetic reconstruction

The presence of intragenic recombination, as ob-
served in the data (see below) complicates interpret-
ations of the phylogenetic history of a species group
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Species Country Origin Isofemale lines
D. albomicans Thailand Bon Chakkrarat 15112-1751.04
Chiang Mai E-10814
Japan Fukui, Fukui E-10826
Haterumajima, Okinawa E-10809
Iriomotejima, Okinawa E-10806, E-10807
Ishigakijima, Okinawa E-10808, E-10824
Kumejima, Okinawa E-10811, E-10812, E-10827,
E-10828
Okinawa Honto, Okinawa E-10821, E-10822, E-10823
Miyakojima, Okinawa E-10802, E-10803, E-10804,
E-10805
Tokunoshima, Kagoshima E-10819, E-10820
Taiwan Nakang 15112-1751.03
Pescadores Peng Hu Island 15112-1751.02
D. nasuta Madagascar Tananarive 15112-1781.09
Kenya Mombasa 15112-1781.06
France Seychelles Island 15112-1781.01
India Sri Lanka 15112-1781.11
Mysore 15112-1781.00
Malaysia Penang E-10813
D. pulaua Malaysia Semongok Forest Reserve, 15112-1801.00
Sarawak
D. kepulauana Malaysia Sarawak 15112-1761.01
Borneo Brunei 15112-1761.02
D. kohkoa Malaysia Sarawak 15112-1771.01
Philippines Rizal 15112-1771.04
D. s. albostrigata Malaysia Kuala Lumpur 15112-1811.00
Borneo Brunei 15112-1811.05
D. s. bilimbata Tonga Islands Tongatapu 15112-1821.05

D. s. sulfurigaster

Fiji
Australia
New Guinea

Vanua Levu

Queensland
Wau

15112-1821.07

15112-1831.00
15112-1831.02

Table 2. Sequence length and primer information for the loci studied

No. of Silent Replacement

Gene sites sites  sites Forward

Reverse

CG10944 554 163-24 381-76
CGI12056 549 13036 418:64
CG2930 627 150-51 47649
CG3699 633 15992 473-08
sesB 360 8667 273-33
coIr 750  205-54 541-46
NDS5 1077  239-32 835:68

GTGCGTTTGCTGTTGAAGAA
AGACTACGCCACCACAAAGG
GGGTGGCATAAAACCTTGTG
CTGCCATTGCCGAGGTGTT

CTGCTGATACCGGCAAGG

GTTTAAGAGACCAGTACTTG
TCTAACAATTTCTAAAATTATATCC TTTGTGGTGTTAGTGATATGAA

TCTTAGACGATGTGGGCAGA
GGTCATCTAACTCCGCTTCG
TGGTAAGCTTTTGCAGTGGA
AAATTGTGCTTGCCACCATC
ACAACACAAGCACGAAAGCA
ATGGCAGATTAGTGCAATGG

(Felsenstein, 1988). In particular, recombination
causes the different portions of a locus to have differ-
ent evolutionary histories (Hudson, 1990). Thus, a
tree reconstructed from each locus is not a real gene
tree, but rather a superposition of multiple gen-
ealogies. Additionally, recombination shuffles vari-
ation among individuals within the species, generating
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the impression of homoplasy (Schierup & Hein,
2000). The presence of intragenic recombination
particularly affects phylogenetic inference using
maximum parsimony or maximum likelihood; thus
I used a neighbour-joining (NJ) algorithm to recon-
struct composite gene trees. 1 used the MEGA3.1
(Kumar et al., 2004) software to create gene trees with
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Tamura—Nei distances (Tamura & Nei, 1993) for
each gene individually and for the combined data set.
D. virilis was used as an outgroup species to root the
phylogenetic trees. The reliability of the inferred
consensus trees was tested by bootstrapping using
1000 pseudoreplications. Note that the phylogenetic
trees are used mainly for visual purposes, and no
statistical inferences are drawn from them.

(iv) Population genetic analysis

The estimated number of synonymous sites, non-
synonymous sites, average pairwise diversity (7),
average pairwise divergence (D.,), as well as counts of
the number of polymorphic (P) and divergent (D)
sites were performed with the DnaSP software pack-
age (version 4; http://www.ub.es/dnasp/). Multiply
hit sites were included in the analysis but in-
sertion—deletion polymorphisms were excluded. For
locus- and species-specific estimates of variability see
Table 3.

To detect non-equilibrium demography and/or
selection in D. albomicans and D. nasuta, 1 used two
multilocus statistical tests of the distribution of poly-
morphism frequencies. In particular, I used the means
and variances of Tajima’s D (Tajima, 1989) and Fay
and Wu’s H (Fay & Wu, 2000). The ancestral state of
polymorphisms was inferred using a single D. pulaua
sequence and standard parsimony criteria. D. pulaua
was chosen as the outgroup since it clearly clusters
outside the D. albomicans/D. nasuta clade in the in-
ferred consensus tree.

All tests of neutrality were carried out using the
neutral coalescent simulation program ms of Hudson
(2002) and various auxiliary programs written in
C and Perl by P. Andolfatto (see Haddrill et al., 2005).
These simulations are used to test a model of neutral
sequence evolution (the standard neutral model,
SNM) by first creating a null distribution for the test
statistics of interest, and then comparing this distri-
bution with the observed value of the test statistics in
the real data. In the neutral simulations, I account for
sample size, alignment length and 6 for each locus.
The parameter 6 (i.e. the neutral population mutation
rate) is estimated from the observed data using the
HKA framework (Hudson et al., 1987) based on the
number of segregating sites and divergence to a
single D. pulaua sequence.

Ignoring recombination when the data show evi-
dence for genetic exchange is done at a great loss
of power and is overly conservative when the fit of
data to the SNM is tested (Przeworski et al., 2001).
I thus incorporate recombination into the simulations
by using a point estimate of p/@ (the population re-
combination rate p versus the neutral population
mutation rate), based on the mode of the posterior
distribution of p/6 obtained for X-linked genes in
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D. albomicans using an approximate Bayesian method
(Haddrill et al., 2005, K. Thornton, unpublished).
Posterior distributions of p and 6 were jointly
estimated based on summary statistics of the data
(sample size, alignment length, number of segregating
sites, number of haplotypes, and the minimum num-
ber of recombination events in the sample) and rejec-
tion sampling. This method assumes that p per site
and 6 per site are constant among loci. The prior
distributions used were 6~ Uniform (0-0025-0-01)
and p ~ Uniform (0-009-0-18), with ¢ (the tolerance)
set to 0-1. The posterior densities for 6 and p are
contained within the limits of the uniform priors.
I estimated p and 6 based on all sites. Since estimates
of p using a similar procedure were shown to be
biased upward when the number of polymorphisms is
small (Andolfatto & Wall, 2003), I only used loci that
had a minimum of 10 segregating sites (i.e. three
X-linked loci). The estimate of p and 6 is based on
1000 draws from the posterior distribution.

P values for test statistics (i.e. Tajima’s D and Fay
& Wu’s H) are based on 10 000 simulated replicates of
the neutral coalescent. Note that since the simulations
are run based on point estimates of both p and 6
(instead of integrating over the uncertainty in these
estimates) the true variance of the test statistics will be
underestimated, which will be conservative for the
conclusions drawn here (see Section3).

(v) Estimating divergence times between
D. albomicans and D. nasuta

To estimate divergence times (7') between D. albomi-
cans and D. nasuta, 1 used a summary likelihood ap-
proach based on the HKA framework (Hudson et al.,
1987), as implemented by Bachtrog et al. (2006).
Briefly, this method assumes that an ancestral popu-
lation with a neutral mutation rate 6 splits into two
populations at time 7 having neutral mutation rates 6
and f8, where f represents a reduced effective popu-
lation size (where f<1). The parameters 6 and f are
estimated from the data for each locus and species.
0 is estimated from the observed data using the HKA
framework based on the number of segregating sites
and divergence to a single D pulaua sequence, and

[is estimated as f= Z 0./ 5 0,,; for the m segments

surveyed on the X (m 5) ]and the mtDNA (m=2),
respectively, where 0;; is the estimated population
mutation rate in population i at locus j. Note that
estimating f based on 6 assumes that homologous
loci have the same mutation rate, and I only use a
point estimate of f. Following the HKA framework,
I estimate the relative divergence time 7; for each
locus j as

Tj = (Dlz,j/el,j) -1


https://doi.org/10.1017/S0016672306008330

Speciation in D. nasuta complex 17

Table 3. Polymorphism levels in the nasuta group for X-linked and mtDN A markers

Locus Taxon n S (silent) S (replacement) 7 (silent) %
X-linked
CG10944 D. albomicans 23 10 0 1-76
D. nasuta 6 3 0 0-97
D. kepulauana 2 2 0 1-60
D. kohkoa 2 3 0 2-39
D. s. albostrigata 2 0 0 0
D. s. sulfurigaster 2 3 1 2-:39
D. s. bilimbata 2 0 0 0
CG12056 D. albomicans 23 9 3 2-49
D. nasuta 6 1 1 0-46
D. kepulauana 2 3 2 2-:30
D. kohkoa 2 4 1 3-07
D. s. albostrigata 2 3 0 2:30
D. s. sulfurigaster 2 1 0 0-77
D. s. bilimbata 2 0 0 0
CG2930 D. albomicans 23 2 0 0-17
D. nasuta 6 2 0 0-44
D. kepulauana 2 3 1 1-99
D. kohkoa 2 9 0 5-97
D. s. albostrigata 2 3 0 1-99
D. s. sulfurigaster 2 1 0 0-66
D. s. bilimbata 2 0 1 0
CG3699 D. albomicans 23 18 0 2-85
D. nasuta 6 10 1 2-46
D. kepulauana 2 7 0 4-38
D. kohkoa 2 6 1 375
D. s. albostrigata 2 0 0 0
D. s. sulfurigaster 2 0 0 0
D. s. bilimbata 2 0 0 0
sesB D. albomicans 23 0 0 0
D. nasuta 6 1 0 0-39
D. kepulauana 2 0 0 0
D. kohkoa 2 0 0 0
D. s. albostrigata 2 0 0 0
D. s. sulfurigaster 2 1 0 1-15
D. s. bilimbata 2 0 0 0
mtDNA
COII D. albomicans 23 14 1 1-03
D. nasuta 6 6 0 1-07
D. kepulauana 2 5 0 2:42
D. kohkoa 2 15 1 6-78
D. s. albostrigata 2 3 2 145
D. s. sulfurigaster 2 14 0 6-81
D. 5. bilimbata 2 3 0 1-45
NDS5 D. albomicans 23 36 2 3-39
D. nasuta 6 15 0 2:28
D. kepulauana 2 15 0 626
D. kohkoa 2 27 1 11-3
D. s. albostrigata 2 9 0 3-76
D. s. sulfurigaster 2 33 0 13-8
D. 5. bilimbata 2 8 1 3-33
Average
X-linked D. albomicans 23 39 3 1-58
D. nasuta 6 17 2 1-03
D. kepulauana 2 15 3 2:26
D. kohkoa 2 22 2 3-31
D. sulfurigaster albostrigata 2 6 0 0-87
D. sulfurigaster sulfurigaster 2 6 1 1-00
D. sulfurigaster bilimbata 2 0 1 0
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Locus Taxon n S (silent) S (replacement) 7 (silent) %
mtDNA D. albomicans 23 50 3 2:29

D. nasuta 6 21 0 2:02

D. kepulauana 2 20 0 4-48

D. kohkoa 2 42 2 92

D. sulfurigaster albostrigata 2 12 2 2:69

D. sulfurigaster sulfurigaster 2 47 0 10-6

D. sulfurigaster bilimbata 2 11 1 2-47

where Dy, ; is the average pairwise divergence between
species 1 and 2 at locus j, and this relative time is
transformed into units of absolute time as

Tabs,j = (Eelj)/(z'ulL/)

where L, is the number of silent sites surveyed and u; is
the mutation rate per silent site per year for locus j.
I assume an average mutation rateu=1-5x10"%
per silent site per year (Li, 1997) for loci on the
X chromosome, and mutation rates for loci on the
mtDNA are scaled based on Jukes—Cantor corrected
average pairwise silent divergences to D. pulaua for
mtDNA relative to the X chromosome.

Confidence intervals for T are estimated from simu-
lated genealogical samples that closely resemble the
actual data using the program ms (Hudson, 2002).
For each locus, I generate a neutral sample from two
subdivided populations with n; and n, individuals that
split T,ps years ago, conditioning on 6; ; and f. Ty is
varied over an interval from 0 to 3 million years in
increments of 0-1. For each simulated dataset, I cal-
culate Thps, j.sim USing the equation above and estimate
the likelihood of T, as

Lik(T,, ;| 61,1, T))

o< Prob [( Tabs,j, sim — 4 abs,j, obs) < g]

where Ty j.0bs 1S the absolute divergence time of locus
j estimated from the real data, and € is an arbitrary
rejection criterion set to 0-05. For each value of Ty, I
generated 100000 samples. I incorporate intragenic
recombination in the simulations for X-linked loci, as
estimated by the approximate Bayesian method. This
means that I set p=5-260 for simulations of X-linked
loci and p=0 for simulations of the mtDNA. I gen-
erate a joint likelihood surface for T, as

Lik(T )= | [ Lik(Tars )|61.jo.1, T)).
j=1

The estimate of 7 is taken as the maximum of
Lik(T,ps,;) and the approximate 95% credibility in-
terval (CI) as 2 units of log likelihood. Again, since
only point estimates of f, p and 6 are used, the true
variance in T will be underestimated. Thus, the CI
inferred using this method should be viewed as a
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lower bound for the CI of the divergence time be-
tween D. nasuta and D. albomicans.

3. Results

(1) Phylogenetic relationships in the D. nasuta
subgroup

Phylogenetic analyses of X-linked markers and
mtDNA sequences were performed to examine the
inferred evolutionary relationships among the mem-
bers of the nasuta subgroup. Neighbour-joining trees
reconstructed from each individual X-linked marker
are shown in Fig. 2. These trees should not be equated
with gene trees, as most loci show evidence of re-
combination and thus do not have a simple bifurcat-
ing gene tree history. Instead, these trees are intended
to serve as visual guides of locus-to-locus patterns
of differentiation. For most genes, the pattern of
relatedness among sequences is not consistent with
reciprocally monophyletic species groups. The
D. albomicans sequences are often intermingled with
the D. nasuta sequences, but sometimes also cluster
with more distantly related species (Fig. 2). Two of
the X-linked loci, sesB and CG2930, support mono-
phyly for the D. albomicans clade. The other species
investigated also often do not cluster with conspecific
individuals. These patterns are expected for very re-
cently diverged species if multiple gene lineages persist
in the descended species since the time of speciation
(Felsenstein, 1988). Consistent with recent divergence
of the nasuta group, many species pairs have several
shared polymorphisms and few fixed differences
(Table 4). Consensus trees from the combined analy-
sis of all five nuclear and two mtDNA markers are
shown in Fig. 3. In the consensus tree, most species
form monophyletic groups. D. albomicans is most
closely related to D. nasuta, and these two species
form a monophyletic cluster that is supported by
both the nuclear and the mtDNA consensus tree. In
the consensus nuclear tree, D. albomicans is para-
phyletic, and D. nasuta forms a monophyletic cluster
within the D. albomicans sequences. Only the two
D. kohkoa individuals do not cluster as a mono-
phyletic group, in both the nuclear and the mtDNA
phylogenies (Fig. 3).
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kep_1761.02 alb_E10819
kep_1761-01 alb_E10820
alb_E10823 alb_E10821
alb_E10824 alb_E10822
alb_E10820 alb_E10823
alb_E10812 alb_E10824
alb_E10808 alb_E10826
alb_E10804 alb_E10827
alb_E10802 alb_E10828
alb_E10828 nas_1781.01 N
— alb_E10827 nas_1781-11
alb_E10819 nas_1781-06
alb_E10803 nas_1781.09
alb_E10807 nas_E10813
alb_E10805 — nas_1781.00
alb_E10811 kob_1771:04
—— koh_177101 salb_1811-00
L_{am_1751.03 s.oul_1831.02
pul_1801-00 pul_1801-00
s.alb_1811-00 kep_1761.01
salb_1811-05 — kep_1761-02
5.bil_1821.05 koh_1771-01
‘—MW salb_1811-05
s.sul_1831:02 s.bil 1821.05
L — koh_1771-04 5.bil_1821.07
s.5ul_1831-00 s-sul_1831-00
alb_E10814 , —— virilis
virilis 0001
001

Fig. 2. Neighbour-joining trees constructed for individual X-linked loci. alb, D. albomicans; nas, D. nasuta; kep, D.
kepulauana; koh, D. kohkoa; s. alb, D. s. albostrigata; s. bil, D. s. bilimbata; s. sul, D. s. sulfurigaster; pul, D. pulaua. All
trees are rooted using D. virilis sequences.

(i) DNA polymorphism in the nasuta species group

I obtained DNA sequence data for a total of five loci
from the X chromosome and two loci from the
mtDNA (Table 3), comprising a total of 4:6 kb se-
quenced in 40 lines of eight different taxa of the nasuta
subgroup. Levels of diversity vary considerably
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among species and loci (Table 3). Estimates of levels
of silent diversity of X-linked markers are highest in
D. kohkoa and D. kepulauna (3-31% and 2-26 %),
followed by D. albomicans, D. nasuta, D.s. sulfur-
igaster and D. s. albostrigata (1:58 %, 1-:03%, 1:00 %
and 0-87 %), while no silent variation was detected in
D. s. bilimbata. These estimates of variation are in line
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Table 4. Genetic differentiation between D. albomicans and other species of the nasuta group

nasuta kepulauna kohkoa s. albostrigata s. bilimbata s. sulfurigaster
CG 10944 1/0 (11) 2/0 (10) 1/0 (12) 0/0 (10) 0/1 (11) 1/0 (13)
CG12056 0/0 (14) 1/0 (16) 0/0 (17) 1/3 (17) 0/3 (15) 0/3 (16)
CG2930 0/1 (5 0/4 (10) 0/4 (15) 0/9 (14) 0/12 (15) 0/12 (15)
CG3699 3/0 (26) 5/0 (20) 2/0 (23) 0/4 (22) 0/2 (20) 0/1 (19)
sesB 0/1(2) 0/2 (2) 0/1 (1) 0/1 (1) 0/1 (1) 0/1(2)
coll 2/0 (19) 1/3 (22) 1/0 (30) 1/0 (19) 1/5(22) 2/2 (29)
ND5 4/0 (49) 5/2 (50) 6/4 (64) 5/2 (44) 1/15 (61) 6/8 (73)
X-linked 4/2 (58) 8/6 (58) 3/5 (68) 1/17 (64) 0/19 (62) 1/17 (65)
mtDNA 6/0 (68) 6/5(72) 7/4 (94) 6/2 (63) 2/20 (83) 8/10 (102)
Shown are the number of shared/fixed (total) polymorphism between species pairs.
X-Iink 2 alb_] alb_]
ed B, mDNA s
alb_E10809 alb_E10805
alb_E10826 alb_E10802
alb_E10827 alb_E10823
alb_1751.02 alb_E10819
alb_E10811 alb_E10822
alb_E10819 alb_E10812
alb_E10823 alb_E10821
alb_E10806 alb_E10820
alb_1751.03 alb_E10827
alb_E10803 alb_E10803
alb_E10828 alb_E10804
alb_E10812 alb_E10824
alb_E10824 alb_E10809
alb_E10805 alb_E10808
75 alb_E10821 alb_E10806
alb_E10822 s | _I_|_alb_E10807
alb_E10807 alb_E10814
alb_E10804 nas_1781-11
alb_E10808 X 'TS_H;I-OO
alb_E10814 nas_1781-09
alb_1751-04 LLI nas_E10813
02 nas_1781-00 nas_1781:01
ind nas_1781-11 nas _1781.06
76 nas_1781-01 alb_E10826
52 nas_E10813 alb_1751.04
- 64 nas_1781.06 alb_1751.02
nas_1781-09 alb_1751.03
| kepaian s.alb_1811.05
kep_1761-02 koh_1771.04
koh_1771.01 .
57 s.alb_1811-00 2 kep_1761.01
_I_—ms kep_1761-02
97 koh_1771-04 95 s.sul_1831-00
pul_1801:00 4'_97?&1711_1821-05
Lz 95 5.bil_1821.05 5.bil_1821.07
57 s.bil_1821-07 9% koh _1771-01
s.sul_1831-00 1 ul_ -
,7 virilis /- virilis
4
0-001 001

Fig. 3. Consensus trees constructed from the combined data set for X-linked loci and mtDNA. See Fig. 1 legend for

details. Bootstrap values are shown for selected nodes.

with silent diversity estimated for several other mem-
bers of the genus Drosophila, including the melano-
gaster species group (Andolfatto, 2005; Moriyama &
Powell, 1996), the yakuba group (Bachtrog et al.,
2006; Llopart et al., 2005), the bipectinata group
(Kopp & Barmina, 2005) and the pseudoobscura
group (Machado et al., 2002; Yi et al., 2003).

In most species investigated here, mtDNA shows
higher levels of variability relative to nuclear genes
(Table 3). For species with an equal number of males
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and females, the population size of mitochondria is
one-third that of X chromosomes. However, mtDNA
often has higher mutation rates than nuclear loci
(Moriyama & Powell, 1997). Indeed, average pairwise
divergence at silent sites between D. albomicans and
D. pulaua is 3-4% for X-linked genes but 11-2% for
the mtDNA (Table 5). Thus, the higher mutation rate
of mtDNA, and possibly introgression of mtDNA
across species boundaries, appears to increase diver-
sity of mtDNA in the species investigated here.
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Table 5. Polymorphism statistics for silent sites in
D. albomicans and D. nasuta

D. albomicans D. nasuta

K K
D H (%) D H (%)

CG10944 —0-64 0-67 172 1-03 0-53 1-86
CG12056 1-09 0-21 394 1-45 0-00 434

CG2930 —1-19 023 705 —113 053 719
CG3699 —0-24 1-12 243 —0-61 1-87 222
sesB 0 0 116 —093 027 019
colr —15 —140 641 —093 0 7-01
ND5 —065 —9-52 1539 —1-03 —9:87 1612
X-linked —0-24 0-56 340 —004 064 336
mtDNA  —096 —1092 1124 —1-04 —9-87 1192
Silent divergence K (% per site) to D. pulaua is given.
0-18 1
0-16 - D. alb.nmicans
median: 5-2

0-14 95% CI: 1-9-13-9
0-12

0-1 4
0-08 A
0-06
0-04
0-02

0 T T T T 1

0 5 10 15 20 25

pl6

Fig. 4. Posterior distribution of p/6 (the population
recombination rate scaled by the population mutation
rate) for X-linked genes in D. albomicans, estimated using
the approximate Bayesian method described by Haddrill
et al. (2005). Priors were uniform and bounded by 0-0025
and 0-01 for 6 and 0-009 and 0-18 for p. An arbitrary
rejection criterion (&) was set to 0-1. The distribution is
based on 1000 acceptances. The median of the distribution
is 5-2, and the 95 % confidence interval is 1-9-13-9.

D. albomicans is of particular interest in this species
group, because of its unusual karyotype. Thus, I in-
cluded a large number of strains of D. albomicans (23
lines) and that of its close sister species D. nasuta (6
lines) in this analysis, to generate a first portrait of
population-level nucleotide variability in the genome
of these two species. Summary statistics, including
locus-specific values of Tajima’s D and Fay and Wu’s
H, and average silent divergence to D. pulaua are
given in Table 5. To estimate rates of recombination
in D. albomicans, 1 quantified levels of linkage dis-
equilibrium scaled by the population mutation rate
(p/0) for X-linked markers using an approximate
Bayesian method (Haddrill et al., 2005). The posterior
distribution for p/@ is shown in Fig. 4 and has a
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Table 6. Tests of the standard neutral model in
D. albomicans and D. nasuta for X-linked genes,
using D. pulaua as the outgroup
D Var(D) H Var(H)
D. albomicans
Observed —0-24 0-94 0-56 0-19
SNM —0-03 0-61 —0-03 1-99
(0-28) (0-20) (0-81) (0-95)
D. nasuta
Observed —0-04 1-42 0-64 0-52
SNM —0-01 0-73 —0-03 1-17
(0-48) (0-08) (0-91) (0-60)

Multilocus means and variances are given for the observed
and simulated data under the standard neutral model
(see Section 2 for details). Probabilities of Xgmulated <X
Kobserveds Where X is a given statistic, are given in
parentheses.

median value of 5:2 (with 95% confidence intervals
ranging from 2-2 to 11-8). This value of p/6 is similar
to that estimated from other Drosophila species
(Bachtrog & Andolfatto, unpublished; Thornton &
Andolfatto, 2006; Andolfatto & Przeworski, 2000)
and was used in all simulations to account for re-
combination on the X chromosome.

To detect non-equilibrium demography or selection
in D. albomicans and D. nasuta, 1 implemented
multilocus statistical tests of the standard neutral
model (SNM), following Haddrill et al. (2005). The
mean and variance of Tajima’s D and Fay and Wu’s
H do not statistically depart from the assumptions
of the SNM in either D. albomicans or D. nasuta
(Table 6). Tajima’s D is slightly negative in both
species, and Fay and Wu’s H is slightly positive
(Tables 5, 6). Note that only point estimates for p and
6 were used in our simulations; this makes the con-
clusion that both D. albomicans and D. nasuta fit the
SNM conservative.

(iii) Divergence time of D. nasuta and D. albomicans

As indicated by the phylogenetic analysis, D. albomi-
cans and D. nasuta are a very closely related species
pair. As incipient species begin to diverge from one
another, they originally share genetic variation that
was common to their ancestral species. Over time,
shared genetic variability between species is lost, and
fixed differences accumulate (Wakeley & Hey, 1997).
Fig. 5 presents the polymorphic sites partitioned into
variants that are shared between D. albomicans and D.
nasuta, fixed between species, or exclusive to one
species. Of the 58 variable sites from the X chromo-
some in this species comparison, only two are fixed
between species, but four are shared (Fig. 5). Similar,
of the 68 mtDNA variable sites, none are fixed
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D. albomicans- D. nasuta

X-linked
4 2
38
M fixed
O private D.alb
[ private D.nas
O shared

22

D. albomicans- D. nasuta
mtDNA

47

M fixed

O private D.alb
@ private D.nas
O shared

Fig. 5. Polymorphic sites shared between samples (white), fixed between samples (black), or exclusive to a sample
(dark and light grey) for X-linked and mtDNA markers in D. albomicans and D. nasuta.

divergence time (MYA)
15 2 2:5 3

------ CG10944
———-CG3699
—--—-CG2930
CG12056
sesB
———- mtDNA

— j0int

Ln (likelihood)

Fig. 6. Relative log-likelihoods of divergence time (in
million years) for X-linked and mtDNA markers, between
D. albomicans and D. nasuta. The dashed line indicates
two log-likelihood units. The arrow indicates the joint
maximum log-likelihood for all loci.

between species, and six are shared (Fig. 5). This
pattern is indicative of a very recent time of splitting
between this species pair. For species less closely re-
lated to D. albomicans, the number of shared poly-
morphisms decreases and the number of fixed
differences increases (Table 4).

To infer divergence times between D. albomicans
and D. nasuta at X-linked and mtDNA markers, 1
employed a summary-likelihood approach based on
the HKA framework, following Bachtrog et al.
(2006). The method estimates the most likely time of
the species split (in years) based on two summaries of
the data: the level of polymorphism within a species,
and the average pairwise divergence between species.
The most likely estimate of divergence time between
D. albomicans and D. nasuta is about 120000 years
(with 95% confidence intervals ranging from 15000
to 290 000 years; Fig. 6). Note that given uncertainties
in the underlying mutation and recombination rates
among loci, the true credibility intervals for the in-
ferred divergence time are likely larger (see Section 2).
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There is substantial variation in the most likely di-
vergence time estimate for individual loci (Fig. 6).
Heterogeneity in estimated speciation times across
loci could result from either uncertainty in the esti-
mates or some loci experiencing gene flow between
species after the species split. A likelihood ratio test
comparing the likelihood of six locus-specific specia-
tion times (five X-linked loci and the pooled mtDNA
loci) with the likelihood of the null model of one
speciation time for all loci reveals no significant het-
erogeneity among loci (—2A4(In Lik)=9-8, d.f.=5,
P=0-1). Thus, the data are compatible with a simple
isolation model of speciation, with little or no gene
flow following the separation of D. albomicans and
D. nasuta. Again, uncertainties in f, p and 6 that
are not accounted for in our simulations make this
conclusion conservative.

4. Discussion
(1) Radiation of the nasuta group

The Drosophila nasuta species group is interesting
from an evolutionary perspective, as multiple species
formed within a short time period. In fact, many of
the species pairs in this group are not yet reproduc-
tively isolated or show only partial reproductive iso-
lation (Kitagawa, 1991; Wilson et al., 1969). Here,
I combine phylogenetic and population genetic
approaches in order to reconstruct the evolutionary
history of the nasuta species complex. Different
loci in the nasuta complex do not appear to
support the same genealogical history (Figs. 2, 3).
This parallels patterns of differentiation seen in the
simulans, the pseudoobscura and the bipectinata com-
plex of Drosophila (Kliman et al., 2000; Machado
et al., 2002 ; Kopp & Barmina, 2005), and could result
from gene flow between species, or simply from
lineage sorting and persistence of ancient poly-
morphism that pre-date speciation (Felsenstein,
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1988). Distinguishing between these models is chal-
lenging, and requires data from many loci (Kliman
et al., 2000).

To obtain a very rough time estimate of the nasuta
species group radiation, we can utilize levels of
divergence among species. Average pairwise diver-
gence between D. pulaua and D. albomicans is about
3-4% for X-linked loci. Assuming a substitution rate
of synonymous sites of about 1-5% per million years
in Drosophila (Li, 1997), this suggests that the nasuta
species group radiated only about 1-1 million years
ago. Interestingly, the patterns of differentiation
among species are very similar for mtDNA and
nuclear loci. The numbers of shared and fixed differ-
ences between D. albomicans and its relatives are
similar for the mtDNA and nuclear DNA loci
(Table 4). Also, the phylogenies for these two types of
markers are similar, with most species showing a
similar resolution at nuclear markers and mtDNA
(Fig. 3). This is contrary to the observation of less
mtDNA divergence relative to nuclear divergence in
several other species complexes in the genus
Drosophila, including the simulans clade (Ballard,
2000; Ballard ez al., 2002), the pseudoobscura complex
(Machado et al., 2002; Powell, 1983), the yakuba
group (Bachtrog et al., 2006; Llopart et al., 2005) and
the bipectinata complex (Kopp & Barmina, 2005).

Given the relatively short time span since this
species group started to differentiate, it is perhaps
not surprising that previous studies had difficulties in
resolving the underlying species phylogeny, and often
came to different conclusions (see Yu et al., 1999, for a
discussion on different phylogenetic trees obtained by
different studies). Morphological studies placed the
taxa of the D. nasuta subgroup into three categories,
based on the patterns of the male frons (Wilson
et al., 1969). The first group includes D. albomicans,
D. nasuta, D. kepulauana and D. kohkoa, which are
characterized by a continuous silvery patch over the
entire frons. The species in the second category,
D. pulaua and the D. sulfurigaster subspecies, have
pronounced whitish bands along the frontal orbits of
the males. Species of the third category (none of
which was investigated here) completely lack white
frontal markings.

D. albomicans, D. nasuta and D. kepulauana were
found to cluster together in the nuclear tree, as did
D. pulaua and the D. sulfurigaster subspecies (Fig. 3);
the position of D. kohkoa could not be resolved on the
phylogenetic tree. Thus, the molecular phylogeny
based on nuclear markers largely supports the classi-
fication based on morphological characters.

Studies on hybrid sterility (Kitagawa, 1991) and
courtship song differences among species (Shao et al.,
1997) found that D. nasuta and D. albomicans
are sister species, and D. kepulauana forms the out-
group to this species pair. Likewise, D. s. bilimbata
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and D. s. sulfurigaster were identified as sister species,
with D. s. albostrigata being more distantly related
to this species pair. While studies based on hybrid
sterility identified D. s. albostrigata as the sister taxa
to D. s. bilimbata and D. s. sulfurigaster (Kitagawa,
1991; in accordance with our nuclear phylogeny),
it was placed inside the D.albomicans, D. nasuta and
D. kepulauana clade based on courtship song differ-
ences (Shao et al., 1997).

A previous study, based on mtDNA, found that a
D. albomicans strain from Thailand formed (together
with D. nasuta and D. s. albostrigata) a separate
cluster from three D. albomicans strains from China
(Yu et al., 1999). This grouping, however, is not sup-
ported here based on more data and more strains. In
particular, while D. albomicans was found to be
paraphyletic based on both the nuclear and mtDNA
markers, D. s. albostrigata clearly groups outside the
D. albomicans/D. nasuta clade. However, while the
nuclear phylogeny suggests that D. kepulauna forms
the outgroup to the D. nasuta and D. albomicans
clade, the mtDNA tree places D. s. albostrigata as
the closest outgroup to this species pair. This could
indicate introgression of mtDNA across species
boundaries, as observed in other Drosophila taxa
(Bachtrog et al., 2006; Ballard, 2000; Powell, 1983).

A more detailed population genetics analysis of the
D. albomicans—D. nasuta species pair suggests that
there is no significant heterogeneity in estimated
speciation times among loci. Thus, patterns of poly-
morphism and divergence for this species pair are
compatible with a simple isolation model with no gene
flow and an estimated species split time of only about
120 000 years ago. D. albomicans is endemic in South-
East Asia from Japan, through Taiwan, Indochina
and Malaysia to north-eastern India (Wilson et al.,
1969). D. nasuta is known from the eastern coast of
tropical Africa, through Madagascar and the
Seychelles to Sri Lanka and most of the Indian sub-
continent. Whether the two species come into contact
in the north-east of India is not known. Mate-choice
experiments between D. albomicans and D. nasuta
found no sexual isolation between the two species
(Kitagawa et al., 1982), but F, hybrid breakdown was
found in laboratory studies (Chang er al., 1989).
Thus, while there might be potential for current or
ancestral gene flow between D. albomicans and
D. nasuta in nature, we find no evidence for it based
on DNA sequence data. This conclusion, however, is
based on relatively few loci, and sampling from many
loci may be necessary to find locus-specific differences
in levels of gene flow (Kliman et al., 2000). If there
was gene flow at some loci, the inferred divergence
time would underestimate the true species split
time (Osada & Wu, 2005). Therefore, the obtained
estimate should probably be viewed as the minimum
species split time between D. albomicans and
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D. nasuta. Considering only loci with the deepest es-
timated divergence times (Fig. 6) suggests that this
species pair is probably not older than 0-5 million
years.

(i1) Population genetics of D. albomicans and
D. nasuta.

Levels of silent variability in D. albomicans (1:6%)
and D. nasuta (1-0%) are comparable to those of
other Drosophila species, suggesting similar effective
population sizes. The genetic model species D. mela-
nogaster seems to harbour slightly more genetic
variability (about 2:7% synonymous diversity for
X-linked loci; Andolfatto, 2005), while D. miranda
is slightly less variable (0-41 % synonymous diversity
at X and neo-X linked genes; Bachtrog & Andolfatto,
unpublished). Thus, the effective population sizes
of D. albomicans and D. nasuta are probably in the
millions. Large population sizes for these species
are consistent with their wide distribution through
South-East Asia.

Multilocus patterns of nucleotide variability reveal
that two summaries of the frequency spectrum of
mutations (Tajima’s D and Fay and Wu’s H) are
compatible with the SNM. This fit of the allele
frequency spectrum to the SNM suggests that both
species are close to a demographic equilibrium, and is
probably not simply due to a lack of power to detect
such departures in a small number of loci. Similar
studies of other Drosophila species that used compar-
able numbers of loci and individuals often did detect
departures of the allele frequency spectrum. For ex-
ample, Bachtrog et al. (2006) found a significant skew
in the frequency spectrum towards rare alleles in all
three species of the yakuba group using only six
X-linked loci. Likewise, Kopp & Barmina (2005) de-
tected a significant excess of rare alleles, based on six
nuclear loci in several species of the bipectinata species
group. Similar departures from the neutral model to-
wards an excess of rare alleles have also been detected
in the pseudoobscura (Machado et al., 2002) or the
simulans (Kliman et al., 2000) species complex, and
have been interpreted as possible signatures of recent
population expansion. Demographic departures from
the SNM complicate inferences of selection using
nucleotide variability data (i.e. Haddrill ez al., 2005).
The lack of an obvious departure from the SNM in
D. albomicans greatly increases its utility for studying
selection-driven models of sex chromosome evolution
(Charlesworth & Charlesworth, 2000).

(iii) Prospects for studying Y chromosome
degeneration

One of the species in the nasuta group, D. albomicans,
is of particular interest due to a chromosomal fusion
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between an autosome and the sex chromosomes, cre-
ating a so-called neo-sex chromosome pair. As a re-
sult of such a fusion, one member of the pair of
autosomes (the neo-Y) is inherited from father to son
in association with the true Y chromosome. Its part-
ner (the neo-X) is fused to the true X. In Drosophila,
the absence of crossing over in males ensures that
such a neo-Y chromosome is genetically isolated
from its partner and sheltered from recombination
(Lucchesi, 1978). Evolutionary theory predicts that a
lack of recombination triggers the loss of gene func-
tion on such a neo-Y (Charlesworth & Charlesworth,
2000). Consistent with this prediction, neo-Y chro-
mosome systems in the genus Drosophila have
been found to be degenerating, and have provided
important model systems to study the process
of Y-chromosome degeneration (Bachtrog, 2005;
Carvalho & Clark, 2005).

Of particular interest has been the neo-Y chromo-
some of D. miranda, which was formed about 1
million years ago (Bachtrog & Charlesworth, 2002).
About one-third of all genes on this chromosome
already harbour null alleles (Bachtrog, 2005), and
large parts of its former homologue, the neo-X, are
already dosage compensated in males (Bone &
Kuroda, 1996; Marin et al., 1996). Even older neo-Y
chromosomes, such as the neo-Y of D. pseudoobscura
or D. willistoni, are almost entirely degenerated
(Carvalho & Clark, 2005), and the neo-X is com-
pletely dosage compensated (Abraham & Lucchesi,
1974 ; Bone & Kuroda, 1996; Marin et al., 1996). It is
of great interest to examine a very young neo-Y
chromosome, where there has as yet been little op-
portunity for degeneration. A lack of degeneration
implies that purifying selection against deleterious
mutations is not relaxed on such a neo-Y chromo-
somes. In addition, studying a more recently formed
neo-Y chromosome will also allow us to put a
chronological order on the processes of Y chromo-
some degeneration, and to calibrate the speed from
the transition of an ordinary autosome to a de-
generate Y. Moreover, different processes of Y
chromosome degeneration may be acting at different
stages in the evolution of a Y chromosome, and it is
necessary to study systems of varying ages to obtain
a full picture of the process of sex chromosome
evolution.

One such young neo-Y system to study the initial
stages of Y chromosome degeneration might be that
of D. albomicans. This neo-Y chromosome must be
younger than the time of speciation between D. albo-
micans and D. nasuta (which lacks this fusion) and
might be <100000 years old. The small numbers of
fixed differences observed at X-linked loci between
D. nasuta and D. albomicans may mean that large
genomic regions from the neo-sex chromosomes need
to be studied to detect differences in rates of sequence
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evolution between the neo-X and neo-Y chromo-
somes. However, only X-linked and mtDNA markers
were surveyed here, and it is possible that the neo-sex
chromosome system is older than the inferred species
divergence if gene flow at X-linked markers and
mtDNA continued for some time after the for-
mation of the neo-sex chromosomes. Thus, molecular
data from the neo-sex chromosomes are needed to
further assess the utility of this system for studying
sex chromosome evolution. The young age of
D. albomicans, its large population size and lack of
drastic departures from equilibrium assumptions
suggest that its neo-sex chromosome system might
provide an ideal model to study the very early stages
of Y chromosome degeneration.
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