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Abstract

Reconstruction of phylogenetic relationships among recently diverged species is complicated by three general problems: segregation of
polymorphisms that pre-date species divergence, gene Xow during and after speciation, and intra-locus recombination. In light of these
diYculties, the Y chromosome oVers several important advantages over other genomic regions as a source of phylogenetic information.
These advantages include the absence of recombination, rapid coalescence, and reduced opportunity for interspeciWc introgression due to
hybrid male sterility. In this report, we test the phylogenetic utility of Y-chromosomal sequences in two groups of closely related and par-
tially inter-fertile Drosophila species. In the D. bipectinata species complex, Y-chromosomal loci unambiguously recover the phylogeny
most consistent with previous multi-locus analysis and with reproductive relationships, and show no evidence of either post-speciation
gene Xow or persisting ancestral polymorphisms. In the D. simulans species complex, the situation is complicated by the duplication of at
least one Y-linked gene region, followed by intrachromosomal recombination between the duplicate genes that scrambles their genealogy.
We suggest that Y-chromosomal sequences are a useful tool for resolving phylogenetic relationships among recently diverged species,
especially in male-heterogametic organisms that conform to Haldane’s rule. However, duplication of Y-linked genes may not be uncom-
mon, and special care should be taken to distinguish between orthologous and paralogous sequences.
  2005 Elsevier Inc. All rights reserved. 
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1. Introduction

Reconstruction of phylogenetic relationships among
recently diverged species is complicated by three biological
problems: segregation of polymorphisms that pre-date spe-
cies divergence, gene Xow during and after speciation, and
intralocus recombination. Under neutral coalescence in
complete isolation, sequence variation that was present in
the common ancestor of two species is lost in each of the
descendant species at a rate that on average is proportional
to its eVective population size (Hudson, 1990). However,
coalescence is a stochastic process, and there is wide varia-
tion in coalescence times of individual loci around the
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expected value: some loci may coalesce much faster, and
some much slower, than average (Hudson and Turelli,
2003). When the time since speciation is short relative to the
eVective population size, gene trees reconstructed from
individual loci are unlikely to be an accurate reXection of
species phylogeny (Nichols, 2001). In fact, diVerent loci are
expected to have diVerent genealogies, and there is no single
dichotomous tree that applies to the entire genome. Recon-
struction of species phylogeny is further complicated by the
possibility of post-speciation gene Xow. Reproductive isola-
tion between nascent species is not achieved instanta-
neously, and the species may continue to hybridize at low
frequency for a considerable time. As a result of this
hybridization, genomic regions that are not linked to genes
responsible for reproductive isolation or species-speciWc
ecological adaptations may be introgressed across species
boundaries, producing genealogies that are in conXict with
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the population history (Ting et al., 2000; Wu, 2001).
Finally, at short evolutionary distances, the eVects of intra-
locus recombination cannot be ignored. Phylogenetic
reconstruction assumes that all nucleotides within a locus
share a unique, strictly bifurcating history. This assumption
is violated in many nuclear genes sampled from closely
related species, so that the “tree” reconstructed from each
locus is not a real gene tree, but rather a superposition of
multiple genealogies.

In light of these diYculties, Y-chromosomal sequences
oVer an excellent source of information for resolving phylo-
genetic relationships among recently diverged species. First,
there should be no recombination on the Y chromosome.
Thus, Y-chromosomal phylogenies can be regarded as true
gene trees, and the data from multiple Y-linked loci can be
pooled for combined analyses. Second, neutral coalescence
times for the Y chromosome are on average four times
shorter than for autosomal genes, and three times shorter
than for X-linked loci (0.5Ne vs. 2Ne and 1.5Ne, respec-
tively). Finally, Y-chromosomal sequences should be less
susceptible to post-speciation gene Xow than most other
markers. Due to Haldane’s rule, hybrid male sterility is
often the Wrst isolating mechanism to evolve during species
divergence in male-heterogametic organisms, and may pre-
cede the evolution of hybrid female sterility or inviability
by a long interval (Coyne, 1994; Haldane, 1922; Orr and
Turelli, 1996; Turelli, 1998; Turelli and Orr, 2000). There-
fore, gene Xow across nascent species boundaries should
cease much earlier for the paternally inherited Y chromo-
some than for the bi-parentally inherited autosomal and
X-linked loci, or for the maternally inherited mitochondrial
DNA (mtDNA). In this respect, the Y chromosome should
be similar to genes that are directly responsible for the evo-
lution of reproductive isolation (Ting et al., 2000).

The contrast between mtDNA and the Y chromosome is
particularly striking. Although the two are similar in the
short coalescence time (0.5Ne) and the absence of recombi-
nation, Haldane’s rule predicts that mtDNA should be far
more susceptible to interspeciWc introgression than nuclear
markers in male-heterogametic organisms. Indeed, there is
mounting evidence that exchange of mtDNA across species
is common in a variety of taxa (Ballard, 2000b; Boissinot
and Boursot, 1997; Crochet et al., 2003; Ferris et al., 1983;
Kopp and Barmina, 2005; Machado et al., 2002; Martin
et al., 2002; Mukai et al., 1997; Ruedi et al., 1997; Shaw,
2002; Sota, 2002). This makes mtDNA unsuitable for
reconstructing phylogenetic relationships among closely
related species.

The Y chromosome has received some attention as a
phylogeographic marker (Boissinot and Boursot, 1997;
Karn et al., 2002; Jobling and Tyler-Smith, 2003; Underhill
et al., 2001; Underhill et al., 2000) and as a source of infor-
mation about animal mating systems (Stone et al., 2002;
Tosi et al., 2000; Verkaar et al., 2004). However, it has not
been used explicitly for the purposes of phylogenetic recon-
struction. The combination of rapid coalescence, early ces-
sation of gene Xow, and the absence of recombination
suggest that the genealogy of Y-chromosomal sequences
should reXect species phylogeny more accurately than ran-
domly chosen nuclear markers or mtDNA. In this report,
we test this hypothesis in two groups of recently diverged
species—the Drosophila simulans and D. bipectinata species
complexes. The three members of the simulans complex—
D. simulans, D. mauritiana, and D. sechellia—are thought
to have separated 263,000–413,000 years ago (Kliman et al.,
2000). All three species can be hybridized in the lab, and
produce fertile female and sterile male hybrids. They have
been used extensively to study the genetic basis of repro-
ductive isolation (Coyne, 1996; Fang et al., 2002; Greenberg
et al., 2003; Hollocher and Wu, 1996; Macdonald and
Goldstein, 1999; Takahashi et al., 2001; Tao et al., 2003a,b;
Ting et al., 1998; True et al., 1996) and the population
genetics of the origin and divergence of species (Ballard,
2000a; Kliman et al., 2000; Noor and Kliman, 2003). How-
ever, phylogenetic relationships among these species are not
entirely clear, and all three possible species-level phyloge-
nies have been proposed at some point (Caccone et al.,
1996; Cariou, 1987; Harr et al., 1998; Hey and Kliman,
1993; Kliman et al., 2000; Ting et al., 2000). All three con-
founding factors (lineage sorting, gene Xow, and intralocus
recombination) combine to obscure interspeciWc relation-
ships when autosomal and X-chromosomal sequences are
considered (Kliman et al., 2000), while mtDNA shows
strong evidence of interspeciWc introgression (Ballard,
2000a; Ballard, 2000b; Solignac, 2004). As a result,
sequences isolated from diVerent species are often related
more closely than conspeciWc alleles, providing little sup-
port either for the monophyly of individual species, or for
any two-species clades (Eanes et al., 1996; Hey and Kliman,
1993; Kliman et al., 2000; Noor and Kliman, 2003).

The D. bipectinata species complex is a group of four
predominantly sympatric species: D. bipectinata, D. parabi-
pectinata, D. malerkotliana, and D. pseudoananassae (Bock,
1971; Bock, 1978; Kopp and Barmina, 2005; Singh and
Singh, 2001). Two allopatric subspecies, deWned on the
basis of male-speciWc pigmentation, are recognized within
each of the latter two species: D. m. malerkotliana and
D. m. pallens, and D. p. pseudoananassae and D. p. nigrens,
respectively (Bock, 1971). Based on the patterns of repro-
ductive isolation, D. bipectinata also appears to consist of
at least two subspecies: D. b. bipectinata, which occurs on
the Indian subcontinent and in Southeast and Northeast
Asia, and D. b. paciWcae, which is found in the South PaciWc
region from New Caledonia to American Samoa (Kopp
and Frank, 2005; Matsuda et al., 2005). A zone of second-
ary hybridization between these subspecies may exist in
New Guinea and Australia (Kopp and Frank, 2005).
D. bipectinata, D. parabipectinata, and D. malerkotliana
appear to have diverged even more recently than the simu-
lans species complex, and the genetic diVerentiation among
these species at autosomal and X-linked loci is extremely
low (Kopp and Barmina, 2005). Species of the bipectinata
complex hybridize readily in the laboratory, producing fer-
tile female and sterile male hybrids. Not surprisingly,
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phylogenetic relationships in the bipectinata complex have
proven diYcult to resolve. A combined analysis of six
nuclear genes supports a sister-group relationship between
D. bipectinata and D. parabipectinata. However, in the anal-
ysis of individual loci, sequences sampled from the same
species rarely cluster together, and there is little or no sup-
port for any supra-speciWc clades (Kopp and Barmina,
2005). At the same time, mtDNA shows clear evidence of
introgression across species boundaries, so that many mito-
chondrial haplotypes are shared among D. bipectinata,
D. parabipectinata, and D. malerkotliana. The subspecies of
D. malerkotliana and D. bipectinata show no evidence of
genetic diVerentiation at nuclear loci, although the Asian
and PaciWc subspecies of D. bipectinata are well diVerenti-
ated at the level of mtDNA, presumably reXecting pro-
longed geographic isolation (Kopp and Barmina, 2005;
Kopp and Frank, 2005).

We have analyzed interspeciWc divergence of several
Y-chromosomal loci in the D. bipectinata and D. simulans
species complexes. In the bipectinata complex, the resulting
phylogeny strongly supports the monophyly of each spe-
cies, as well as a sister-group relationship between
D. bipectinata and D. parabipectinata. This result is consis-
tent with the phylogeny based on a much larger multi-locus
data set (Kopp and Barmina, 2005), suggesting that
Y-chromosomal sequences do in fact reXect species phylog-
eny. In the simulans complex, however, the situation is com-
plicated by the duplication of at least one gene region.
Intrachromosomal conversion between duplicate genes
introduces many “recombination” events into their
sequences, so that diVerent sites have diVerent genealogies,
and the phylogeny of the gene as a whole is impossible to
determine. We suggest that Y-chromosomal sequences are
a useful tool for resolving phylogenetic relationships
among recently diverged, partially interfertile species, espe-
cially in male-heterogametic organisms that conform to
Haldane’s rule. However, duplication of Y-linked genes
may not be uncommon, and special care should be taken to
distinguish between orthologous and paralogous sequences.

2. Materials and methods

2.1. Gene fragments

Three fragments of the Y chromosome were sequenced
for the simulans species complex:
kl2-Left. A 400 base pair (bp) fragment of the kl-2 gene
(Carvalho et al., 2000) corresponding to positions 4433–
4833 of the partial coding sequence of kl-2 in D. melano-
gaster (Accession No. AF313479).
kl2-Right. A 777 bp fragment of kl-2 corresponding to
bases 10,049–10,697 of AF313479. This fragment
includes two small introns: a 62 bp intron at position
10416 of AF313479 (positions 379–440 of the multi-spe-
cies alignment) and a 51 bp intron at position 10522 of
AF313479 (positions 549–599 of the alignment). The
multi-species alignment is longer than the D. melanogas-
ter sequence due to several insertions in D. sechellia and
D. mauritiana.
ory. A 672 bp fragment of the ory gene (Carvalho et al.,
2001) corresponding to positions 1009-1389 of the par-
tial coding sequence of ory in D. melanogaster (Acces-
sion No. AF427496). This fragment includes a 292 bp
intron at position 1093 of AF427496 (positions 84–375
of the alignment).

The three gene regions, including the two parts of kl-2,
are separated by large stretches of heterochromatin whose
exact sizes are unknown (Carvalho et al., 2000; Carvalho
et al., 2001; Hoskins et al., 2002).

Two fragments were sequenced for the bipectinata
complex:

kl2-Left. A 553 bp fragment of kl-2 corresponding to
positions 4440–4992 of the partial coding sequence of kl-
2 of D. melanogaster (AF313479).
kl2-Right. A 502 bp fragment of kl-2 corresponding to
positions 9554–10056 of AF313479.

AmpliWcation primers and GenBank accession numbers
for representative sequences of each species are listed in
Table 1. Complete sequence alignments in Nexus format
are available as supplementary information on the authors’
website.

2.2. Drosophila strains

Seven strains of D. simulans, four strains of D. mauriti-
ana, four of D. sechellia, and two of D. melanogaster were
sequenced for the simulans species complex. Six strains of
D. bipectinata, four strains of D. parabipectinata, Wve of
D. malerkotliana, and four of D. pseudoananassae were used
Table 1
AmpliWcation primers and sequence accession numbers

Left primer Right primer Accession Nos.

simulans complex
kl2-Left CTGTAAGGATACGGGCCATTT AACATAAGCTCCAACGCCTTT DQ239728–731
kl2-Right AAGAATACAAACCAGCATCGGAACG GAACTGGCGGATCAACATATCGAG DQ239721–727
ory TCCGTGCACTCTGAGAAAATGA TCGTACCATTTGCAATCCGAC DQ239717–720

bipectinata complex
kl2-Left AATACTTTTCGGGCCAAATTGC GCATCGAGAGTCGGAACTTTGT DQ239703–709
kl2-Right CACAAGGAAGTCGTTGGCCTTT TAAAATTGCTGCGCGTTCAGAG DQ239710–716
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in the analysis of the bipectinata complex, with D. ananas-
sae sequences used as outgroups. An additional 53 strains
of D. malerkotliana, D. bipectinata, and D. parabipectinata
were sequenced only for the kl2-Right locus to assess the
amounts of intraspeciWc variation. The strains were chosen
to represent the entire geographic range of each species
(except for the island endemics D. sechellia and D. mauriti-
ana). The names, collection locations, and Y-chromosomal
haplotypes of all strains are listed in Table 2 and in Supple-
ment Table 1.

2.3. DNA sequencing and analysis

Genomic DNA was isolated from a single male of each
strain. AmpliWed gene fragments were sequenced directly
using the forward and reverse ampliWcation primers. ABI
trace chromatograms were aligned and examined using
Contig Express software (Invitrogen). We found that the
kl2-Right locus in the simulans species complex contained
numerous polymorphic nucleotide substitutions and indels,
suggesting that the locus was duplicated. We therefore cloned
the kl2-Right fragments from D. simulans, D. mauritiana, and
D. sechellia, and sequenced 7–10 independently isolated
clones for each species and strain. The sequences of cloned
and directly sequenced fragments from each species were
aligned and compared to identify and separate duplicate
genes. In each species, all clones fell into two clearly distinct
clusters, presumably corresponding to two duplicate loci.
Most clones within each cluster were identical, with the
exception of two sites in D. simulans that had diVerent nucle-
otides in diVerent strains, but were always monomorphic in
each strain. We also noticed a small number of singleton
polymorphisms within strains, which we assumed to be
caused by PCR errors. We also observed two recombinant
clones that combined regions from diVerent sequence clus-
ters. Given the low frequency of such clones (2 out of more
than 50), we assumed them to reXect in vitro (PCR-mediated)
recombination events, and eliminated them from analysis.
Table 2
Drosophila strains and collection locations

a Obtained from Tucson Drosophila Species Stock Center, collector unknown.
b Obtained from C. Jones, collector unknown.

Species/subspecies Strain Collection location Date Collector or donor

simulans complex
simulans C167 Nanyuki, Kenya ? A. V. Olembo
simulans C22 Congo ? W. Ballard
simulans TT101TS Papeete, Tahiti ? K. Kaneshiro
simulans Wolfskill 2 Winters, CA, US 1995 D. Begun
simulans Florida Florida, US ? TDSSCa

simulans SZ7 Harare, Zimbabwe 1994 T. Mutangadura
simulans NC48 Noumea, New Caledonia 1999 M. Solignac
mauritiana 6 Mauritius ? C. Jonesb

mauritiana 72 Mauritius ? C. Jonesb

mauritiana 197 Mauritius ? C. Jonesb

mauritiana 207 Mauritius ? C. Jonesb

sechellia 4 Seychelles ? C. Jonesb

sechellia 15 Seychelles ? C. Jonesb

sechellia 77 Praslin Island, Seychelles 1987 C. Jonesb

sechellia 81 Cousin Island, Seychelles 1985 C. Jonesb

melanogaster Wi89 Winters, CA, US 1999 S. Nuzhdin
melanogaster Mw5 Malawi ? W. Ballard

bipectinata complex
b. bipectinata TH01 Hsinchu, Taiwan 2004 C.-S. Ng
b. bipectinata TH02 Hsinchu, Taiwan 2004 C.-S. Ng
b. bipectinata KB382 Kuala Belalong, Temburong, Brunei 2003 A. Kopp & O. Barmina
b. bipectinata KB446 Kuala Belalong, Temburong, Brunei 2003 A. Kopp & O. Barmina
b. paciWcae TBU83 Tongatapu, Tonga 1981 M. Watada
b. paciWcae PPG96 Pago-Pago, Amer. Samoa 1981 M. Watada
parabipectinata 401.2 Tagaytay, Philippines 1968 L. Throckmorton
parabipectinata 401.0 Ari Ksatr, Cambodia 1967 M. DelWnado
parabipectinata Yun6 Yunnan, China 2002 S.-C. Tsaur
parabipectinata BSB1 Bandar Seri Begawan, Brunei 2003 A. Kopp & O. Barmina
m. malerkotliana 391.0 Mysore, Karnataka, India 1971 N. B. Krishnamurthy
m. malerkotliana 391.1 Samut Songkhram, Thailand 1971 V. Baimai
m. malerkotliana YA31 Yaounde, Cameroon 2004 J. Pool
m. pallens KB130 Kuala Belalong, Temburong, Brunei 2003 A. Kopp & O. Barmina
m. pallens R242 Puerto Princesa, Palawan, Philippines 1979 Y. Fuyama
p. pseudoananassae Lae344 Lae, Papua New Guinea 1981 Y. Fuyama
p. pseudoananassae Wau73 Wau, Papua New Guinea 1981 Y. Fuyama
p. nigrens 411.0 Samut Songkhram, Thailand 1971 V. Baimai
p. nigrens 421.0 Chiang Mai, Thailand 1971 TDSSCa
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Multi-species sequence alignments were examined by eye
in MacClade (Maddison and Maddison, 2001) to identify
polymorphic sites and record their allelic states in each spe-
cies and strain. For the simulans species complex, phyloge-
netic reconstruction was performed in PAUP (SwoVord,
2000) using maximum parsimony with random order of
sequence addition and TBR branch swapping. The haplo-
type network for the bipectinata complex was reconstructed
manually. The four-gamete test (Hudson and Kaplan,
1985) was performed in SITES (Hey and Wakeley, 1997),
and the results were conWrmed by eye.

3. Results

3.1. Y-chromosomal sequences resolve species relationships 
in the bipectinata complex

We obtained a total of 1055 bp of sequence from two
Y-chromosomal gene regions, kl2-Left and kl2-Right, from
19 strains belonging to all four species and seven subspecies
of the bipectinata complex. This data set contained 57 vari-
able sites, including 53 silent sites and 4 changes resulting in
amino acid substitutions (Fig. 1). Forty-Wve variable sites
were phylogenetically informative, that is, had rare charac-
ter states that were shared by at least two taxa. No recombi-
nation was detected either within or between the two gene
regions. All informative sites were consistent with a single
haplotype network, which is shown in Fig. 2. We used
sequences from D. ananassae, a relative of the bipectinata
complex, to root this network and determine the direction
of character changes (Figs. 1 and 2). A total of seven haplo-
types were observed. Six of these each corresponded exactly
to a single species or subspecies: D. b. bipectinata, D. b. pac-
iWcae, D. parabipectinata, D. p. pseudoananassae, and
D. p. nigrens (Fig. 2). Two distinct haplotypes, separated by
three nucleotide substitutions, were found in D. malerkotli-
ana. These haplotypes did not correspond to the two allo-
patric subspecies deWned on the basis of male pigmentation
(Bock, 1971; Kopp and Barmina, 2005). Instead, haplotype
B was found in D. m. pallens and in the strain of D. m.
malerkotliana from Thailand, while haplotype A was found
in D. m. malerkotliana stains from India and West Africa
(Figs. 1, 2, and Supplementary data).

The genealogy of Y-chromosomal sequences (Fig. 2) is
consistent with the species phylogeny based on a much larger
(>6.5kb) data set consisting of six autosomal and X-linked
loci (Kopp and Barmina, 2005). Namely, D. bipectinata and
D. parabipectinata are the two most closely related species,
followed by D. malerkotliana, while D. pseudoananassae
forms a relatively distant outgroup (Fig. 2). Templeton test
(Larson, 1994; Templeton, 1983) shows that the node sepa-
rating D. malerkotliana from the (D. bipectinata + D. parabi-
pectinata) lineage is signiWcantly supported (PD0.025). In
contrast, in the analysis of individual autosomal and
X-linked loci, alleles from the same species rarely form
monophyletic clades. In particular, the monophyly of
D. malerkotliana is not supported by any of the six loci, and
alleles from D. bipectinata, D. parabipectinata, and D. male-
rkotliana are frequently intermingled. Phylogenetic analysis is
further complicated by recombination, which is prevalent at
most loci (Kopp and Barmina, 2005). In contrast, all species,
including D. malerkotliana, are completely diVerentiated

Fig. 2. Y-chromosomal haplotype network for the bipectinata species
complex. See Fig. 1 for haplotype deWnitions. The numbers next to each
branch indicate the number of nucleotide substitutions. The exact alloca-
tion of substitutions along the branches linking D. pseudoananassae with
the other three species, or the complex as a whole with D. ananassae, could
not be determined due to multiple substitutions at some sites. The mini-
mum and maximum number of substitutions is given instead.
Fig. 1. Variable nucleotide positions in the bipectinata species complex. Derived character states (inferred from a comparison with D. ananassae) are
shaded. Replacement substitutions are indicated by asterisks.
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from each other at both Y-chromosomal loci (Figs. 1 and 2),
and the sister-group relationship between D. bipectinata and
D. parabipectinata is supported unambiguously (Fig. 2). The
interspeciWc divergence of Y-chromosomal sequences is very
low (»0.3% between D. bipectinata and D. parabipectinata,
and 1.0–1.1% between these species and D. malerkotliana;
Table 3), consistent with their recent radiation. In fact, inter-
speciWc divergence of Y-chromosomal sequences is consider-
ably lower than the average distances between autosomal
and X-chromosomal alleles within species, supporting the
view that most genetic variation segregating in D. bipectinata,
D. parabipectinata, and D. malerkotliana predates the origin
of these species (Kopp and Barmina, 2005).

To conWrm that exact correspondence between species and
Y-chromosomal haplotypes is not an artifact of limited sam-
pling, we sequenced kl2-Right from an additional 53 lines of
D. bipectinata, D. parabipectinata, and D. malerkotliana col-
lected throughout the geographic range of each species. No
new haplotypes were discovered, and each haplotype was
strictly conWned to a single species or subspecies (Supplement
Table 1). These results indicate that few, if any, ancestral poly-
morphisms are segregating within species, and there is no
gene Xow across species boundaries at Y-chromosomal loci.

3.2. Duplication and intrachromosomal recombination of 
Y-chromosomal sequences in the simulans species complex

It is a well-known observation that randomly chosen
autosomal and X-chromosomal sequences do not resolve
phylogenetic relationships among D. simulans, D. mauriti-
ana, and D. sechellia (Eanes et al., 1996; Kliman et al., 2000;
Kliman and Hey, 1993; Noor and Kliman, 2003). To sum-
marize the information available to date, we performed a
phylogenetic analysis of 16 previously published data sets
(Kliman et al., 2000; Kulathinal et al., 2003; Ting et al.,
2000). The results are shown in Supplement Table 2. As
noted before, most loci support monophyly for D. sechellia
and D. mauritiana, but not for D. simulans. Typically,
D. simulans appears to be paraphyletic with respect to D.
mauritiana, D. sechellia, or both. This is consistent with the
scenario of a widespread ancestral “proto-simulans” popu-
lation giving rise to the two island endemics (Kliman et al.,
2000). What interests us, however, is the order of speciation
events. Most autosomal and X-chromosomal loci provide
little support for any of the possible two-species clades,
although evidence appears to be the strongest in favor of
the (D. simulans + D. mauritiana) clade, with D. sechellia as
the outgroup (Supplement Table 2).

Y-chromosomal sequences also fail to resolve species
relationships, but for a very peculiar reason. At least one
gene region (kl2-Right) is duplicated in D. simulans,
D. mauritiana, and D. sechellia. Phylogenetic analysis shows
that gene duplication predates the radiation of the simulans
species complex (Fig. 3). Neither duplicate can be ampliWed
from females, indicating that both remain Y-linked. One of
the gene copies is quite conserved relative to D. melanogas-
ter, while the other copy is highly diverged both from the
melanogaster sequence and from the conserved duplicate
Table 3
Divergence between Y-chromosomal haplotypes

(A) bipectinata species complex, both gene regions combined. (B) kl2-Right, including both paralogs, in the simulans species complex. (C) simulans species
complex, all three gene regions combined, excluding the diverged paralog of kl2-Right (“Dup”). For each pair of taxa, absolute genetic distance (in per-
cent) is shown above the diagonal, and the total number of nucleotide diVerences below the diagonal.

Species/subspecies bipectinata A bipectinata P parabipectinata malerkotliana A malerkotliana B p. pseudoananassae p. nigrens

(A)

bipectinata (Asian) — 0.379 0.284 1.137 1.043 4.265 4.265
bipectinata (PaciWc) 4 — 0.284 1.137 1.043 4.265 4.265
parabipectinata 3 3 — 1.043 0.948 4.171 4.171
malerkotliana A 12 12 11 — 0.284 4.455 4.455
malerkotliana B 11 11 10 3 — 4.360 4.360
p. pseudoananassae 45 45 44 47 46 — 0.379
p. nigrens 45 45 44 47 46 4 —

Species/gene simulans mauritiana sechellia simulans-Dup mauritiana-Dup sechellia-Dup melanogaster

(B)
simulans — 0.783 0.653 3.417 3.804 5.587 3.655
mauritiana 6 — 0.653 3.417 3.668 5.587 3.394
sechellia 5 5 — 3.285 3.668 4.888 3.264
simulans-Dup 26 26 25 — 4.348 5.866 5.782
mauritiana-Dup 28 27 27 32 — 6.657 6.793
sechellia-Dup 40 40 35 42 46 — 7.402
melanogaster 28 26 25 44 50 53 —

Species simulans mauritiana sechellia melanogaster

(C)
simulans — 0.547 0.656 4.654
mauritiana 10 — 0.656 4.432
sechellia 12 12 — 4.654
melanogaster 84 80 84 —



A. Kopp et al. / Molecular Phylogenetics and Evolution 38 (2006) 731–741 737
(Table 3). The more conserved duplicates have uninter-
rupted open reading frames in all three species. The more
diverged duplicates may be functional in D. simulans and
D. sechellia, but contain multiple stop codons in D. mauriti-
ana (see Supplementary Data).

Fig. 3. Phylogenetic relationships among duplicated kl2-Right sequences
in the simulans species complex. The “tree” was reconstructed by maxi-
mum parsimony. Bootstrap support values above 50% are given at the
appropriate nodes. This is not a true gene tree, since the two paralogs have
undergone multiple recombination events.
Each of the duplicate kl2-Right gene regions is monomor-
phic within each species, with the exception of the more con-
served copy in D. simulans, which contains two variable sites.
All simulans complex sequences cluster together with strong
support (Fig. 3). Within this group, the diverged duplicates
from D. simulans, D. sechellia, and D. mauritiana clearly form
a monophyletic clade, whereas the conserved duplicates do
not (Fig. 3). Reconstruction of a haplotype network has
proven to be impossible because diVerent sites favor diVerent
genealogies. Four-gamete test (Hudson and Kaplan, 1985)
reveals a minimum of six recombination events in the 777bp
kl2-Right region (Fig. 4). Although this observation could in
principle be explained by an exceedingly high frequency of
recurrent mutations, we do not Wnd any homoplastic sites in
the other two sequenced regions (kl2-Left and ory), arguing
against this scenario. Intrachromosomal gene conversion
between the two duplicate copies of kl2-Right appears to be a
more plausible explanation. Variable sites in the kl2-Right
region can be subdivided into three classes (Fig. 4). The Wrst
type (such as positions 466 through 595) are consistent with a
simple history of duplication followed by independent diver-
gence of paralogous genes. Other sites (e.g., positions 72 and
110) involve a single gene conversion event in one of the spe-
cies. Finally, sites 144, 620, and 740 have more complex histo-
ries that require multiple conversion events (Fig. 4). In the
end, intrachromosomal recombination complicates the his-
tory of kl2-Right to such an extent that its phylogeny cannot
be reconstructed (Fig. 3).

In contrast to kl2-Right, we do not observe any intraspe-
ciWc variation in kl2-Left or ory in any of the species (except
D. melanogaster), suggesting that these regions are either
not duplicated, or if they are, the two duplicates remain
completely identical. Once the more diverged duplicates of
kl2-Right are excluded from analysis, the remaining data
set consisting of 3 gene regions and 1849 bp of sequence
contains 18 sites that are variable within the simulans com-
plex (Fig. 5). Two of these (position 18 of kl2-Left and
Fig. 4. Variable sites in the duplicated kl2-Right region in the simulans species complex. Derived character states (inferred from a comparison with D. mel-
anogaster) are shaded. Recombination events inferred by the four-gamete test are indicated by brackets at the bottom of the Wgure. Some sites (“DUP”)
are consistent with simple gene duplication followed by independent divergence of the two paralogs. Other sites (“CON”) appear to have been altered by
gene conversion.
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position 713 of kl2-Right) are replacement substitutions,
while the rest are silent. The use of D. melanogaster
sequences as outgroups allows us to polarize nucleotide
substitutions and assign them to speciWc internal branches
of the phylogeny. 13 of the variable sites are autapomor-
phies, i.e., Wxed changes limited to a single species. In con-
trast to most autosomal and X-chromosomal genes
(Kliman et al., 2000), no segregating sites are shared across
species boundaries, so that the monophyly of each species,
including D. simulans, is well supported (Fig. 3). 2 sites seg-
regate in D. simulans, while D. mauritiana and D. sechellia
are completely monomorphic (Fig. 5). Of the three appar-
ent synapomorphies, two (positions 144 and 712 of kl2-
Right) result from gene conversion, and are therefore not
informative in inferring species phylogeny. The remaining
synapomorphy (position 334 of ory) supports the grouping
of D. simulans with D. sechellia. This grouping is at odds
with the plurality of autosomal and X-linked loci (Supple-
ment Table 2), and conXicts with the species phylogeny
based on the proposed “speciation gene” Odysseus (Ting
et al., 2000). However, the Templeton test (Templeton,
1983; Larson, 1994) indicates that the ((simulans, sechellia)
mauritiana) tree is not signiWcantly better supported than
the more widely accepted ((simulans, mauritiana) sechellia)
tree (P D 0.564). Thus, the small amount of evidence pre-
cludes us from making any inferences about species rela-
tionships in the simulans complex based on the
Y chromosome.

4. Discussion

Our expectations for the phylogenetic utility of Y-chro-
mosomal sequences are based on a combination of three
factors: rapid neutral coalescence, early cessation of gene
Xow due to Haldane’s rule, and the absence of recombina-
tion. An additional factor that needs to be considered is
that the Y chromosome may experience frequent episodes
of positive selection due to its importance for male repro-
ductive success (McAllister and Charlesworth, 1999;
Charlesworth and Charlesworth, 2000; Clark et al., 2000;
Chippindale and Rice, 2001; Bachtrog, 2004; Gerrard and
Filatov, 2005). If this is the case, coalescence times for all Y-
linked loci may be considerably shorter than under the neu-
tral model of sequence evolution. This resulting decrease in
intraspeciWc variation would further reduce the probability
of lineage sorting during speciation. When several species
diverge in rapid succession, selective sweeps aVecting the
entire Y chromosome would increase the probability of
coalescence during brief intervals between consecutive spe-
ciation events, allowing us to recover species phylogeny
from a sample of Y-linked loci.

We have tested this idea in two groups of recently
diverged Drosophila species. We Wnd intraspeciWc variation
on the Y chromosome to be very low (or non-existent) in all
examined species. This result is in agreement with an earlier
report of Zurovcova and Eanes, who sequenced a 1738 bp
fragment of a diVerent Y-chromosomal gene (kl-5) in
D. simulans, and found only one polymorphic site (Zurov-
cova and Eanes, 1999). Polymorphism levels on the Y chro-
mosome are also greatly reduced in a variety of mammalian
species (Hellborg and Ellegren, 2004; McPherson et al.,
2001). Such reduced variation is expected in a non-recom-
bining region, especially if it undergoes frequent selective
sweeps. Selective sweeps might also contribute to the com-
plete absence of polymorphisms on the Y chromosome that
are shared between species (Figs. 1 and 5). As a result, all
species, including those with large eVective population sizes
(such as D. simulans and D. malerkotliana), appear as
monophyletic clades in the analysis of Y-linked loci (Figs.
1, and 3). In this respect, Y-chromosomal genes are quite
diVerent from the majority of autosomal and X-chromo-
somal loci (Kliman et al., 2000; Kopp and Barmina, 2005).

The contrast between Y-chromosomal and mitochon-
drial sequences is particularly striking. mtDNA often
Fig. 5. Variable nucleotide positions in the simulans species complex, excluding the diverged paralogs of kl2-Right. Derived character states (inferred from
a comparison with D. melanogaster) are shaded in light gray. Synapomorphic characters are boxed and shaded in darker gray. However, two of the syna-
pomorphies (sites 144 and 712 of kl2-Right) are potentially false, since these sites have been inXuenced by gene conversion (Fig. 4).
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suggests false species relationships due to post-speciation
gene Xow in Drosophila (Ballard, 2000a,b; Machado et al.,
2002; Solignac, 2004) and in a variety of other animal taxa
(Ferris et al., 1983; Martin et al., 2002; Mukai et al., 1997;
Ruedi et al., 1997; Shaw, 2002; Sota, 2002). In the house
mouse Mus musculus, mtDNA shows evidence of second-
ary introgression between well diVerentiated subspecies at
several hybrid zones (Boissinot and Boursot, 1997; Ferris
et al., 1983). Y-chromosomal sequences, however, are con-
Wned to each subspecies even inside the hybrid zones, a
pattern that has been attributed to selection against the
introgressed Y chromosomes (Boissinot and Boursot,
1997; Dod et al., 1993; Karn et al., 2002; Vanlerberghe
et al., 1986). On the other hand, in birds (which are
female-heterogametic), mtDNA shows less evidence of
gene Xow across species than do nuclear markers, suggest-
ing that selection against female hybrids is operating
(Crochet et al., 2003; Helbig et al., 2001). In both D. simu-
lans and D. bipectinata species complexes, interspeciWc
introgression of mtDNA appears to be common (Kopp
and Barmina, 2005; Solignac, 2004), whereas Y-chromo-
somal haplotypes are strictly species-speciWc. The diVer-
ence between matrilineal and patrilineal markers is also
evident in the Asian and PaciWc subspecies of D. bipecti-
nata. Hybridization between the two subspecies produces
partially or completely sterile males, but the hybrid
females are invariably fertile (Kopp and Frank, 2005).
Several strains of D. bipectinata collected in New Guinea
and Queensland behave as the PaciWc subspecies in repro-
ductive isolation tests but carry mtDNA haplotypes of the
Asian subspecies, or vice versa, suggesting that the two
subspecies may hybridize at some frequency. In contrast
to mtDNA, Y-chromosomal haplotypes coincide exactly
with the subspecies deWned on the basis of reproductive
isolation (Supplement Table 1). This observation high-
lights the importance of Haldane’s rule in determining the
phylogenetic value of molecular markers in recently
diverged taxa.

We were most interested in the usefulness of Y-chromo-
somal sequences for reconstructing interspeciWc relation-
ships. In the D. bipectinata species complex, consistent with
our expectations, the Y-chromosomal gene tree is almost
certainly an accurate reXection of species phylogeny. The
sister-group relationship between D. bipectinata and
D. parabipectinata, which is supported by a large multi-
locus data set as well as by morphological similarities
(Kopp and Barmina, 2005), is recovered unambiguously by
the Y-chromosomal haplotype network (Fig. 2). In the sim-
ulans complex, the situation is greatly complicated by gene
duplication and intrachromosomal conversion between
duplicate genes. The mechanism of this duplication is not
clear, but the presence of introns in both paralogs argues
against retrotransposition. Ectopic intrachromosomal
recombination, possibly mediated by transposable elements
or other repetitive sequences, is a more likely explanation.
Such recombination is known to occur on the human Y
chromosome, often resulting in gene deletions (Blanco
et al., 2000; Repping et al., 2002; Sun et al., 2000). Gene
conversion among paralogous genes has most often been
studied in the context of concerted evolution of gene fami-
lies (Bettencourt and Feder, 2002; Liu et al., 1987; Ohta,
1985; Ohta, 2000; Schlotterer and Tautz, 1994), but may
also contribute to the maintenance of allelic diversity at
each paralogous locus (Lazzaro and Clark, 2001). In the
duplicated Y-chromosomal genes, the most obvious eVect
of conversion is to introduce recombination into an other-
wise non-recombining part of the genome. Thus, in contrast
to the bipectinata complex, Y-chromosomal sequences in
the simulans complex are not related by a single unambigu-
ous genealogy, and are of little use in reconstructing species
relationships.

In conclusion, we believe that Y-linked loci will prove
useful for resolving phylogenetic relationships in many
groups of recently diverged, partially interfertile species. In
male-heterogametic organisms, they should be far more
useful than the commonly used mitochondrial DNA. How-
ever, gene duplication in the simulans complex serves as an
important cautionary tale. In fact, we found that another
Y-chromosomal gene, kl-3, is duplicated in the bipectinata
complex (Frank and Kopp, data not shown), suggesting
that duplication of Y-linked genes may not be uncommon.
For a full exploration of species histories, multi-locus data
sets including genes from diVerent chromosomes, including
the Y chromosome, are indispensable.
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