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Abstract

The relationships among the majority of the subgroups in the Drosophila melanogaster species group remain unresolved. We pres-
ent a 2223 basepair dataset for mitochondrial cytochrome oxidase I and cytochrome oxidase II for 43 species (including new data
from 11 species), sampled to include the major subgroups. After a brief review of competing hypotheses for the ananassae, montium,
suzukii, and takahashii subgroups, we combine the two genes based on a new use of the SH test and present KH and SH likelihood
comparisons (Kishino and Hasegawa, 1989. J. Mol. Evol. 29, 170–179; Shimodaira and Hasegawa, 1999) to test the monophyly and
placement of these subgroups within the larger species group. Although we Wnd insigniWcant diVerences between the two suggested
placements for the ananassae subgroup, the ananassae is sister to the rest of the subgroups in the melanogaster species group in every
investigation. For the takahashii subgroup, although we cannot reject monophyly, the species are so closely related to the suzukii sub-
group for these data that the two subgroups often form one clade. Finally, we present a Bayesian estimate of the phylogeny for both
genes combined, utilizing a recently published method that allows for diVerent models of evolution for diVerent sites.
  2005 Elsevier Inc. All rights reserved. 
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1. Introduction

Drosophila melanogaster, a member of the order Dip-
tera (two-winged Xies), is a diversely studied species in
many Welds of biology and has served as a model organ-
ism in, for example, both developmental biology and
evolutionary genetic analysis (see, e.g., Presgraves et al.,
2003; Sempere et al., 2003). This species was also the sec-
ond metazoan to have its genome completely sequenced
(Adams et al., 2000), and is also a model species for
many behavioral investigations (see, e.g., Dukas and
Mooers, 2003; Friberg and Arnqvist, 2003). However,
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D. melanogaster is not the only member of the Drosoph-
ila genus to be extensively studied: Drosophila yakuba
was the Wrst species to have its mitochondrion com-
pletely sequenced (Clary and Wolstenholme, 1985) and
now serves as the standard for comparison when
sequencing and aligning mitochondrial sequences.
Extensive studies into the phylogenies of the obscura
(Beckenbach et al., 1993; Gleason et al., 1997), saltans
(O’Grady et al., 1998), and willistoni (Gleason et al.,
1998) species groups (which are all members of the Soph-
ophora subgenus) have been reported over the years;
however, as of yet, there is no complete phylogeny for
melanogaster species group.

Here, we examine four subgroups within the melano-
gaster species group whose placement and clade status is
the subject of ongoing work: the ananassae, montium,
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suzukii, and takahashii subgroups. To test the mono-
phyly of the these subgroups and their placement within
the phylogenetic tree, we sequenced cytochrome oxidase I
and cytochrome oxidase II for 11 species within the mela-
nogaster species group and combined them with
sequences for 31 other species obtained from GenBank
(summarized in Appendix A). We propose a novel test
that compares the Wt of data to topologies generated by
diVerent models on the same genes to determine whether
genes can be combined into one molecular evolution
model. We test speciWc hypotheses for monophyly of all
subgroups, and for placement of these four clades using
SH and KH likelihood comparison tests (Kishino and
Hasegawa, 1989; Shimodaira and Hasegawa, 1999). We
also present a Bayesian estimate of the phylogeny using
Bayesphylogenies (Pagel and Meade, 2004). Bayesphy-
logenies is a unique program that allows the combina-
tion of multiple genes and models into one dataset
without a priori partitions (methods that allow likeli-
hood models on predeWned partitions have also been
described: see, e.g., Nylander et al., 2004). However, our
focus is on hypothesis testing, and we Wrst present a
review of competing hypotheses for the placement of the
ananassae, montium, suzukii, and takahashii subgroups.

1.1. The ananassae and montium subgroups

Over the last 30 years, six studies have examined the
phylogenetics of the ananassae subgroup. Their Wndings
are brieXy presented below and summarized in Table 1.

Bock and Wheeler (1972) described species within
each of the subgroups and proposed relationships
among these groups based on morphological features,
though these proposed relationships were not based on
any formal phylogenetic analysis. Their study did pro-
pose a phylogeny composed of two lineages: ananassae
plus montium subgroups as one lineage and the (eugraci-
lis, Wcusphila, suzukii, takahashii, and melanogaster) as
the second. Ashburner et al. (1984) presented data that
supported these Wndings, although they separated the
ananassae and montium subgroups into two separate lin-
eages to form three clades: (1) ananassae subgroup, (2)
montium subgroup, and the (3) melanogaster + elegans
+ eugracilis + Wcusphila + suzukii + takahashii subgroups
(all species subgroups other than the melanogaster spe-
cies subgroup within this third lineage will be referred to
as the “oriental cluster” in this paper).

Péladakis et al. (1991) performed the Wrst major
sequencing study of the melanogaster species group.
This was extended by Péladakis and Solignac (1993)
who investigated the largest molecular dataset to date
for this subgenus. Using 28s rRNA sequences for 72
species, and both distance and parsimony analyses,
their results suggested three diVerent lineages: (1) the
obscura plus ananassae subgroups, (2) montium sub-
group, and (3) the melanogaster subgroup plus oriental
cluster. Importantly, because of the weak bootstrap
support and the polytomy at the base of their consen-
sus MP tree, they inferred the relationship among the
three lineages from a neighbor-joining tree, placing
the root between the melanogaster/oriental cluster and
the other three.

Inomata et al. (1997) subsequently sequenced the
amylase multigene family for 19 members of the subge-
nus. They found the ananassae subgroup to be mono-
phyletic and the sister group to all the other lineages
within the melanogaster species group. However, the
placement of this clade in their phylogenetic tree aVected
Table 1
Previous phylogenetic comparisons

a MP, maximum parsimony; ML, maximum likelihood; NJ, neighbor-joining (distance); PC, unspeciWed phenetic clustering algorithm; N/A, no
quantitative analysis.

Subgroup Study Proposed phylogenetic relationship Data studied Analysisa

ananassae Bock and Wheeler (1972) (obscura,((ananassae, montium), (melanogaster, 
oriental cluster)))

Morphology N/A

Ashburner et al. (1984) (obscura, (ananassae, montium, (melanogaster, 
oriental cluster)))

Chromosomes, Adh, 
morphology

PC

Péladakis and Solignac (1993) (((obscura, ananassae), montium), (melanogaster, 
oriental cluster))

28s rRNA MP, NJ

Inomata et al. (1997) (obscura, (ananassae, (eugracilis, (melanogaster, 
(montium, oriental cluster)))))

Amy Multigene NJ

Goto and Kimura (2001) (obscura, (ananassae, (montium, (melanogaster, 
oriental cluster))))

Gdph, COI MP, ML, NJ

Schawaroch (2002) (obscura, ((melanogaster, oriental cluster), 
(ananassae, montium)))

COII, Adh, hb MP

takahashii Bock (1980) (takahashii, melanogaster) Morphology N/A
Ashburner et al. (1984) (takahashii, melanogaster) Chromosomes, 

Adh, morphology
N/A

Inomata et al. (1997) (takahashii, elegans) Amy Multigene NJ
Goto and Kimura (2001) (takahashii, suzukii) Gdph and COI MP, ML, NJ
Schawaroch (2002) (takahashii, suzukii) COII, Adh and hb MP
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the bootstrap support for the melanogaster subgroup
and the oriental cluster: only when the ananassae clade
was removed from their analysis did the tree show
robust support for the melanogaster subgroup and orien-
tal cluster. Only one species was sequenced from the
montium subgroup, (D. auraria); they found that this
species was the sister to a cluster of D. takahashii and
D. elegans.

Goto and Kimura, in 2001, presented exhaustive
experiments of phylogenetic applications of algorithms
on molecular data, with the melanogaster species group
as their test case. For their Gpdh investigations, the anan-
assae subgroup was monophyletic and the sister group
to all of the other subgroups within the melanogaster
species group. However, for the COI dataset, there was
no support for ananassae subgroup monophyly. D. anan-
assae was actually placed within the montium subgroup
for the COI analyses. For their combined dataset, there
was support for both the monophyly and placement of
the ananassae subgroup, as sister group to the rest of the
subgroups (as seen in the Gpdh trees). The combined
dataset supported a monophyletic montium, sister to the
melanogaster plus oriental subgroups. Importantly,
though these trees were diVerent from those generated
from COI, they could not be rejected by the COI data.

Schawaroch published a total evidence investigation
(Kluge, 1989) in 2002 for three genes (one mitochondrial
and two nuclear) and 43 species within the melanogaster
species group. She provided support for the monophyly
of both the ananassae and the montium subgroups. Con-
trary to previous Wndings (Ashburner et al., 1984; Bock,
1980; Goto and Kimura, 2001; Inomata et al., 1997;
Péladakis and Solignac, 1993) her results suggested an
alternative rooting of the tree, one that placed the anan-
assae and montium subgroups as sister groups, with this
clade being sister to the melanogaster subgroup plus the
oriental cluster.

Comparing these investigations (Table 1) is diYcult
because diVerent species were used in each phylogenetic
analysis. Indeed, for some cases (Ashburner et al., 1984;
Goto and Kimura, 2001) only one or two species were
used, such that tests of monophyly are weak or impossi-
ble. Therefore, to better test both the monophyly and the
placement of these clades we examined the largest rele-
vant dataset to date: seven species of ananassae sub-
group and seven of montium subgroup.

1.2. The takahashii and suzukii subgroups

The takahashii subgroup’s position within the phylo-
genetic tree of the melanogaster species group (summa-
rized in Table 1) is also controversial. Bock (1980)
hypothesized that the takahashii subgroup was the sister
group to the melanogaster subgroup; he also moved one
species, D. tanorum, from the montium subgroup to the
takahashii subgroup. This movement identiWed similari-
ties not only between the takahashii and the melanogas-
ter subgroups, but also between the takahashii and the
montium subgroups. Following this, the analysis of the
polytene chromosomes by Ashburner et al. (1984)
“attested a closer relationship between [the melanogaster
and the takahashii] subgroups than with either the mon-
tium or the ananassae subgroups.” But Bock (1980) also
found similarities between the takahashii and the suzukii
species. He noted that several of the takahashii species
had similar wing dimorphism with four suzukii species
(D. biarmipes, D. pulchrella, D. suzukii, and D. tristipen-
nis) as well as some similarities in male genitalia.

Inomata et al. (1997) sequenced only one species of
the takahashii subgroup, and found that it grouped as
the sister to members of the elegans subgroup (though
this placement had very low bootstrap value). They did
not sequence any species for the suzukii subgroup. Goto
and Kimura (2001) found through all their investiga-
tions a very high bootstrap value for monophyly for
their four takahashii species. Since they only sequenced
D. suzukii, monophyly tests for this group could not be
done. In all their tests, they found that the takahashii
species and D. suzukii were sister groups, though the
relationships within the takahashii clade varied.

Finally, Schawaroch (2002) supported the monophyly
for the same four takahashii species as Goto and Kim-
ura, but with low bootstrap values. She sequenced three
species for the suzukii, and found that they were poly-
phyletic. Schawaroch’s single most parsimonious tree
made the takahashii subgroup and D. mimetica sister
groups. She suggested D. biarmipes as the sister to the
melanogaster and eugracilis subgroups, and D. lucipennis
as the sister to D. elegans. Her tree also presented new
relationships between the four species within the takah-
ashii subgroup. She grouped D. paralutea with D. prosti-
pennis and D. takahashii with D. lutescens. This
contradicted the Wndings from oVspring hybridization
tests performed on these species (Bock and Wheeler,
1972; Lemeunier et al., 1986; Watanabe and Kawanisi,
1983).

As with the ananassae and montium subgroups, stud-
ies of the takahashii and suzukii subgroups have also
been based on small sample sizes. Our study examines
the relationship between at least Wve species within each
of the takahashii and suzukii subgroups, and tests both
their monophyly and their placement within the tree.

2. Materials and methods

2.1. Data collection

For this experiment, adult Xies were obtained from
the Tucson Fly Stock Center for the following species:
D. pseudoananassae, D. orena, D. parabipectinata,
D. pseudotakahashii, D. jambulina, and D. lacteicornis,
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D. bipectinata, “D. ercepeae,” D. malerkotliana, D. par-
alutea, and D. phaeopleura. Their taxonomic placement
is presented in Appendix A. DNA extraction was carried
out as described in Beckenbach et al. (1993). Whole Xies
were killed by freezing, and then chemically digested in
100�l of protease buVer (0.01 M Tris, pH 7.8, 5 mM
EDTA, 0.5% SDS, and 50 ng/�l proteinase K) for 3 min
at 65 °C. The protease solution was extracted with 100�l
Tris buVer saturated phenol then with 70 �l choloro-
form/isoamyl alcohol (24:1) wash. The resultant 50�l
extraction was precipitated in 125�l of 95% ethanol
overnight at ¡20 °C, and DNA pellets were collected
through centrifugation at 40,000 rpm. The DNA pellets
were washed with 100�l of ice cold 70% ethanol then
centrifuged. The pellets were allowed to dry at room
temperature. The pellets were stored frozen for further
use. At that time, the pellets were dissolved in 50�l of
double distilled water, and this became the template for
PCR.

For all samples, ampliWcations were conducted using
Qiagen Taq DNA polymerase enzyme (Qiagen). The
primer sequences used for each PCR ampliWcation are
summarized in Table 2. All thermocycling reactions were
performed in either the Labline Programmable Thermal
Blok II or the Eppendorf Thermocycler. The protocol
for thermocycling consisted of 40 cycles, each consisting
of 95 °C denaturing (30 s), 50 °C annealing (30 s), and
72 °C elongation (90 s). The products were reWned and
isolated with the QIAquick PCR PuriWcation Kit for
direct sequencing. All samples were run on 0.8% agarose
gels with TBE (Tris borate, EDTA) buVer at 70 mV until
the 600 bp marker had traveled approximately 2 cm. This
allowed approximate determination of the length of the
DNA segments before they were sent for sequencing.

The Wnal DNA sequencing was conducted at the
DNA Sequencing Laboratory, University of Calgary
Core DNA and Protein Services. Sequencing reactions
were conducted using an ABI PRISM dye-terminator
sequencing kit and resolved on an ABI PRISM 373S or
377XL sequencer.

2.2. Data analysis

Sequences fragments were initially aligned and com-
bined by visual inspection in BioEdit version 5.0.9. The
species from GenBank were selected for this study if they
had both cytochrome oxidase I and cytochrome oxidase
II sequences and belonged to the members of the mela-
nogaster species group. Five species from the obscura
and willistoni species groups were included to root the
tree (though no rooting constraints were imposed). Spe-
cies were eliminated from the dataset if their sequence
did not overlap with the other species’ sequences. Species
were also added to the analysis if they were the only spe-
cies available for the subgroup (even if they only had
sequence for one of the genes). The cytochrome oxidase
II sequences were 684 bp in length; however, some of the
GenBank sequences were partial sequences, the shortest
being 384 bp. Due to lack of introns and contiguous
sequences, the alignment was straightforward. Missing
data in the partials were coded as question marks, and
ambiguous positions were coded according to IUPAC
ambiguity symbols. Multiple alignments were performed
using CLUSTALW version 1.81 (Thompson et al., 1994)
pairwise DNA alignments with default parameters. This
alignment determined approximately where the partial
sequences “sat” on a complete alignment. However, this
alignment was not used in any of the phylogenetic stud-
ies, as the alignment was then visually realigned in SeAl
v2.0A11 (Rambaut, 1996). The cytochrome oxidase I
dataset was more involved, as there were fewer complete
sequences, and more small partials. The total length of
this gene is 1539 bp. Species with two or more sequences
were combined: for non-overlapping sequences, the two
sequences were amalgamated into one sequence. When
the two sequences overlapped, and the basepairs were
not identical, the position was coded as ambiguous fol-
lowing IUPAC. All the cytochrome oxidase I sequences
were then visually aligned in SeAl v2.0a11 (Rambaut,
1996.) No extra gaps were needed in the alignments of
either gene.

For analysis, MODELTEST version 3.06 (Posada
and Crandall, 1998) was used to determine the model of
evolution of each gene. As well, the two genes were
joined end to end, and a model of evolution was deter-
mined for the combined dataset. After assembly and
alignment, a maximum of seven of the species with the
largest datasets per subgroup were retained for Wnal
analyses.

For testing hypotheses, all topologies were obtained
using portable PAUP v 4.0b10 (SwoVord, 2002) on the
Beowulf Cluster at Simon Fraser University. Acceler-
ated likelihood explorations were performed using likeli-
hood ratchets (Vos, 2003) in conjunction with PAUPR
at (Sikes and Lewis, 2001) for more eYcient searching of
the likelihood surface. In brief, a likelihood ratchet
Table 2
PCR primers used

Primer 1 Sequence (5�–3�) Primer 2 Sequence (5�–3�)

TW-J1301 GTTAAWTAAACTAATARCCTTCAAA C1-N2353 GCTCGTGTATCAACGTCTATWCC
C1-J2231 TACCTGGATTYGGRATRATTTC C1-N2776 TAATCTGAATAACGTCGNGG
C1-J2636 ATAGGRGCWGTATTTGCYATTAT C2-3389 TCATAACTTCAGTATCATTG
TL-J3034 TAATATGGCAGATTAGTGCA TK-N3796 ACTATTAGATGGTTTAAGAG
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employs multiple sequential truncated searches on diVer-
ent starting trees created by fast algorithmic searches on
reweighed data, in the hopes of exploring a larger pro-
portion of tree space, analogous to the parsimony
ratchet (Nixon, 1999). Like the latter, it has been shown
to increase search eYciency substantially (Vos, 2003).
We ran 200 iterations with a GTR +I + G likelihood
model of evolution, and uniformly reweighing 15% of
the dataset per iteration. A strict consensus of trees with
the same likelihood was considered the best estimate of
the gene phylogeny.

One straightforward approach to ascertaining
whether one model Wts a data partition better than
another is to ask whether trees inferred under diVerent
models actually diVer substantially. If they do not, this
suggests the contrasting models have limited eVect on
inference of relatedness. We applied this logic to deter-
mine whether our two genes could be combined, using
the following novel test. We Wrst used ModelTest
(Posada and Crandall, 1998) to determine the best model
for each gene, and also for the two genes taken as a sin-
gle partition. All three models were GTR + I + G with
varying parameters for each dataset. We then did topol-
ogy searches with the likelihood ratchet (Vos, 2003) and
PAUP with default settings for each gene separately
with two models: their respective best model from Mod-
eltest as well as the best model returned when both genes
were combined into a single partition. The best uncon-
strained tree for a gene (with its own preferred model)
was then compared to the best unconstrained tree for the
gene produced with the combined model using a test that
asks if one tree is signiWcantly better-Wt by the data than
another. Here, because one tree is a posteriori and one is
a hypothesis, we would use a one-tailed SH topology test
using RELL bootstraps with 10,000 replicates (Shimo-
daira and Hasegawa, 1999; see also Felsenstein, 2004,
Chapter 21). This was repeated for each gene separately.
For both genes, the combined model and the gene-spe-
ciWc models produced the same topology, strongly sup-
porting the hypothesis that the two genes can be
modeled as evolving with a common set of parameters.
We note that the two models could have returned diVer-
ent topologies for the same data, and the SH topology
test would have been used to ask if they were diVerent
enough to reject the poorer-Wt model. The combined
dataset (2223 positions) and the combined model were
therefore used for subsequent analysis.

A second, novel approach to combining partitions
has recently been presented by Pagel and Meade (2004).
They introduce “Bayesphylogenies,” which allows for a
posteriori partitions in a dataset. The user speciWes the
number of partitions, and the search determines which
sites are best Wt by diVerent model. We performed three
diVerent runs, all GTR +I + G, with 1,000,000 genera-
tions: (i) a MrBayes (Huelsenbeck and Ronquist, 2001)
run with twelve parallel hot swapping chains and default
priors (Altekar et al., 2004); (ii) a single pattern Bayesph-
ylogenies run with six chains, corresponding to a single
model for the entire dataset; (iii) a two pattern Bayes-
phylogenies run with six chains, corresponding to two
separate sets of model parameters. We then compared
these topologies to each other and the topology returned
from the unconstrained likelihood ratchet search.

2.3. Hypothesis testing

To test our hypotheses, we employed the same likeli-
hood-based paired sites tests we used to determine
model choice above (see Felsenstein, 2004, ch. 21 for an
extensive exposition). To test whether the mtDNA data
were consistent with monophyly of each of the seven
subgroups with more than one species present (Appen-
dix A), we employed the one-tailed SH test (Shimodaira
and Hasegawa, 1999), which compares the Wt of the data
for a priori hypotheses to the Wt of the data for the ML
tree (an a posteriori hypothesis). In our case, we tested
whether trees that forced subgroups to be monophyletic
were signiWcantly worse than the best tree. Monophyly
constraint searches in PAUP produced the best tree
under each constraint and these trees were compared to
the best unconstrained tree using RELL bootstraps with
10,000 replicates (these tests are outlined in Table 3). The
data cannot reject monophyly for species subgroups that
were monophyletic in the unconstrained ML tree, and so
these were not tested. To test whether the mtDNA data
could distinguish the placement of the ananassae sub-
group relative to the others studies (Table 1), we
employed the two-tailed KH topology tests using RELL
bootstraps with 10,000 replicates (Kishino and Hase-
gawa, 1989). This test is directly analogous to the SH
test, but is used to distinguish among a priori hypotheses
rather than to compare a priori with a posteriori ones.

Constraints for phylogenetic tests were built using
MacClade v4.03 PPC (Maddison and Madison, 2000)
and translated into Newick format in Treeview by Rod
Page (v. 1.6.6; http://taxonomy.zoology.gla.ac.uk/rod/
treeview.html). For the ananassae subgroup hypothesis
test, there were two constraint searches. For hypothesis

Table 3
A priori comparisons tested

a Unconstrained tree is the ‘single model’ phylogeny depicted in Fig. 1.
b One-tailed SH topology tests using RELL bootstraps with 10,000

replicates (Shimodaira and Hasegawa, 1999).
c Two-tailed KH topology tests using RELL bootstraps with 10,000

replicates (Kishino and Hasegawa, 1989).

Comparison P value

((suzukii), remaining species) vs. unconstrained treea 0.0014b

((takahashii), remaining species) vs. unconstrained treea 0.28b

(obscura, (ananassae, (montium, melanogaster, oriental))) 
vs. (obscura, ((ananassae, montium), 
(melanogaster, oriental)))

0.52c

http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
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one (HYP1), that the ananassae subgroup is the sister
group to the rest of the subgroups within the melanogas-
ter species group, the constraint was: (obscura, (ananas-
sae, (montium, melanogaster, oriental cluster))). For
hypothesis two (HYP2), with an alternative rooting
topology that places the montium and the ananassae sub-
groups as sister groups to each other with the root lying
between their clade and the rest of the subgroups of the
melanogaster species group, the constraint was: (obs-
cura, ((ananassae, montium), (melanogaster, oriental
cluster))). The best tree from each hypothesis was com-
pared with a two-tailed KH topology tests using RELL
bootstraps with 10,000 replicates (Kishino and Hase-
gawa, 1989).

3. Results

For all phylogenetic analyses, the model of evolution
returned from MODELTEST version 3.06 (Posada and
Crandall, 1998), was GTR + I + G with the following
parameter values (parameter names in PAUP* nota-
tion): Base D (A D 0.3079 C D 0.1083 T D 0.1447 G D
0.4391); Nst D 6; Rmat D (AC D 2.8506 AG D 18.6492
AT D 14.8598 CG D 2.0260 CT D 74.4765 TG D 1);
Rates D gamma with shape D 0.8440; and Pinvar D
0.5823. For the unconstrained tree, the average pairwise
distance from the outgroup was 0.11 substitutions/site.
The two mitochondrial genes showed strong signal, as
expected (skew based on 10,000 random trees:
g1 D ¡0.627***); there were 1568 invariant sites and 422
parsimony-informative sites across the two genes.

A summary of our tested hypotheses and results are
summarized in Table 3. For the ananassae subgroup,
monophyly was rejected through a one-tailed SH test
comparing the constrained monophyly tree to the
unconstrained tree (p < 0.0001). However, all species save
one in this clade were monophyletic in the unconstrained
tree—the exception being “D. ercepeae,” which grouped
with D. jambulina. Because monophyly is required to
constrain the topological placement of the subgroups
when testing ananassae subgroup’s position, “D. erce-
peae” was removed from the dataset (making the dimin-
ished ananassae subgroup monophyletic) for hypothesis
testing. Indeed, D. ercepae has been mislabeled at the
Tucson Stock Centre, and is actually D. greeni (Schawa-
roch, 2000), making its position as sister to D. jambulina
within the montium subgroup unproblematic (Fig. 1). No
tests for monophyly were required for the elegans,
eugracilis, Wcusphila, melanogaster, montium and rho-
paloa subgroups because these subgroups were mono-
phyletic in the unconstrained tree (or these subgroups
consisted of only one species—the eugracilis and Wcus-
phila). Monophyly tests were also performed on the
suzukii, and takahashii, and subgroups (which were not
monophyletic in the unconstrained tree). The data
rejected monophyly for the suzukii clade as well (one-
tailed SH test, p D 0.0014), but this was not due to a sin-
gle species. For the takahashii, monophyly could not be
rejected (p D 0.28).

We then tested the placement of the ananassae sub-
group. There was no signiWcant diVerence between the
two diVerent rooting hypotheses (HYP1 and HYP2) at
the base of the melanogaster species group (p D 0.52),
although hypothesis one produced the better Wt to the
data. As well, there was no signiWcant diVerence between
either hypothesis and the unconstrained best tree. Inter-
estingly, the unconstrained best tree was most similar to
the hypothesis one tree (such that the ananassae clade
was the sister group to the rest of the melanogaster spe-
cies group) with rearrangement occurring in the smaller
represented subgroups and the dissolution of the mono-
phyly some of the subgroups. In the unconstrained tree,
the suzukii species D. mimetica broke up the monophyly
of the takahashii subgroup. (This is a consistent picture:
in the takahashii subgroup monophyly constraint tree,
D. mimetica became the sister group to the takahashii
subgroup.)

For the three way comparison between the likelihood
ratchet, MrBayes and Bayesphylogenies, we found that a
two patterned Bayesphylogenies model performed sub-
stantially better than a single pattern model (Log Bayes
Factor D 244; see Gelman et al., 2004). The ratchet likeli-
hood search, the single pattern Bayesphylogenies, and
the MrBayes run returned an identical consensus topol-
ogy, whereas the two patterned Bayesphylogenies
consensus topology moved two species, D. kikkawai and
D. pseudotakahashii. These changes are outlined in Fig. 1.

4. Discussion

In this experiment, we examined a maximum of 2223
characters from two mitochondrial genes for 41 species.
These data showed strong signal for relationship resolu-
tion at the level of the (sub)group. Cytochrome oxidase I
and cytochrome oxidase II are widely used genes for phy-
logeny, and often provide strong signal both when alone
or in combination with other genes.

We Wrst employed a new method for testing the com-
bination of two genes under one model of evolution. We
used topology tests to compare the best tree from the
individual models for each gene (the best model for that
partition) to the best tree from the model for both genes
combined. We employed one-tailed SH likelihood com-
parison tests (Shimodaira and Hasegawa, 1999) because
it makes allowance for an a priori hypothesis to be tested
against an a posteriori topology. Since the two models
agreed on the same unconstrained topologies, this statis-
tical test does not allow us to reject using the combined
dataset and the global model. This simple approach may
be of use to investigators as they await more sophisti-
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cated methods of combined data analysis (for a discus-
sion, see Nylander et al., 2004).

4.1. The ananassae and montium subgroups

The dataset we collected could not statistically dis-
tinguish between the hypothesis one and hypothesis
two for the ananassae subgroup. Schawaroch’s (2002)
single most parsimonious tree suggested the ananassae
and the montium subgroups were sister groups (hypoth-
esis two for this study), though the data analysis oVered
negligible support for this hypothesis (Bremer
support D 1 (Bremer, 1988) and a bootstrap value 6 50
(Felsenstein, 1985)). Though Schawaroch (2002) used
similarities between these subgroup’s male genitalia—
both having surstylar and cercal claspers—as further
support for their sister-clade status, male sex comb
morphology is not consistent with this grouping. The
ananassae subgroup species have highly varying sex-
combs (from absent, to transverse, oblique or longitu-
dinal row/rows) whereas almost all the montium species
have a sex-comb in longitudinal rows of teeth along
metatarsus and second tarsal segment (Bock, 1980;
Lemeunier et al., 1986). Of course, these observations
would require full morphological analysis to be phylo-
genetically meaningful. Although our data could not
Fig. 1. Bayesphylogenies two matrix analysis of cytochrome oxidase one and cytochrome oxidase two combined dataset. The dashed lines denote the
position of D. kikkawai and D. pseudotakahashii in the single model (MrBayes and Ratchet) analyses. Numbers at nodes indicate support values
(posterior probabilities) from Bayesphylogenies analysis. The prior distributions used in the Bayesphylogenies search are as follows: all continuous
parameters are drawn from a uniform on 1ƒ100, while pattern heterogeneity weights and base frequencies are drawn from a dirichlet distribution;
branch lengths are drawn from the exponential, while all topologies are considered equally likely a priori.
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conclusively reject either hypothesis, in our most likely
unconstrained tree, the ananassae subgroup was sister
group to the rest of the subgroups within the melano-
gaster species group (with a Bayesian posterior
probability D 0.82, see below).

For the montium subgroup, the most likely uncon-
strained tree suggested no sister group for the montium,
but a trichotomy between D. lucipennis—a suzukii
subgroup species—and the elegans subgroup (Bayesian
posterior probability D 0.93, see below). This grouping
was unexpected, as there are no similarities in, e.g.,
sex-comb morphology (D. lucipennis lacks a sex-
comb) and there are notable diVerences in male
genitalia—suzukii species’ male genitalia only have
large primary claspers with several teeth whereas mon-
tium species have primary and secondary claspers
(Bock, 1980).

4.2. The takahashii and suzukii subgroups

The data in this examination support the hypothesis
that our members of the takahashii subgroup are mono-
phyletic. The fact that many species of the takahashii
subgroup have very similar external morphology
strengthens this hypothesis (Lemeunier et al., 1986).
Bock (1980) also reinforces this hypothesis with his
description of this subgroup’s consistent male genitalia
and sex combs (though these species do show some inter-
speciWc variation in the number and arrangement of
teeth). However, there are interesting results in the best-
Wt unconstrained tree. Drosophila mimetica from the
suzukii subgroup consistently breaks up the monophyly
of the takahashii subgroup and D. suzukii becomes this
combined clade’s sister group. One of the deWning char-
acteristic of the suzukii subgroup is the homogeneity of
the male genitalia across species; however, they are more
heterogeneous in external morphology (e.g., wing spots
and sex-combs) than most other species subgroups
(Bock, 1980). The two subgroups also have similarities in
male genitalia: they both possess primary claspers, and
rows of large teeth (Bock, 1980). Along with similarities
in genitalia, four species of the suzukii subgroup (D. pul-
chrella, D. biarmipes, D. suzukii, and D. tristipennis) have
similar wing dimorphism to the takahashii subgroup.
One of these, D. suzukii, as previously stated, becomes
the sister group to the takahashii subgroup plus D.
mimetica clade. These similarities attest to the close rela-
tionship between the two subgroups, consistent with our
mtDNA results and the results from previous studies
(Goto and Kimura, 2001; Péladakis and Solignac, 1993;
Schawaroch, 2002). Again, without a full morphological
analysis, these observations are of limited systematic
value. Also, more species need to be sequenced for more
genes to further elucidate the relationships between the
suzukii and the takahashii subgroups.

To organize our present dataset in anticipation of
these further analyses, we present the Bayesphyloge-
nies (Pagel and Meade, 2004) two-pattern consensus
topology. This two-pattern Bayesphylogenies model
performed substantially better than single pattern
model (Log Bayes Factor D 244; according to Pagel
and Meade (2004), a second matrix must contribute a
minimum of 70–80 log units lower likelihood to be
added for analysis.) We present this two pattern
topology in Fig. 1. Although the new model increases
the Wt to the data, the consensus topology returned
was the same as that from the conventional single
model using either MrBayes or the ratchet likelihood
search (save two nodes with low posterior probabili-
ties). Importantly and consistent with our earlier
results, the two matrix model did not distinguish
between the two genes; sites that were Wt better by the
one of the other model were distributed across both
genes.

We reiterate that the best supported relationship (obs-
cura, (ananassae, (montium, (melanogaster, oriental
group)))) is not signiWcantly better than, e.g., the HYP2
alternative. The a posteriori support of 0.82 for this node
is consistent with the recent suggestion that Bayesian
support may be prone to Type 1 errors (Erixon et al.,
2003; see also Simmons et al., 2004).

In this phylogenetic evaluation, we have provided
additional evidence regarding the controversial phylog-
eny of the melanogaster species group using a large com-
bined dataset in a likelihood framework. We hope the
framework presented in Fig. 1. will serve as a template
for future investigations.
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Appendix A. Sophophora subgroup taxonomy and Sequence Accession Numbers

Species group Subgroup Species COI accession Reference COII accession Reference

melanogaster ananassae ananassae AY098462.1 Kopp and True (2002) AF474077.1 O’Grady and Kidwell (2002)
AF050748.1 Stenico and Nigro (1998)

bipectinata AY757287 This study AY757275 This study
malerkotliana AY757289 This study AY757277 This study
pallidosa AF461280.1 Schawaroch (2002)
parabipectinata AY757282 This study AY757270 This study
phaeopleura AY757291 This study AY757279 This study
pseudoananassae AY757280 This study AY757268 This study

elegans elegans AY098458.1 Kopp and True (2002) AF461307.1 Schawaroch (2002)
gunngcola AB032129.1 Goto and Kimura (2001)

eugracilis eugracilis AY098461.1 Kopp and True (2002) AF474079.1 O’Grady and Kidwell (2002)
X58913.1 Nigro et al. (1991)

Wcusphila Wcusphila AB032133.1 Goto and Kimura (2001) AF474080.1 O’Grady and Kidwell (2002)
melanogaster mauritiana M57912.1 Satta and Takahata (1990) AF474081.1 O’Grady and Kidwell (2002)

melanogaster AJ400907.1 Azou and Bregliano (2001) AJ400907.1 Azou and Bregliano (2001)
orena AY757281 This study AY757269 This study
sechellia M57908.1 Satta and Takahata (1990)
simulans M57909.1 Satta and Takahata (1990) AF474082.1 O’Grady and Kidwell (2002)
tessieri U51618.1 Gleason et al. (1997) AF461282.1 Schawaroch (2002)

AF050743.1 Stenico and Nigro (1998)
yakuba X03240.1 Clary and Wolstenholme (1985) X03240.1 Clary and Wolstenholme, 1985

montium biauraria AB027259.1 Goto et al. (2000) AF474084.1 O’Grady and Kidwell (2002)
jambulina AY757284 This study AY757272 This study
kikkawai AF050746.1 Stenico and Nigro (1998) AF461293.1 Schawaroch (2002)
lacteicornis AY757286 This study AY757274 This study
greeni AY757288 This study AY757276 This study
rufa AB027265.1 Goto et al. (2000) AF461305.1 Schawaroch (2002)
triauraria AB027262.1 Goto et al. (2000) AF474087.1 O’Grady and Kidwell (2002)

rhopaloa fuyamai AY098460.1 Kopp and True (2002)
suzukii biarmipes AY098456.1 Kopp and True (2002) AF474094.1 O’Grady and Kidwell (2002)

lucipennis AY098459.1 Kopp and True (2002) AF461272.1 Schawaroch (2002)
mimetica AY098454.1 Kopp and True (2002) AF474092.1 O’Grady and Kidwell (2002)
pulchrella AF474093.1 O’Grady and Kidwell (2002)
suzukii AB032128.1 Goto and Kimura (2001)

takahashii lutescens AB027267.1 Goto et al. (2000) AF474090.1 O’Grady and Kidwell (2002)
paralutea AY757290 This study AY757278 This study
prostipennis AB027266.1 Goto et al. (2000) AF474091.1 O’Grady and Kidwell (2002)
pseudotakahashii AY757283 This study AY757271 This study
takahashii X58915.1 Nigro et al. (1991) AF474089.1 O’Grady and Kidwell (2002)
trilutea AB027261.1 Goto et al. (2000)

obscura aYnis aYnis AF519410.1 Perlman et al. (2003) AF519346.1 Perlman et al. (2003)
U51604.1 Gleason et al. (1997)

obscura obscura U51614.1 Gleason et al. (1997) AF081356.1 O’Grady (1999)
pseduoobscura pseudoobscura AF519412.1 Perlman et al. (2003) AF519348.1 Perlman et al. (2003)

U51607.1 Gleason et al. (1997)
willistoni willistoni tropicalis U51601.1 Gleason et al. (1997) AF474103.1 O’Grady and Kidwell (2002)

willistoni willistoni U51590.1 Gleason et al. (1997) AF474104.1 O’Grady and Kidwell (2002)
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