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The Drosophila obscura species group has served as
an important model system in many evolutionary and
population genetic studies. Despite the amount of
study this group has received, some phylogenetic rela-
tionships remain unclear. While individual analysis of
different nuclear, mitochondrial, allozyme, restriction
fragment, and morphological data partitions are able
to discern relationships among closely related species,
they are unable to resolve relationships among the five
obscura species subgroups. A combined analysis of
several nucleotide data sets is able to provide resolu-
tion and support for some nodes not seen or well
supported in analyses of individual loci. A phylogeny
of the obscura species group based on combined analy-
sis of nucleotide sequences from six mitochondrial and
five nuclear loci is presented here. The results of
several different combined analyses indicate that the
Old World obscura and subobscura subgroups form a
monophyletic clade, although they are unable to re-
solve the relationships among the major lineages within
the obscuraspecies group. o 1999 Academic Press

Key Words: Drosophila obscura species group; phylog-
eny; simultaneous analysis.

INTRODUCTION

The Drosophila obscura species group has served as a
model system for evolutionary studies for over 60 years
(Dobzhansky and Powell, 1975; Powell, 1997). Mem-
bers of this species group have been used to study the
mechanisms of speciation (e.g., Noor, 1995), population
genetics of polytene chromosome inversions (Popadic
and Anderson, 1994; Powell, 1992), and phylogeny (e.g.,
Barrio and Ayala, 1997).

Sturtevant (1942) originally divided the obscura spe-
cies group into two subgroups: the affinis subgroup
consisting of New World species and the obscura sub-
group containing species found in both Old and New
Worlds (Fig. 1A). Buzzati-Traverso and Scossiroli (1955)
used morphological characters to examine the affinis
and obscura subgroups. They concluded that, within
the “traditional” obscura subgroup (sensu Sturtevant,

1942), there were two distinct lineages of Nearctic
species and several lineages of Palearctic species. Re-
search conducted in the past 25 years, including allo-
zyme electrophoresis (reviewed in Lakovaara and Saura,
1982), mitochondrial restriction site analysis (Latorre
et al., 1988; Gonzalez et al., 1990; Barrio et al., 1992),
polytene chromosome phylogenies (Brehm et al., 1991),
DNA-DNA hybridization (Goddard et al., 1990), and
nucleotide sequences (Beckenbach et al., 1993; Barrio
et al., 1994; Russo et al., 1995; Barrio and Ayala, 1997),
has refined our view of evolution in the obscura group.
In their review of the obscura group phylogeny, Lak-
ovaara and Saura (1982) summarized these data and
indicated that the obscura subgroup can be divided into
two subgroups, obscura and pseudoobscura (Fig. 1B).
Several phylogenetic analyses have shown that the
pseudoobscura subgroup, which is distributed exclu-
sively in the New World, is most closely related to
species placed in the Nearctic affinis subgroup (e.g.,
Lakovaara and Saura, 1982; Barrio et al., 1992; Barrio
and Ayala, 1997). The common ancestor of these species
groups likely colonized the western Nearctic region
prior to mid-Miocene times, approximately 20 million
years ago (Throckmorton, 1975). Recent expeditions in
sub-Saharan Africa (Tsacas et al., 1985; Cariou et al.,
1988) have discovered an additional subgroup, microla-
bis, which is found exclusively in the Afrotropical
region (Fig. 1C). Finally, recent nucleotide sequence
studies have shown that the obscura subgroup (sensu
Lakovaara and Saura, 1982) can be further divided into
the subobscura and obscura subgroups (Fig. 1D; Barrio
et al., 1994). The subobscura subgroup contains the
widespread Palearctic species D. subobscura and two
island endemics, D. madeirensis and D. guanche. The
revised obscura subgroup contains all of the other
Palearctic species placed in this group, although, based
upon previous studies, it is doubtful that these species
form a monophyletic clade (Barrio and Ayala, 1997;
Gleason et al., 1997).

This study uses individual and combined analyses to
examine nucleotide sequences from six mitochondrial
(mt) (Beckenbach et al., 1993; Barrio et al., 1994,
Gleason et al., 1997) and five nuclear (nu) loci (Ruttkay
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FIG.1. Taxonomic history of the five subgroups in the Drosophila obscura species group, with references.

et al., 1992; Russo et al., 1995; Barrio and Ayala, 1997,
Grau and Bachman, 1997) in an attempt to resolve the
uncertain phylogenetic relationships within the ob-
scura species group.

MATERIALS AND METHODS

DNA Sources, Isolation, and Sequencing

Species sampled from the five subgroups currently
recognized in the obscura species group are shown in
Table 1, along with abbreviations used in Figs. 2 and 3.
Live Drosophila stocks were obtained from the Na-
tional Drosophila Species Resource Center in Bowling
Green, OH (D. tolteca—BG 14012-0201.0 and D. gua-
nche—BG 14011-0095.0). Cultures of D. madeirensis
were obtained from D. Sperlich at the University of
Tubingen. Specimens of D. obscura were obtained from
M. Radak at the University of Belgrade.

Genomic DNA was isolated following the method of

TABLE 1

Taxonomy of the Drosophila obscura Species Group
with Abbreviations Used in This Study

affinis Subgroup pseudoobscura Subgroup

D. affinis—AFF D. lowei—LOW

D. algonquin—ALG D. miranda—MIR

D. athabasca—ATH D. persimilis—PER

D. azteca—AZT D. pseudoobscura—PSE

D. narragansett—NAR D. pseudoobscura “bogotana’—PBO
D. tolteca—TOL obscura Subgroup

O

microlabis Subgroup
D. kitumensis—KIT D. bifasciata—BIF
D. microlabis—MIC D. imaii—IMA
subobscura Subgroup D. obscura—OBS
D.
D.

. ambigua—AMB

D. guanche—GUA subsilvestris—SSI
D. madeirensis—MAD tristis—TRI
D. subobscura—SOB




126

Gloor and Engels (1992). Each locus was amplified from
the four species in this study using standard PCR
cycling conditions. Oligonucleotides 4682 5" ACATY-
CAGCCAIGAGTTGAAYTTGTG 3, located in the first
exon, and 4683 5’ CTGGGIGGCATTGGIYTSGACAC-
CAC 3, located in the third exon, were used to amplify
portions of the second exon of the alcohol dehydroge-
nase (Adh) gene from D. tolteca. PCR products from the
Adh gene were then cloned into the TA cloning vector
(Invitrogen). Two colonies were selected and a dsDNA
cycle sequencing procedure (GIBCO-BRL) was em-
ployed to determine the nucleotide sequence of one
strand from each clone. Where discrepancies existed
between clones of the same species, the differences
were verified by consulting the original autoradio-
grams. Oligonucleotides, designed after Simon et al.
(1994), used to amplify the entire 688-bp cytochrome
oxidase Il (COIl) gene from D. guanche, D. madeiren-
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sis, and D. obscura were (1) 5 ATGGCAGATTAGTG-
CAATGG 3’ and (2) 5" GTTTAAGAGACCAGTACTTG
3'. These products were purified by membrane filtra-
tion (Millipore) and sequenced directly using a stan-
dard dsDNA cycle sequencing protocol (GIBCO-BRL).
Both DNA strands were sequenced from each PCR
product. Accession numbers of the sequences generated
in this study are listed in Table 2.

Sequence Alignment

Alignment of these sequences was performed by eye
and was identical to the published alignment (Ruttkay
etal., 1992; Beckenbach et al., 1993; Barrio et al., 1994;
Russo et al., 1995; Barrio and Ayala, 1997; Grau and
Bachman, 1997). The intron regions of Adh, Gpdh, and
Sod were excluded from all analyses. The four Adh and
COll sequences determined for this study (described
above) were aligned to the literature sequences by eye

TABLE 2

Genbank Accession Numbers of the Drosophila obscura Group Sequences Used in This Study

cola COlIP cytbe ND5¢ 16S°¢ ND1¢ Sod¢ Gpd® Adhf 589 28sh

AFF uU51604 M95140 u07273 u07272 uo7277 u07274 u47879 u47874  — — X71207
ALG — M95144 u07279 u07278 u07281 u07280 — — — — —

ATH — M95141 — — — — — — — — —

AZT U51605 M95146 u07283 u07282 u07285 u07284 U47866 u47875  — — X71205
NAR — M95149 — — — — — — — — —

TOL — M95152 — — — —_ u47867 uU47876  AF081357  — —

KIT — — — — — — — — — — *

MIC — — — — — —_ —_ — — — *

LOW — M95142 — — — — — — — — —

MIR U51608 M95148 u07317 u07316 u07319 u07318 u47870 u47882 M60998 — —
PER U51609 M95143 u07327 u07324 u07329 u07328 u47873 U47886 M60997 — *

PSE U51606 M95145 — — — —_ u47871 u47885 X68164 U58691 X71203
PBO us51607  — u07321 u07320 u07323 u07322 u47872 U47891 M60994 — —
AMB U51610 M95150 u07297 u07296 u07299 u07298 U47868 u47880 X54813 u58687 *

BIF U51611 M95147 u07313 u07312 u07315 u07314 U47869 u47883 U40986 us58694  *

GUA U51612  AF081354 u07326 u07294 u07295 u07294 u47889 u47878 X60113 u58703 *

IMA — — — — — — — — u40987 uU58692  —
MAD U51613  AF081355 u07325 u07290 u07292 u07291 u47887 u47890 X60112 us8710 —

OBS U51614  AF081356 u07301 u07300 u07303 u07302 U47892 u47881  — us8715 *

SOB U51615 M95151 u07287 u07286 u07289 u07288 uU47888 u47877 M55545 us8721 *

SSI us51616  — u07309 u07308 U07311 uo7310 — u47884  — u58695 —

TRI ub1617  — U07305 u07304 u07307 u07306 — — — us8707 *

MEL! U51619 J01404 J01404 J01404 J01404 J01404 X13780 X14179 M17833 — X71167
YAK! X03240 X03240 X03240 X03240 X03240 X03240 — — X54120 — X71159

a COl sequences are from the following studies: all ingroup species and MEL = Gleason et al. (1997); YAK = Clary and Wolstenholme (1985).
b COII sequences are from the following studies: GUA, MAD, and OBS = present study; all other ingroup species = Beckenbach et al. (1993);

MEL = de Bruijn (1983); YAK = Clary and Wolstenholme (1985).

¢ The cytb, ND5, ND1, and 16S sequences are from the following studies: all ingroup species = Barrio et al. (1994); MEL = de Bruijn (1983);

YAK = Clary and Wolstenholme (1985).

d Sod sequences are from the following studies: all ingroup species = Barrio and Ayala (1997); MEL = Kwiatowski et al. (1989).
¢ Gpdh sequences are from the following studies: all ingroup species = Barrio and Ayala (1997); MEL = Bewley et al. (1989).

fAdh sequences are from the following studies: AMB =

Marfany and Gonzalez-Duarte (1991a); GUA and MAD =

Marfany and

Gonzalez-Duarte (1993); SOB = Marfany and Gonzalez-Duarte (1991b); TOL = this study; MIR, PBO, and PER = Schaeffer and Miller (1991);
PSE = Schaeffer and Miller (1992); MEL = Kreitman (1983); YAK = Ashburner (unpublished).

9 5S sequences are from Grau and Bachmann (1997).

h 28S sequences are from the following studies: AFF, AZT, PSE, MEL, and YAK = Pelendakis and Solignac (1993); KIT, MIC, PER, AMB,

BIF, GUA, OBS, SOB, and TRI = Ruttkay et al. (1992).

i Qutgroup sequences. MEL = Drosophila melanogaster and YAK = Drosophila yakuba.

* Sequences not present in GenBank.
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and required the inclusion of no additional gaps. Acces-
sion numbers for all sequences used in this study are
shown in Table 2.

Sequence Selection and Taxon Sampling

The following nucleotide partitions were used in
individual analyses: COIl, cytb, ND1, ND5, 16S, COl,
Adh, Sod, Gpdh, and 28S (Figs. 2 and 3). At least one
nucleotide sequence from four of the five currently
recognized obscura subgroups was determined for all
sequences analyzed in the individual analyses. The 5S
locus was not examined individually because there
were no alignable outgroup sequences determined.

Combined analyses 1 (Figs. 4A and 4B) and 2 (Fig. 5)
included all of the DNA sequences included in the
individual analyses (above) and the 5S locus. Nucleo-
tide sequences were included in these analyses if they
sampled a representative taxon from at least three of
the five obscura species subgroups. The 5S locus was
included in these analyses because, even though there
was no outgroup present, characters were able to
resolve some clades in the ingroup. A subset of 16 taxa
were examined in combined analyses 1 and 2. Only
those taxa which had one sequence determined from
both a mitochondrial and a nuclear partition were
included in these combined analyses.

Phylogenetic Analysis—Individual Loci

To estimate the phylogeny of the obscura species
group, all loci were analyzed using a variety of tree-
building methods, including maximum likelihood (ML),
neighbor joining (NJ), and maximum parsimony (MP).
It has been suggested that concordance of divergent
phylogenetic reconstruction methods is a way to im-
prove the accuracy of phylogenetic estimation (Kim,
1993); so several methods were compared and con-
trasted in this study (Table 3). Individual MP searches
were performed with the branch and bound algorithm
(PAUP 4.0; Swofford, 1998). The level of support at each
node of all most parsimonious trees obtained was
assessed using decay indices (DI; Bremer, 1988) and
bootstrap proportions (BP; Felsenstein, 1985, 1988).
Five hundred replicates were performed in each boot-
strap search. Neighbor joining (NJ) analyses were
performed in PAUP*4.0 (Swofford, 1998) using a Kimura
two-parameter model. Support was assessed using
bootstrap proportions (500 replicates). Individual ML
analyses were performed as follows: (1) the transition—
tranversion ratio, proportion of invariant sites, and y
shape parameter were estimated for the most parsimo-
nious tree(s). When more than one equally parsimoni-
ous tree was present, the parameters from the tree with
the best —In likelihood score were used. (2) The param-
eter values estimated above were used in a likelihood
search (search type = heuristic, starting trees obtained
by random addition, replicates = 100, TBR branch
swapping) using PAUP*4.0 (Swofford, 1998). Support
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for each clade in the ML trees was determined using
bootstrap proportions (Felsenstein, 1985, 1988). One
hundred replicates were performed for each locus. All
trees were rooted with the melanogaster species group,
either D. melanogaster or D. yakuba or both. Figures 2
and 3 shown the results of individual MP analyses.
Differences in topology between MP, NJ, and ML trees
are described in Table 3.

Partition Homogeneity Test

The partition homogeneity test (PHT), as imple-
mented in PAUP 4.0d59-61 (Swofford, 1998) was used
to test for incongruence between data sets. The null
hypothesis of the PHT is that each pair of loci are as
congruent as two randomly generated partitions of
equal size. The test compares the length of the most
parsimonious tree(s) for the original pair of partitions
with a number of randomly generated data sets. The
character columns in the random data sets are rear-
ranged, but the size of each partition is kept constant.
One hundred randomly generated data sets were used
to create a null distribution to test the statistical
significance of tree lengths from the original partitions.
Pairwise tests were performed to look for incongruence
between individual partitions (Table 4). When compar-
ing individual loci with the PHT, data sets were trimmed
to contain only those taxa in common between the two
partitions. APHT was also performed on the seven taxa
that were in common to both the combined nu and
combined mt data sets to determine if these partitions
were incongruent (Table 4).

Phylogenetic Analysis—Combined Analyses

Only MP was used to analyze combined data parti-
tions. Searches were performed with the branch and
bound algorithm (PAUP 4.0d59-61; Swofford, 1998). D.
melanogaster and D. yakuba were outgroups in com-
bined analyses, as described above. Support for each
node was determined as above. Partitioned Bremer
support (PBS; Baker and DeSalle, 1997) was also used
to measure the amount of support provided by each
individual partition to the DI for every node in the
combined analysis phylogenies (Figs. 4 and 5). PBS
shows the contribution of each partition to the decay
index of every node on the total-evidence tree. To obtain
the PBS value for a given node on the total-evidence
tree, the length of the partition on the unconstrained
total-evidence tree was subtracted from the length of a
partition on a tree constrained to not contain the node
of interest. If the partition supports a relationship
represented by a node in the total-evidence tree, then
the PBS value will be positive. If, on the other hand, a
partition supports an alternative relationship, the PBS
value will be negative, indicating incongruence with
the simultaneous analysis. The magnitudes of PBS
values indicate the level of support for, or incongruence
with, a node. The sum of all partition lengths for any
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TABLE 3
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Comparisons between Individual MP, ML,

and NJ Analyses

TABLE 3—Continued

Locus  Method Topology? Model employed®
COll MP Fig. 2A Unweighted
NJ (1) TOL-NAR Kimura two-
unresolved parameter
(2) BIF—subobscura
(BP = 53)
ML (1) TOL-NAR ti/tv = 2.523
unresolved
(2) BIF-subobscura Prop. invar. =
(BP = 61) 0.655
(3) AMB-OBS—affinis— vy = 2.185
pseudoobscura
(BP = 57)
cytb MP Fig. 2B Unweighted
NJ Identical to MP tree Kimura two-
parameter
ML MAD-SOB (BP = 65) ti/tv = 2.352
Prop. invar. 0.678
v = 2.244
16S MP Fig. 2C Unweighted
NJ (1) AFF-ALG-ATH Kimura two-
(BP = 54) parameter
(2) affinis—pseudoobscu-
ra-subobscura
(BP = 57)
(3) AMB-OBS (BP = 61)
(4) AMB-OBS-BIF
(BP = 53)
(5) SSI-TRI (BP = 91)
ML (1) AFF-ALG-ATH ti/tv = 0.436
(BP = 62) Prop. invar. =
0.699
(2) AMB-BIF-OBS v = 0.663
(BP = 60)
ND5 MP Fig. 2D Unweighted
NJ (1) BIF-affinis (BP = 68) Kimura two-
parameter
(2) MAD-SOB (BP = 79)
ML (1) BIF=affinis (BP = 69) ti/tv = 2.202
(2) affinis—pseudoobscu- prop. invar. =
ra—obscura (BP = 54) 0.596
vy =0.772
ND1 MP Fig. 2E Unweighted
NJ (1) AMB-OBS-TRI-SSI Kimura two-
(BP = 58) parameter
ML (1) AMB-OBS-TRI-SSI ti/tv = 2.182
(BP = 57) Prop. invar. =
0.745
v = 1.478
Col MP Fig. 2F Unweighted
NJ Identical to MP tree Kimura two-
parameter
ML (1) AMB-OBS-TRI ti/tv = 1.699
(BP = 56)
(2) affinis—obscura-sub- Prop. invar. =
obscura 0.672
(BP = 53) v = 2.948
Sod MP Fig. 3A Unweighted
NJ (1) AMB-0OBS Kimura two-
(BP = 100) parameter
ML Identical to MP tree ti/tv = 1.192
Prop. invar. =
0.485

v = infinity (300)

Locus  Method Topology? Model employed®
Gpdh MP Fig. 3B Unweighted
NJ (1) affinis (BP = 73) Kimura two-
parameter
(2) subobscura-pseudo-
obscura—obscura
clade (BP = 65)
(3) AZT-TOL (BP = 51)
ML Topology is identical to ti/tv = 2.03
MP tree Prop. invar. =
0.670
v = infinity (300)
Adh MP Fig. 3C Unweighted
NJ (1) pseudoobscura-sub- Kimura two-
obscura—obscura parameter
(BP = 78)
(2) BIF-IMA-subobscura
(BP = 74)
ML Topology identical to MP ti/tv = 1.521
tree Prop. invar. 0.664
v = 8.334
28S MP Fig. 3D Unweighted
NJ Topology identical to MP Kimura two-
tree parameter
ML Topology identical to MP ti/tv = 1.098
tree Prop. invar. = 0
vy =2.188

a |f the NJ or ML tree depicts a relationship different from that of
the MP, the species (as Table 1) and species subgroup forming the
clade are shown.

b All MP searches were performed unweighted. All NJ analyses
used the Kimura two-parameter model of substitution. The following
parameters were estimated on the MP tree(s) for use in the ML
analyses: transition/transversion (ti/tv) ratio, proportion of invariant
sites (prop. invar.), and a vy distribution.

given node will always equal the decay index for that
node on the total-evidence tree. This method deter-
mines the relative contribution of each partition to the
different simultaneous analysis trees (Figs. 4 and 5).

RESULTS

Individual Analyses of Nucleotide Data

Figures 2 and 3 show the majority rule bootstrap
consensus trees resulting from unweighted analysis of
individual mt and nu partitions, respectively. Boot-
strap proportions are displayed above and decay indi-
ces are shown below each node supported. Important
aspects of each analysis include the total number of
characters and total number of parsimony-informative
characters in each locus, the number and length of most
parsimonious trees (MPTSs) recovered by each search,
and the consistency and retention indices for each MPT
(Figs. 2-5).

The mt COIlI partition (Fig. 2A) gives high support
for the traditional phylogeny within the pseudoob-
scura, obscura, and subobscura subgroups (Throckmor-
ton, 1975; Lakovaara and Saura, 1982; Beckenbach et
al., 1993). This analysis of the COIll locus shows that
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TABLE 4

Results of Pairwise Partition Homogeneity Tests

coll ND1 ND5 cytb 16S COl Adh Sod Gpdh 28S comb.

COll — 0.05* 0.26 0.55 0.21 0.10* 1.0 0.53 0.23 0.65

ND1 — 0.51 0.16 0.76 0.28 0.55 0.01* 0.01* 0.68

ND5 — 0.58 0.60 0.35 1.0 0.02* 0.03* 0.36

cytb — 0.56 0.01* 1.0 0.07* 0.23 0.24

16S — 0.45 1.0 0.01* 0.04* 0.01*

COl — 0.03* 0.01* 0.01* 0.74

Adh — 0.10* 1.0 0.44

Sod — 0.01* 0.03*

Gpdh — 0.05*

28S — mt
comb. nu 0.16

Note. Numbers shown are P values from the Partition Homogeneity Test implemented PAUP*4.
* PHT is significant at the P < 0.1 level.

55 AFF | affinis 7 AFF |affinis — AFF |affinis
: ﬁgg subgroup 99 ALG [subgroup 53— AZT [subgroup
89 8 AZT 1 p— ALG
3 AZT MIR | pseudoobscura pseudoobscura
6 TOL 100 — MIR
58 ._l(.): — 22 0o PER | subgroup p pRO | subgroup
1 LOW | pseudoobscura =3 PBO ___12E PER
712 9 MIR | subgroup 95 OBS |obscura AMB Jobscura
3 1% [I;}SEE 7;E5 AMB |subgroup BIF [subgroup
TRI
100 AMB | obscura 81 OBS
- 100/— BIF S p———— SSI
4 OBS | subgroup SSI TRI
BIF
GUA |subobscura —— GUA |subobscura
GUA | subobscura 79
7f 97, SOB | subgroup ?]6 SOB  |subgroup ] MAD subgroup
5 L MAD MAD — soB
A. COII (688bp, 112 PI) B. CYTB (627bp, 104 PI) C. 16S (301bp, 11 PI)
1 MPT, 361 steps 3 MPTs, 319 steps 19 MPTs, 28 steps
CI =0.607, Rl = 0.609 CI =0.577, R1 = 0.603 CI =0.857, Rl = 0.889
. . 37 AFF | affinis
23 AFF - | affinis 95— AFF affinis 1 AZT I subgroup
79I 5 ALG | subgroup 5 ALG ] subgroup PSE ook
5 AZT AZT 100 pseudoobscura
MIR | pseudoobscura 629 GUA |subobscura 22 _5: PER | subgroup
946 69 PER | subgroup 62‘ sop | subgroup gg| 6 PBO
T PBO MAD 3 MIR
9 OBS | obscura MIR | pseudoobscura 64
70 35 AMB | subgroup 100 100 PER [ subgroup —: AMB ) obscura
3 TRI P55 PBO . el R
93 BIF
BIF 59 OBS | obscura —3: SSI
e SSI iE AMB | subgroup TRI
GUA | subobscura 2 TRI 64 MAD bob.
86 subobscura
= SOB | subgroup BIF 77 _2': SOB | subgroup
| MAD Ssl 4 | GUA
D. ND5 (409bp, 69 PI) E. ND1 (610bp, 74 PI) F. COI (496bp, 96 PI)
7 MPTs, 231 steps 2 MPTs, 216 steps 2 MPTs, 289 steps
CI = 0.606, RI = 0.586 Cl =0.593, Rl = 0.614 Cl=0.592, Rl = 0.574

FIG. 2. Results of individual analyses of mt DNA sequences. Each phylogeny is shown with the length in base pairs (bp) of the partition,
the number of parsimony-informative (PI) characters in the data set, the number of MPTs found, the number of steps on each MPT, and the
ensemble consistency and retention indices (Cl and RI, respectively). BPs are shown above and DIs are shown below each node.
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TOL | affinis
AZT | subgroup
60 AFF
2 MIR | pseudoobscura
PER subgroup
PSE
PBO
OBS |obscura
AMB [|subgroup
BIF
SSI
GUA | subobscura
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SOB
B. GPDH (759bp, 76 PI)
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CI =0.823, RI = 0.812
AFF | affinis
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B MIC | microlabis
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D. 288 (362bp, 5 PI)
6 MPTs, 31 steps
CI = 0.968, RI = 0.889

FIG. 3. Results of individual analyses of nu DNA sequences. Each phylogeny is shown with the length in bp of the partition, the number of
parsimony-informative characters in the data set, the number of MPTs found, the number of steps on each MPT, and the Cl and RI values. BPs

are shown above and Dls are shown below each node.

the affinis and pseudoobscura subgroups are sister
taxa, although this relationship is not highly supported
(BP = 58, DI = 1). Within the affinis subgroup, phyloge-
netic relationships are mostly unresolved. This parti-
tion is also unable to determine the sister group (or
groups) of the affinis—pseudoobscura clade. Further-
more, this partition indicates that the obscura sub-
group may not be monophyletic.

The mt cytochrome b partition (cytb), determined by
Barrio et al. (1994) recovers several monophyletic
groups, including the affinis, pseudoobscura, obscura,
and subobscura subgroups (Fig. 2B). The cytb analysis
suggests that the obscura subgroup may not be mono-
phyletic. This locus is also unable to determine the
sister group relationships among any of the subgroups.

The met 16S partition (Barrio et al., 1994) is able to
resolve the obscura and subobscura subgroups with

high bootstrap support (BP = 81 and 79, respectively),
although relationships within these clades are not well
resolved (Fig. 2C). This locus also places D. miranda
within the affinis subgroup, indicating that the affinis
and pseudoobscura subgroups are paraphyletic with
respect to one another. This result may be due to the
relatively few phylogenetically informative characters,
11, in this partition.

Figure 2D shows the phylogenetic relationships in-
ferred from the mt ND5 partition (Barrio et al., 1994).
Although this partition is unable to resolve any relation-
ships among the subgroups, the relationships within
each major clade (the affinis, pseudoobscura, and ob-
scura subgroups) are well resolved and highly sup-
ported.

The mt ND1 partition (Barrio et al., 1994) indicates
that the subobscura and pseudoobscura subgroups are
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monophyletic (Fig. 2E). Although relationships within
the subobscura subgroup are completely unresolved,
those within the pseudoobscura subgroup are congru-
ent with previous work. Interestingly, this partition
gives relatively low support (BP = 69, DI = 2) for the
sister group relationship between the affinis and subob-
scura subgroups, a result that has not been seen before
and is in conflict with all other data gathered to date.

The mt COI partition (Gleason et al., 1997) indicates
that the affinis, pseudoobscura, and subobscura sub-
groups are monophyletic (Fig. 2F). The obscura sub-
group comes out in two nonmonophyletic clades. This
locus, however, is unable to recover any information
regarding the relationships among the subgroups exam-
ined.

Figure 3A shows the phylogeny obtained from parsi-
mony analysis of the nu Sod partition (Barrio and
Ayala, 1997). In this tree the affinis and pseudoobscura
subgroups are fully resolved and placed as sister taxa
with high support (BP = 100, DI = 7). The subobscura
subgroup, which is also highly supported (BP = 96,
DI = 5), is shown, along with part of the obscura
subgroup, to be the sister taxa of the affinis—pseudoob-
scura clade (Fig. 3A).

The nu Gpdh gene tree is shown in Fig. 3B (Barrio
and Ayala, 1997). Though the obscura subgroup itself is
not monophyletic, the obscura and subobscura sub-
groups together form a monophyletic clade (BP = 95,
DI = 6). The pseudoobscura subgroup is a sister taxon
to the obscura-subobscura clade (BP = 95, DI = 8).
This result is similar to the traditional “two subgroup”
view of Sturtevant (1942). Finally, the affinis subgroup
is not monophyletic and is a sister taxon to the other
subgroups.

The tree for the nu Adh locus is shown in Fig. 3C.
Although sequences from fewer taxa than in the other
individual studies have been determined, there is at
least one representative from four of the five obscura
subgroups. This partition gives results similar to those
of the other partitions in this study. The pseudoobscura
and subobscura subgroups are shown to be monophy-
letic (BP = 100). There is no resolution of among-
subgroup relationships in this phylogeny. However,
there is strong support for some within-subgroup rela-
tionships, such as within the subobscura and pseudoob-
scura subgroups.

The results of the individual analysis of the 28S
(Ruttkay et al., 1992) locus is shown in Fig. 3D. This
locus is largely unresolved with respect to relationships
within and among the five subgroups of the obscura
species group. Only the microlabis subgroup is shown
to be monophyletic; the pseudoobscura, subobscura,
affinis, and obscura subgroups are all nonmonophy-
letic.

Comparison between Phylogenetic Methods

Table 3 lists the differences in topology of the ML and
NJ analyses, relative to the individual MP analyses
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presented in Figs. 2 and 3. Sometimes the results of an
analysis based on one phylogenetic method will support
relationships which are not seen in analyses based on
other methods. In the individual Gpdh analysis, for
example, MP and ML analyses indicate that the affinis
subgroup is not monophyletic. The NJ study, however,
recovers a monophyletic affinis subgroup, a more con-
ventional result. In this case it may be that the Kimura
two-parameter model employed by NJ is better in
matching the model of evolution of the Gpdh sequence
than are the other two methods.

When a node exists in the NJ or ML tree that is
absent in the MP tree, support for that node is usually
weak (BP < 65). There are, however, several instances
when a highly supported node is present in the NJ or
ML tree, but not seen in the MP tree. In one NJ
analysis, the SSI-TRI clade is supported with a BP =
91, but this node is unresolved in the MP strict consen-
sus tree. This is because the NJ search found only a
single tree and the MP analysis was able to find 11
equally parsimonious trees, one of which had a SSI-
TRI clade. The results of the MP, NJ, and ML analyses
broadly agree with one another. Only the MP analyses
are summarized below to facilitate comparisons to the
combined analyses, which employed only the MP crite-
rion.

Summary of Individual Analyses

The COI, COIl, cyth, ND5, and Sod loci indicate that
the affinis subgroup is monophyletic. The 16S, 28S,
ND1, and Gpdh loci are unable to resolve the mono-
phyly of the affinis subgroup clade. With the exception
of the 16S and 28S loci, all individually analyzed
sequences indicate that the pseudoobscura subgroup is
monophyletic. The Nearctic species (the affinis and
pseudoobscura subgroups) are monophyletic in the mt
COll and nu Sod analyses. The mt ND1 analysis places
the affinis subgroup as a sister clade to the subobscura
subgroup species, and the nu Gpdh gene suggests that
the pseudoobscura subgroup forms a monophyletic
clade with the Old World species. The 28S analysis
proposes that part of the obscura, subobscura, and
pseudoobscura subgroups form a clade, a finding that is
not seen in any other analysis performed. All other loci
analyzed individually are unable to determine relation-
ships among any of the obscura subgroups. With the
exception of the 28S locus, the subobscura subgroup is
monophyletic in all individual analyses, although sister
group relationships within this subgroup sometimes
differ. Within the obscura subgroup, D. bifasciata and
D. subsilvestris are difficult to place. With the exception
of the 16S locus, which places these species in the
obscura subgroup, and the Gpdh locus, which implies
that these species form a sister clade to the subobscura
subgroup, the relationships of these species are unre-
solved.
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Comparisons of Individual Partitions

The PHT, as implemented in PAUP* 4.0 (Swofford,
1998), was employed to make pairwise comparisons
between each individually analyzed partition in this
study. The mitochondrial partitions are, for the most
part, congruent with one another. The PHT indicates
three points of incongruence within the six mt data
sets: ND1 and COI partitions are both incongruent
with the COII partition and the COIl partition is
incongruent with the cytb locus (Table 4). The four nu
loci compared are incongruent in four comparisons
(Table 4). The Sod gene is incongruent with all other nu
partitions and the Gpdh gene is incongruent with 28S.
In comparisons between nu and mt loci, the nu Adh and
28S loci are the most congruent loci, each being incon-
gruent with only one mt locus (COIl and 16S, respec-
tively; Table 4). The nu Sod gene is incongruent with all
mt partitions except for COIlIl (Table 4). The nu Gpdh
partition is congruent with only the mt COII and cytb
genes (Table 4). These results indicate that the degree
of incongruence among the loci in this study falls on a
continuum, with some partitions being more incongru-
ent than others.

Combined Analysis 1—Nuclear vs
Mitochondrial Partitions

The individual data partitions were then combined
into two data sets, nu and mt, to determine if different
classes of data (i.e., nonrecombining, maternally inher-
ited vs recombining, biparentally inherited) yield differ-
ent topologies when analyzed (Figs. 4A and 4B) or are
significantly incongruent with one another when com-
pared with the PHT test (Table 2). Figure 4A shows the
phylogeny derived from simultaneous analysis of all mt
data sets. The affinis, pseudoobscura, obscura, and
subobscura subgroups are each resolved, well sup-
ported, and monophyletic (BP = 85, DI = 3; BP = 100,
DI =19; BP =76, DI =5; and BP = 100, DI = 19;
respectively), although these data are unable to com-
pletely resolve relationships among any of the sub-
groups. Figure 4B presents the phylogeny derived from
the combined analysis of all nu partitions. This tree
also shows the affinis, pseudoobscura, and subobscura
subgroups to be resolved, well supported, and monophy-
letic (BP = 96, DI = 5; BP = 100, DI = 16; and BP =
100, DI = 24; respectively). This partition shows that
species from the subobscura and obscura species sub-
groups form a weakly supported monophyletic group
(BP =55, DI =4), although the exact phylogenetic
relationships within this clade are unresolved (Fig.
4B). The pseudoobscura subgroup, in conflict with some
previous data, is shown to be the sister taxon of the
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subobscura-obscura clade; however, support for this
relationship is weak (BP = 52, DI = 4).

Other topological differences between trees are due
to either a lack of resolution or the shifting of relation-
ships between closely related species. An example of
topological conflict between closely related species is
found in the p. pseudoobscura—persimilis—p. bogotana
clade. The mt DNA partitions (Fig. 4A) indicate that D.
persimilis and D. p. pseudoobscura are sister taxa to
the exclusion of D. p. bogotana. This agrees with the
combined mt analysis of Gleason et al. (1997), but is in
conflict with the nu analyses, which indicate that the
subspecies of D. pseudoobscura are sister taxa (Fig.
4B). Such a conflict between nu and mt characters may
be the result of an introgression of mtDNA, but not
NuDNA, from D. persimilis to D. p. pseudoobscura. It is
also possible, however, that this is an artifact of species
sampling differences among the various studies repre-
sented in this data set. Of the mtDNA studies, only the
COl study examined D. persimilis, D. p. pseudoob-
scura, and D. p. bogotana. The other data sets used only
one subspecies, either D. p. pseudoobscura or D. p.
bogotana, to represent D. pseudoobscura (Table 2).
Therefore, the only mt characters which resolve relation-
ships among these taxa come from COI, which may be
saturated for transitional changes (Gleason et al.,
1997). Two nuDNA data sets, Gpdh and Sod, sampled
all three taxa (Table 2) and the results of these analy-
ses, both individually (Figs. 3A and 3B) and combined
(Fig. 4B), support the p. pseudoobscura—p. bogotana
sister group relationship. Inclusion of missing D. pseu-
doobscura subspecies representatives in the nu and mt
DNA data sets may be able to determine whether the
topological differences in Figs. 4A and 4B are due to
introgression or sampling artifacts. A partition homoge-
neity test indicates that the nu and mt data partitions
are not significantly heterogeneous with respect to one
another (Table 4); so these data were combined and
analyzed simultaneously (Fig. 5).

PBS values (Baker and DeSalle, 1997) are used here
to determine which partitions were lending support to
any given node on the trees from the two combined
analyses (Figs. 4A and 4B). Excepting those differences
due to lack of resolution, the MPTs from the two
combined analyses (Figs. 4A and 4B) differ primarily in
the relationships among D. ambigua, D. tristis, and D.
obscura within the obscura subgroup. Support for the
((D. ambigua, D. tristis), D. obscura) relationship seen
in the combined nu analysis comes only from the 5S
(PBS = 2). Support for the ((D. ambigua, D. obscura),
D. tristis) is given by COI, ND1, and ND5 (PBS = 14).

The PBS values for each locus can be summed across

FIG. 4.

(A) Results of combined mitochondrial analysis. (B) Results of combined nuclear analysis. Each phylogeny is shown with the

length in bp of the partition, the number of parsimony-informative characters in the data set, the number of MPTs found, the number of steps
on each MPT, and the Cl and RI values. BPs (above node), DlIs (below node), and PBS values (in boxes at node) are indicated. Branch lengths

are not proportional to change; they vary only for clarity.
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all nodes on the MPTs from combined analyses to give a
notion about how much any one partition is contribut-
ing to the entire combined analysis topology. COIlI,
COl, ND1, and 16S have positive PBS sums (58, 31.7,
27.3, and 0.7, respectively), cytb has a negative PBS
sum (—8.7), and the PBS values for ND5 sum to zero.
PBS sums for the combined nu analyses show that the
5S, Gpdh, and Adh loci give positive values (47.85, 29.3,
and 9.8, respectively) and Sod and 28S give negative
values (—3.95 and —4, respectively). The high value for
the 5S locus is somewhat misleading, however, as it is
due primarily to two nodes (PBS = 17.5 and 26). It
should also be noted that, even though a locus may
have a high positive sum of PBS values, it does not
necessarily lend support at all nodes. The reverse is
also true. For example, although the Sod gene has a
negative summed PBS (—3.95), it is congruent with
(i.e., has either a positive or a zero PBS value) 7 of the
12 nodes in the combined analysis phylogeny.

Combined Analysis 2—Nuclear
and Mitochondrial Data

The combined nu and combined mt data sets were
then combined to determine if simultaneous analysis of
mt and nu partitions could resolve the phylogeny of the
obscura species group better than the combined analy-
sis of those two partitions alone (Figs. 4A and 4B).
Figure 5 shows the phylogeny which results from the
combined analysis of the nu and mt partitions. The
affinis, pseudoobscura, obscura, and subobscura sub-
groups all form monophyletic clades. Notably, the sub-
obscura and obscura subgroups form a monophyletic
clade which is fairly well supported (BP = 77, DI = 7).
Even though this relationship was not seen in the
combined nuclear analysis (Fig. 4B), the nu 5S locus
contributes positively to the decay index at this node
(PBS = 2). The conflict between the combined nu and
combined mt analyses in estimating relationships
within the obscura subgroup, ((AMB, OBS), TRI) in the
mt phylogeny vs ((TRI, AMB), OBS) in the nu phylog-
eny, is resolved and identical to the one supported by
the mt partition. This combined analysis is, however,
unable to resolve the relationships among the obscura-
subobscura, pseudoobscura, and affinis clades.

DISCUSSION

Combining and Partitioning Data
in Phylogenetic Analysis

One of the major debates in systematics is whether
data obtained from independent sources (e.g., morphol-
ogy vs molecular data) should be analyzed separately or
in a combined analysis (de Queiroz et al., 1995; Brower
et al., 1996). This controversy will continue as more
independent data sets are gathered and brought to bear
on phylogenetic questions. Some support the notion
that simultaneous analysis maximizes explanatory
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power and is, therefore, superior (Kluge, 1989; Brower
et al., 1996), while others believe that it is preferable to
present a consensus of individual analyses (Miyamoto
and Fitch, 1995). A compromise position, referred to as
conditional combination, proposes that data partitions
be subjected to a test of congruence and then, if
congruent, combined (Bull et al., 1993; de Queirozetal.,
1995). Data sets that are incongruent with other parti-
tions are excluded from simultaneous analysis. One
could employ either strict or permissive criteria when
deciding which data partitions to include or exclude in
a phylogenetic analysis. Under a strict criterion, only
those partitions which were congruent with all parti-
tions in the study are included. The permissive ap-
proach would include all partitions that are at least
partially congruent with the other partitions; only
those partitions which are incongruent with all other
partitions are excluded. Cunningham (1997) has sug-
gested that, when misleading data are overcome by the
inclusion of additional characters, combining incongru-
ent data sets may actually improve phylogenetic estima-
tion. Baker and DeSalle (1997) also argue for the
combination of incongruent data, but on the basis that
although two data sets are significantly incongruent at
a certain node in the tree, they may also agree strongly
at several other nodes.

The nucleotide sequence data for the D. obscura
group offer a unique opportunity to examine the condi-
tional combination approach to phylogenetic analysis.
Several partitions can be constructed for comparison
using the data currently available, including nuclear vs
mitochondrial loci, protein coding vs ribosomal loci,
stems vs loops within ribosomal sequences, and codon
position within protein coding sequences. This study
compares the mitochondrial partitions (Beckenbach et
al., 1993; Barrio et al., 1994; Gleason et al., 1997) to the
nuclear partitions (Ruttkay et al., 1992; Russo et al.,
1995; Barrio and Ayala, 1997; Grau and Bachman,
1997) in their ability to reconstruct the phylogeny of the
D. obscura group.

The PHT indicates that the nu Sod partition is
congruent with the mt COI|I partition, even though Sod
is incongruent with all of the other loci examined in this
study and COII is congruent with all loci except for
ND1 (Table 4). Examining the Sod phylogeny indicates
that, while it does differ in placement of some groups, it
is in agreement with some other relationships proposed
by each individual gene tree (Figs. 2 and 3). It may be
the case that incongruence between data partitions, as
suggested by a significant PHT, may not preclude data
set combination.

The PBS values that are presented for each node in
the combined analyses indicate that each gene parti-
tion contributes, either positively or negatively, to the
topology of simultaneous analysis trees (Figs. 4 and 5).
Many of those loci which have high positive summed
PBS values also conflict (i.e., have negative PBS val-
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FIG. 6. Summary diagram showing two possible phylogenetic hypotheses for the D. obscura species group. (A) Phylogenetic relationships
supported by individual and combined analyses in this study. (B) Phylogenetic relationships proposed by Gleason et al. (1997) based on
analysis of mtDNA sequences. Numbers of the Figures in this paper supporting each node are shown above that node. Numbers associated
with named clades correspond to references which support that clade. 1, Dobzhansky (1935); 2, Sturtevant (1942); 3, Buzzati-Traverso and
Scossiroli (1955); 4, Throckmorton (1975); 5, Anderson et al. (1977); 6, Lakovaara and Saura (1982); 7, Cariou et al. (1988); 8, Goddard et al.
(1990); 9, Bachmann et al. (1992); 10, Ruttkay et al. (1992); 11, Beckenbach et al. (1993); 12, Bachmann and Sperlich (1993); 13, Krimbas
(1993); 14, Barrio et al. (1994); 15, Powell and DeSalle (1995); 16, Russo et al. (1995); 17, Wells (1996); 18, Barrio and Ayala (1997); 19, Gleason

etal. (1997); 20, This study.

ues) at some nodes. For example, Gpdh is either
negative or zero at 4 of the 11 nodes, even though it
contributes the highest summed PBS of all loci in the
tree. Based upon these results, it may be more accurate
to view congruence and incongruence between parti-
tions as a continuum, rather than as an absolute character-
istic of a set of partitions. Some data sets in this study
effectively track historical relationships at one taxonomic
level, while contributing to incongruence at another. Com-
bining all the data, even if it is incongruent, into one
unweighted simultaneous analysis is perhaps preferable.
Weighting or combining only congruent data sets can
result in the omission of many characters, some of
which may be largely congruent with the included data,
making it difficult to determine which partitions (or
parts of partitions) to exclude from the analysis.

Phylogeny of the D. obscura Species Group

The phylogeny of the obscura species group has been
a matter of debate almost since the group was first

proposed (Sturtevant, 1942; Buzzati-Traverso and Scos-
siroli, 1955). Several different types of data, including
morphology, polytene chromosome banding patterns,
allozymes, restriction fragment length polymorphisms,
DNA-DNA hybridization, 1- and 2-D gel electrophore-
sis, and nucleotide sequences, have gradually refined
the view of evolution in this group. Phylogenetic analy-
ses indicate that individual data sets (Figs. 2 and 3), as
well as some combined data sets (Figs. 4A and 4B), are
unable to resolve the sister group relationships among
the affinis, obscura, subobscura, pseudoobscura, and
microlabis subgroups. Combined analysis of the 11 nu
and mt nucleotide sequences in this study (Fig. 5) does
indicate that the subobscura and obscura subgroups
are sister taxa. Itis clear that, even with large numbers
of characters (over 6300 in combined analysis 2), resolv-
ing the relationships among the major lineages within
the obscura species group is not a trivial problem,
perhaps because of the rapid manner in which this
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group is thought to have formed (Throckmorton, 1975;
Gleasonetal., 1997).

Figure 6 presents two possible hypotheses of phyloge-
netic relationships within the obscura species group
and serves to summarize our current understanding of
evolution in this species group. Figure 6A shows one
possible hypothesis of evolutionary relationships within
the obscura group, along with the cladistic analyses
from the present study which support each node.
Figure 6B is the obscura group phylogeny based on mt
DNA sequences presented by Gleason et al. (1997).
Both studies suggest that there are two major clades in
the obscura group, the Old World obscura and subob-
scura clade and the New World affinis and pseudoob-
scura clade. They differ only in the placement of the
microlabis subgroup, which may be either a close
relative of the subobscura subgroup (Fig. 6A) or the
sister taxon to the remaining obscura species (Gleason
etal., 1997; Fig. 6B).

The present study proposes that the Afrotropical
microlabis subgroup forms a clade with the subobscura
subgroup, which has a distribution that includes parts
of northern Africa. This microlabis—subobscura clade is
nested within a larger Old World clade, which contains
the remaining species placed in the obscura subgroup.
Support for this hypothesis comes from biogeographic
information (Throckmorton, 1975), previous morphologi-
cal and molecular studies (Lakovaara and Saura, 1982;
Cariou et al., 1988; Ruttkay et al., 1992), and cladistic
analyses (Fig. 6 and data not shown). The proposed
subobscura—microlabis ancestor may have colonized
high elevation habitats in the Afrotropical region and
speciated there. A similar pattern of colonization of
high elevation habitats in tropical regions is also
observed in members of the affinis and pseudoobscura
subgroups in the New World tropics (Throckmorton,
1975; Heed and O'Grady, unpublished). It is possible
that these species are ecologically better adapted to the
“temperate-like” habitats found at high elevations in
the tropics and are able to diversify there via chance
colonization events (Throckmorton, 1975).

The hypotheses proposed in Fig. 6 provide a tentative
view of evolution in the obscura species group and
should be tested with additional data in the future.
Representation of species from the microlabis sub-
group, which have been absent in many previous
molecular studies, is clearly required in future studies.
Combined analyses of diverse data may provide some
hints concerning the relationships within the obscura
species group, but many more characters may be
required before relationships within this phylogeneti-
cally complex taxon can be fully resolved.

ACKNOWLEDGMENTS

| thank D. L. Brower, C. S. Babcock, J. B. Clark, J. E. Gatesy, W. B.
Heed, M. G. Kidwell, D. R. Maddison, and J. B. Walsh for helpful

PATRICK M. O'GRADY

comments on several versions of the manuscript. The comments of
Jennifer Gleason, Rob DeSalle, and two anonymous reviewers greatly
added to the manuscript. | am indebted to the National Drosophila
Species Stock Center in Bowling Green Ohio and to Drs. D. Sperlich
and M. Radak for providing live Drosophila species. D. L. Swofford
allowed access to beta versions of his program PAUP*, version
4.0d59-63.

REFERENCES

Anderson, W. W., Ayala, F. J., and Michod, R. E. (1977). Chromosomal
and allozymic diagnosis of three species of Drosophila. J. Hered.
68: 71-74.

Bachmann, L., and Sperlich, D. (1993). Gradual evolution of a specific
satellite DNA family in Drosophila ambigua, D. tristis, and D.
obscura. Mol. Biol. Evol. 10: 647-659.

Bachmann, L., Miller, E., Cariou, M. L., and Sperlich, D. (1992).
Cloning and characterization of KM190, a specific satellite DNA
family of Drosophila kitumensis and D. microlabis. Gene 120:
267-269.

Baker, R., and DeSalle, R. (1997). Multiple sources of character
information and the phylogeny of Hawaiian drosophilids. Syst.
Biol. 46: 654-673.

Barrio, E., and Ayala, F. J. (1997). Evolution of the Drosophila
obscura species group inferred from the Gpdh and Sod genes. Mol.
Phylogenet. Evol. 7: 79-93.

Barrio, E., Latorre, A., and Moya, A. (1994). Phylogeny of the
Drosophila obscura species group deduced from mitochondrial
DNA sequences. J. Mol. Evol. 39: 478-488.

Barrio, E., Latorre, A., Moya, A., and Ayala, F. J. (1992). Phylogenetic
reconstruction of the Drosophila obscura group, on the basis of
mitochondrial DNA. Mol. Biol. Evol. 9: 621-635.

Beckenbach, A. T., Wei, Y. W,, and Liu, H. (1993). Relationships in the
Drosophila obscura group, inferred from mitochondrial cytochrome
oxides-11 sequences. Mol. Biol. Evol. 10: 619-634.

Bewley, G. C., Cook, J. L., Kusakabe, S., Mukai, T., Rigby, D. L., and
Chambers, G. K. (1989). Sequence, structure, and evolution of the
gene coding for sn-glycerol-3-phosphate dehydrogenase in Dro-
sophila melanogaster. Nucleic Acids Res. 17: 8553-8567.

Brehm, A., Krimbas, C. B., Sourdis, J., and Cariou, M. L. (1991). The
phylogeny of 9 species of the Drosophila obscura group inferred by
the banding homologies of chromosomal regions. 1. Element B.
Genome 34: 464—-471.

Bremer, K. (1988). The limits of amino acid sequence data in
angiosperm phylogenetic reconstruction. Evolution 42: 795-803.
Brower, A. V. Z., DeSalle, R., and Volger, A. (1996). Gene trees, species
trees, and systematics: A cladistic perspective. Annu. Rev. Ecol.

Syst. 27: 423-450.

Bull, J. J., Huelsenbeck, J. P., Cunningham, C. W., Swofford, D. L.,
and Waddell, P. J. (1993). Partitioning and combining data in
phylogenetic analysis. Syst. Biol. 42: 384-397.

Buzzati-Traverso, A., and Scossiroli, R. E. (1955). The obscura group
of the genus Drosophila. Adv. Genet. 7: 675-689.

Cariou, M. L., Lachaise, D., Tsacas, L., Sourdis, J., Krimbas, C. B.,
and Ashburner, M. (1988). New African species in the Drosophila
obscura species group: Genetic variation, differentiation, and evolu-
tion. Heredity 61: 73-84.

Clary, D. O., and Wolstenholme, D. R. (1985). The mitochondrial DNA
molecule of Drosophila yakuba: Nucleotide sequence, gene organi-
zation and genetic code. J. Mol. Evol. 22: 252-271.

Cunningham, C. W. (1997). Is congruence between data partitions a
reliable predictor of phylogenetic accuracy? Empirically testins an
iterative procedure for choosing among phylogenetic methods.
Syst. Biol. 46: 464-487.



D. obscura PHYLOGENY

de Bruijn, M. H. (1983). Drosophila melanogaster mitochondrial
DNA, a novel organization and genetic code. Nature 304: 234-241.

de Queiroz, A., Donoghue, M. J., and Kim, J. (1995). Separate versus
combined analysis of phylogenetic evidence. Annu. Rev. Ecol. Syst.
26: 657-681.

Dobzhansky, T. (1935). Drosophila miranda, a new species. Genetics
20: 377-391.

Dobzhansky, T., and Powell, J. R. (1975). Drosophila pseudoobscura
and its American relatives, Drosophila persimilis and Drosophila
miranda. In: “Handbook of Genetics. Vol. 3: Invertebrates of
Genetic Interest” (R. C. King, Ed.), pp. 537-587. Plenum, New
York.

Felsenstein, J. (1985). Confidence limits on phylogenies: An approach
using the bootstrap. Evolution 39: 783-791.

Felsenstein, J. (1988). Phylogenies from molecular sequences: Infer-
ence and reliability. Annu. Rev. Genet. 22: 521-565.

Gleason, J. M., Caccone, A., Moriyama, E. N., White, K. P., and
Powell, J. R. (1997). Mitochondrial DNA phylogenies for the
Drosophila obscura group. Evolution 51: 433-440.

Gloor, G. B., and Engels, W. R. (1992). Single-fly DNA preps for PCR.
Drosophila Inform. Service 71: 148-149.

Goddard, K., Caccone, A., and Powell, J. R. (1990). Evolutionary
implications of DNA divergence in the Drosophila obscura group.
Evolution 44: 1656-1670.

Gonzalez, A. M., Hernandez, M., \Volz, A., Pestano, J., Larruga, J. M.,
Sperlich, D., and Cabrera, V. M. (1990). Mitochondrial DNA
evolution in the obscura species subgroup of Drosophila. 3. Mol.
Evol. 31: 122-131.

Grau, R., and Bachman, L. (1997). The evolution of intergenic spacers
of the 5S rDNA genes in the Drosophila obscura group: Are these
sequences suitable for phylogenetic analyses? Biochem. Syst. Evol.
25:131-139.

Hasegawa, M., Kishino, H., and Yano, T. (1985). Dating the human-
ape splitting by a molecular clock of mitochondrial DNA. J. Mol.
Evol. 22: 160-174.

Kim, J. (1993). Improving the accuracy of phylogenetic estimation by
combining different methods. Syst. Biol. 42: 331-340.

Kluge, A. G. (1989). A concern for evidence and a phylogenetic
hypothesis of relationships among Epicrates (Boidae, Serpentes).
Syst. Zool. 38: 7-25.

Kreitman, M. (1983). Nucleotide polymorphism at the alcohol dehy-
drogenase locus of Drosophila melanogaster. Nature 304: 412—-417.

Krimbas, C. (1993). “Drosophila subobscura: Biology, Genetics, and
Inversion Polymorphism,” Verlag Dr. Kovac, Hamburg, Germany.

Kwiatowski, J., Patel, M., and Ayala, F. J. (1994). Drosophila
melanogaster Cu,Zn superoxide dismutase gene sequence. Nucleic
Acids Res. 17: 1264.

Lakovaara, S., and Saura, A. (1982). Evolution and speciation in the
Drosophila obscura group. In “The Genetics and Biology of Dro-
sophila” (M. Ashburner, H. L. Carson, and J. N. Thompson, Eds.),
pp. 1-59. Academic Press, New York.

Latorre, A., Barrio, E., Moya, A., and Ayala, F. J. (1988). Mitochon-
drial DNA evolution in the Drosophila obscura group. Mol. Biol.
Evol. 5: 717-728.

Marfany, G., and Gonzalez-Duarte, R. (1991a). The Adh genomic
region of Drosophila ambigua: Evolutionary trends in different
species. J. Mol. Evol. 32: 454-462.

139

Marfany, G., and Gonzalez-Duarte, R. (1991b). The Drosophila
subobscura genomic region contains valuable evolutionary mark-
ers. Mol. Biol. Evol. 9: 261-277.

Marfany, G., and Gonzalez-Duarte, R. (1993). Characterization and
evolution of the Adh genomic region in Drosophila guanche and
Drosophila madeirensis. Mol. Phylogenet. Evol. 2: 13—-22.

Miyamoto, M. M., and Fitch, W. M. (1995). Testing species phylog-
enies and phylogenetic methods with congruence. Syst. Biol. 44:
64-76.

Noor, M. A. (1995). Speciation driven by natural selection in Dro-
sophila. Nature 375: 674-675.

Pelendakis, M., and Solignac, M. (1993). Molecular phylogeny of
Drosophila based on ribosomal RNA sequences. J. Mol. Evol. 37:
525-543.

Popadic, A., and Anderson, W. W. (1994). The history of a genetic
system. Proc. Natl. Acad. Sci. USA 91: 6819-6823.

Powell, J. R. (1992). Inversion polymorphism in Drosophila pseudoob-
scura and Drosophila persimilis. In: “Drosophila Inversion Polymor-
phism” (C. Krimbas and J. R. Powell, Eds.), pp. 73-126. CRC Press,
Boca Raton, FL.

Powell, J. R. (1997). “Progress and Prospects in Evolutionary Biology:
The Drosophila Model,” Oxford Univ. Press, New York.

Powell, J. R., and DeSalle, R. (1995). Drosophila molecular phylog-
enies and their uses. Evol. Biol. 28: 87-138.

Russo, C. M., Takezaki, N., and Nei, M. (1995). Molecular phylogeny
and divergence times of drosophilid species. Mol. Biol. Evol. 12:
391-404.

Ruttkay, H., Solignac, M., and Sperlich, D. (1992). Nuclear and
mitochondrial ribosomal RNA variability in the obscura group of
Drosophila. Genetica 85: 143-179.

Schaeffer, S. W., and Miller, E. L. (1991). Nucleotide sequence
analysis of the Adh gene estimates the time of geographic isolation
of the Bogota population of Drosophila pseudoobscura. Proc. Natl.
Acad. Sci. USA 88: 6097—6101.

Schaeffer, S. W., and Miller, E. L. (1992). Molecular population
genetics of an electrophoretically monomorphic protein in the
alcohol dehydrogenase region of Drosophila pseudoobscura. Genet-
ics 132: 163-178.

Simon, C., Frati, F., Beckenbach, A., Crespi, B., Liu, H., and Flook, P.
(1994). Evolution, weighting, and phylogenetic utility of mitochon-
drial gene sequences and a compliation of conserved polymerase
chain reaction primers. Ann. Ent. Soc. Am. 87: 651-701.

Sturtevant, A. H. (1942). The classification of the genus Drosophila
with the description of nine new species. Univ. Texas Publ. 4213:
5-51.

Swofford, D. L. (1998). PAUP: Phylogenetic analysis using parsimony,
Ver. 4. Smithsonian Institution, Washington DC.

Throckmorton, L. H. (1975). The phylogeny, ecology, and geography of
Drosophila. In “Handbook of Genetics. Vol. 3: Invertebrates of
Genetic Interest” (R. C. King, Ed.), pp. 421-469. Plenum, New
York.

Tsacas, L., Cariou, M. L., and Lachaise, D. (1985). Le groupe
Drosophila obscura en Afrique de I'Est, description de trios nouv-
elles especes (Diptera:Drosophilidae). Ann. Soc. Ent. Fr. (NS) 21:
413-424.

Wells, R. S. (1996). Nucleotide variation at the Gpdh locus in the
genus Drosophila. Genetics 143: 375-384.



	INTRODUCTION
	FIG. 1.

	MATERIALS AND METHODS
	TABLE 1
	TABLE 2
	TABLE 3
	TABLE 3—Continued
	TABLE 4

	RESULTS
	FIG. 2.
	FIG. 3.
	FIG. 4.
	FIG. 4—Continued 
	FIG. 5.

	DISCUSSION
	FIG. 6.

	ACKNOWLEDGMENTS
	REFERENCES

