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Evolution of the Drosophila obscura Species Group
Inferred from the Gpdh and Sod Genes

ELADIO BARRIO1 AND FRANCISCO J. AYALA2

Department of Ecology and Evolutionary Biology, University of California, Irvine, California 92717

Received February 28, 1996; revised July 10, 1996

The Drosophila obscura group consists of several
dozen Nearctic and Palearctic species, with a phylog-
eny that remains largely unresolved in spite of numer-
ousmorphological, cytogenetic, andmolecular investi-
gations. We have partially sequenced two genes, Gpdh
(about 1000 bp) and Sod (about 700 bp) in 12–13 species
and 1 subspecies in order to settle the issues. Difficul-
ties in resolving the phylogeny emanate from the rapid
sequence of successive radiations. Nevertheless, the
following conclusions are warranted: (1) The Palearc-
tic species include twomonophyletic subgroups,subob-
scura (which may be the most ancient clade of the
whole group) and obscura, plus two other species with
unresolved phylogenetic positions, D. bifasciata and
D. subsilvestris; (2) the Nearctic species form a mono-
phyletic group consisting of two monophyletic sister
clades, the affinis subgroup and the pseudoobscura
subgroup. The Palearctic radiation may have resulted
from adaptation to expanding temperate forests in the
Old World. A second radiation occurred during the
colonization of the deciduous forests of the NewWorld
by the descendants of a single lineage that soon split
into the affinis and pseudoobscura subgroups. r 1997

Academic Press

INTRODUCTION

The Drosophila obscura group consists of 35 de-
scribed species and has been the subject of extensive
investigations concerning genetics, ecology, ethology,
cytology, and evolution. Yet the phylogeny and tax-
onomy of the group remain controversial. Based on
morphological traits, Sturtevant (1942) distinguished
two subgroups: obscura with Palearctic and Nearctic
species, and affinis, with mostly Nearctic species
(Throckmorton, 1975). The obscura group also includes
a set of African species, mostly discovered after 1985

and classified in themicrolabis subgroup (Tsacas et al.,
1985; Cariou et al., 1988; Brehm and Krimbas, 1990,
1992, 1993; Brehm et al., 1991; Bachmann et al., 1992;
Ruttkay et al., 1992), which will not be further dis-
cussed in this paper.
Extensive allozyme investigations support the split

of Sturtevant’s obscura subgroup into two subgroups, a
new obscura subgroup encompassing the Palearctic
species, and the pseudoobscura subgroup encompass-
ing the Nearctic species (Lakovaara et al., 1972, 1976;
Marinković et al., 1978; Lakovaara and Keränen, 1980;
Lakovaara and Saura, 1982; see also Cabrera et al.,
1983; Cariou et al., 1988). These studies further sug-
gest that (1) the Nearctic pseudoobscura subgroup is
phylogenetically closer to the (mostly) Nearctic affinis
subgroup than to the Palearctic obscura subgroup; and
(2) the obscura subgroup may not be monophyletic, but
either polyphyletic or paraphyletic. One or both of these
two inferences are also supported by mitochondrial
DNArestriction analysis (Latorre et al., 1988; González
et al., 1990; Barrio et al., 1992) and sequencing (Rutt-
kay et al., 1992; Beckenbach et al., 1993; Barrio et al.,
1994), DNA-DNA hybridization (Goddard et al., 1990)
and cytogenetic comparison of chromosomal elements
(Brehm et al., 1991; Brehm and Krimbas, 1990, 1992,
1993). Barrio et al., (1994) have thus proposed that the
obscura subgroup be split into two, one retaining the
name and most species, and the subobscura subgroup,
consisting of the widely distributed D. subobscura and
two island endemics, D. guanche (Canary Islands) and
D. madeirensis (Madeira).
Barrio et al. (1994) have averred that the remaining

phylogenetic uncertainties concerning theobscura group
may be attributable, in part, to the special evolutionary
dynamics of the Drosophilamitochondrial genome, but
it may also be that successive phylogenetic radiations
occurred very rapidly in the group and thus are difficult
to discern. In the present paper we test the rapid
phyletic radiation hypothesis and seek to resolve the
phylogenetic uncertainties, by sequencing segments
from two nuclear genes, Gpdh and Sod. Gpdh encodes
the a-glycerophosphate dehydrogenase, which has a
key role in insect flight, regenerating NADH for cellu-
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lar respiration through the a-glycerophosphate cycle in
the thoracic flight muscle (Sacktor, 1975). Sod encodes
the Cu,Zn superoxide dismutase, a highly specific
enzyme that protects aerobic cells against the toxicity
of free oxygen radicals (Fridovich, 1986).

MATERIALS AND METHODS

Drosophila Species

We use strains from 13 species and 1 subspecies
belonging to the Drosophila obscura group, mostly
obtained from the National Drosophila Species Stock
Center at Bowling Green, OH (stock reference numbers
will be given for these); the sources of the other strains
are given below.
Seven species belong to the D. obscura subgroup, as

follows. D. subobscura subgroup, three species: D.
subobscura from Helsinki, Finland (strain H271 from
Valencia, Spain);D. madeirensis, endemic in the Island
of Madeira, Portugal; and D. guanche, endemic in the
Canary Islands, Spain from Tenerife. D. obscura sub-
group, four species: D. ambigua (14011-0091.1), from
Port Coquitlam, British Columbia, Canada; D. obscura
from Girona, Spain; D. subsilvestris of unknown origin;
and D. bifasciata (14012-0181.0) from Lake Akan-Ko,
Japan. D. guanche, D. madeirensis, D. obscura, and D.
subsilvestris were kindly supplied by Dr. Marı́a Mon-
clús, University of Barcelona. Three additional species
belong to the D. affinis subgroup: D. affinis (14012-
0141.0) from Crystal Lake, Hastings, NE; D. azteca
(14012-0171.6) from Mather, CA; D. tolteca (14012-
0201.0) from Coroico, Bolivia. Finally, three species and
one subspecies are members of the pseudoobscura
subgroup:D.miranda (14011-0101.1) fromMather, CA;
D. p. pseudoobscura (14011-0121.43) also from Mather,
CA;D. p. bogotana (14011-0121.69) fromBogotá, Colom-
bia; and D. persimilis (14011-0111.2) from Mt. San
Jacinto, CA.
D. melanogaster Gpdh (Bewley et al., 1989) and Sod

(Kwiatowski et al., 1989) sequences are used as out-
groups. Additional Sod and Gpdh sequences, used in
some analyses, are from Kwiatowski et al. (1994 and in
press, respectively).

DNA Extraction, Amplification, Cloning, and
Sequencing

The Drosophila Gpdh gene consists of 8 exons that
encode 3 isoenzymes that arise by differential expres-
sion of exons 6 to 8. The region sequenced in the present
study comprises about 1000 bp of exons 3 to 6 (Fig. 1),
corresponding to positions 3020 to 4241 in the D.
melanogaster sequence (Bewley et al., 1989). The Sod
gene consists in Drosophila of 2 exons and one intron.
The region sequenced in this study comprises about 700
bp that include most of the coding region (except the 58

and 38 ends) and the intron (Fig. 2), positions 438 to

1504 in the D. melanogaster sequence (Kwiatowski et
al., 1989).
Genomic DNA was prepared from 10 to 20 flies

according to the method of Kawasaki (1990). Both gene
regions were amplified by PCR using high-fidelity
conditions (Kwiatowski et al., 1991). Primers for PCR
amplification of the Gpdh region (Fig. 1) were designed
by comparing available sequences from other Dro-
sophila species (Tominaga et al., 1995): GNL, 58-
CCCGACCTGGTTGAGGCTAGCCAAGAATGC-38;
GNR, 58-ACATATGCTCAGGGTGCTAGCGTATGCA-38

(both contain a NheI site). Primers for the Sod region
(Fig. 2) are described elsewhere (Kwiatowski et al.,
1994): N, 58-CCTCTAGAAATGGTGGTTAAAGCTGT-
NTGCGT-38 (containing a XbaI site); and C, 58-CTTGC-
TGAGCTCGTGTCCACCCTTGCCCAGATCATC-38

(containing a SacI site).
PCR products were cleaned with the Wizard PCR

FIG. 1. Structure of the Gpdh gene region analyzed in the
present study. The black boxes represent exons 3 to 6. The small
arrows represent primers used for PCR amplification and sequenc-
ing. The amplified segment corresponds to the bracketed region
between primers ML and NR. Long arrows indicate the extent and
direction of sequencing.

FIG. 2. Structure of the Cu,Zn Sod gene region. The black boxes
represent the two exons, and the small arrows indicate the position of
the primers used for PCR amplification and sequencing. The ampli-
fied segment corresponds to the bracketed region between primers N
and C. The long arrows indicate the extent and direction of sequenc-
ing.
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Preps DNA purification kit (Promega) and cloned into
plasmids. The Gpdh region was cloned in pUC19 using
the compatibility between the NheI and XbaI restric-
tion sites present in the PCR primers and the cloning
vector. Endonuclease XbaI was included in the ligation
reaction, thus increasing approximately 10 times the
cloning efficiency. The Sod region was cloned either into
pUC19 by standard procedures or into the pCRII vector
from the TA-cloning kit (Invitrogen) according to the
manufacturer’s protocol.
One clone of each gene was sequenced by the Sanger’s

dideoxynucleotide sequencing method for denatured
double-stranded plasmid DNA by using the Sequenase
v. 2.0 DNAsequencing kit (United States Biochemicals–
Amersham). Compressions and ambiguities were solved
by multiple sequencing of both strands. When single
nucleotide substitutions appeared in only one species,
this could be due to mistakes introduced during the
PCR reaction by the Taq polymerase; additional clones
from different PCR reactions were then sequenced to
check the presumptive substitutions. Five oligonucleo-
tides were used to sequence the Gpdh gene region (Fig.
1): L4BN, 58-CCATGYGCTGTCTTGATGGG-38; L4E,
58-GATCTGATCACGACGTGTTAC-38; L5E, 58-CGCGT-
CTGAGGCGTTTGT-38; R5B, 58-CTCAGAGACGCGGC-
GGTTACGGCCAC-38; and R4M, 58-ACAGCCGCCTTG-
GTGTTGTCGCC-38. Four oligonucleotides were used
for sequencing the Sod gene region (Fig. 2): IN, 58-GA-
CATGCAKCCGTTRGTGTTG-38; IR, 58-GACAACACCA-
AYGGCTGCATGTC-38; ML, 58-TGGAATTGATGAATAT-
TGC-38; and MR 58-GAGCTGCGCACTGTTATTSGAC-38.
In addition, we used the standard M13/pUC sequenc-
ing oligonucleotides.
The Genbank accession numbers for the Gpdh and

Sod sequences are as follows (the two numbers are for
Gpdh and Sod, respectively): affinis (U47874, U47879);
ambigua (U47880, U47868); azteca (U47875, U47866);
bifasciata (U47883, U47869); guanche (U47878, U47889);
madeirensis (U47890, U47887); miranda (U47882,
U47870); obscura (U47881, U47892); persimilis (U47886,
U47873); p. bogotana (U47891, U47872); p. pseudoob-
scura (U47885, U47871); subobscura (U47877, U47888);
subsilvestris (U47884, Gpdh only); tolteca (U47876,
U47867).

Phylogenetic Inference

Sequences were aligned using the CLUSTAL V pro-
gram (Higgins and Sharp, 1988). For phylogenetic
analysis, we used the neighbor-joining (NJ) (Saitou and
Nei, 1987), maximum-parsimony (MP) (Fitch, 1971),
and maximum-likelihood (ML) (Felsenstein, 1981)
methods. NJ trees and their statistical tests were
performed using the computer program MEGA 1.0
(Kumar et al., 1993). The statistical confidence of a
particular cluster of sequences in the NJ trees was
evaluated by the bootstrap test (1000 pseudorepli-
cates). Bootstrap values were corrected, whenever pos-

sible, by using the complete-and-partial bootstrap (CPB)
technique (Li and Zharkikh, 1995). The MP trees and
their bootstrap tests (1000 pseudoreplicates), and the
ML trees, were obtained using the programsDNAPARS,
SEQBOOT, and DNAML, respectively, implemented in
the PHYLIP package 3.5 for Windows (Felsenstein,
1993). Alternative trees were compared by the maxi-
mum parsimony test proposed by Templeton (1983) and
developed by Felsenstein (1985), and by the maximum
likelihood test of Kishino and Hasegawa (1989). These
tests were performed with the programs DNAPARS
and DNAML, respectively, from the PHYLIP package.

RESULTS

Phylogenetic Analyses of Gpdh Sequences

The partial sequences of theGpdh gene correspond to
a region that ranges in size from 952 bp, inD. affinis, to
1010 bp, in D. subsilvestris, distributed as follows (Fig.
1): 168 bp from exon 3, 66–104 bp from intron III; 373
bp from exon 4, 54–74 bp from intron IV, 154 bp from
exon 5, 64–81 bp from intron V, and 64 bp from exon 6.
Due to the difficulty of unambiguously aligning the

Gpdh intron sequences from the obscura species with
those from the outgroup, we examine separately the
coding sequences and the intron sequences. D. melano-
gaster is only included in the alignment of the coding
sequences.
The 15 Gpdh coding sequences yield 759 nucleotide

positions aligned for all species. Nucleotide polymor-
phisms occur at 152 (20.0%) positions, of which 78
(10.3%) are phylogenetically informative. Nine variable
sites correspond to first codon positions (4 are informa-
tive), 142 to third codon positions (74 informative), and
only one to a second position. Only five sites (1 first, 1
second, and 3 third codon positions) show nonsynony-
mous substitutions, corresponding to replacements in
four amino acid sites (two nonsynonymous substitu-
tions occur at the first and second position of the same
amino acid site). There are no amino acid indels. There
is not much bias in G1C content: the overall nucleotide
frequencies are 0.250 A, 0.255 T, 0.230 C, and 0.265 G,
although there is some excess of G1C content at third
codon positions (60.8%). Given the absence of substan-
tive composition bias, we estimate nucleotide diver-
gence according to Kimura’s (1980) two-parameter
model (Table 1, above diagonal). The phylogenetic tree
derived by the neighbor-joiningmethod is shown in Fig.
3A. The first branching of this NJ tree shows two
monophyletic subgroups, affinis and obscura, consis-
tent with the classification proposed by Sturtevant in
1942. The obscura subgroup splits into two monophy-
letic complexes, one corresponding to the Nearctic and
the other to the Palearctic species. The next branching
splits the subobscura triplet from the rest of the Old
World obscura species. These branchings are supported
by high bootstrap values.
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Synonymous substitutions, however, can become satu-
rated, which will introduce bias in a phylogeny when
most substitutions are synonymous (presumably owing
to strong purifying selection against amino acid replace-
ments), as is the case in the obscura group. One escape
from this bias is to rely exclusively on conservative
changes (Swofford and Olsen, 1990; Hillis et al., 1993),
that is, in our case, transversions, which accumulate at
slower rates than transitions (Brown et al., 1982;
Moritz et al., 1987). (Nonsynonymous substitutions
also accumulate at a slower rate than synonymous
substitutions, but only seven, distributed over five
sites, occur in the Gpdh data set, which makes them
insufficient for the present purposes.) The nucleotide
distances based on transversions, according to Kimu-
ra’s (1980) two-parameter model, are presented in
Table 1, below the diagonal. The NJ tree derived from
these values is shown in Fig. 3B. This tree reverses the
sequence of the first three branchings: first the subob-
scura triplet splits from the rest (CPB value of 90%),
then the affinis subgroup, and finally the Nearctic
pseudoobscura subgroup splits from the remainder
Palearctic obscura. However, the three subgroups,
affinis, obscura, and pseudoobscura, appear practically
as a polytomy (CPB between 40 and 77%).
Differences in the transition/transversion ratio are

important for inferring phylogenetic trees by the maxi-
mum likelihood method. The average transition/
transversion ratio for the obscura species is 2.12,
ranging from 0.5, between D. obscura and D. subsilves-
tris, to 5.0, between D. affinis and D. tolteca. If we
consider very closely related taxa (because they better
reflect the true ratio; Brown et al., 1982; Hillis et al.,
1993), the range is about the same: a ratio of 0.7 for
subobscura andmadeirensis, 2.0 for pseudoobscura and
persimilis, and, as noted, 5.0 for azteca and tolteca.We
have, therefore, obtained ML trees using a variety of

transition/transversion ratios, including 2.1, the aver-
age observed in our data set. The tree based on the
average ratio (Fig. 4A) shows unlikely relationships,
which also appear in other ML trees based on ratios
smaller than 5. When ratios $5.0 are used, the ML
trees exhibit the topology depicted in Fig. 4B. As in Fig.
3B, the subobscura triplet diverges first; but in contrast
with that tree, the Nearctic subgroups affinis and
pseudoobscura appear as sister taxa.
Maximumparsimony analysis (data not shown) yields

implausible topologies, similar to the ML trees ob-
tained with 2.1 or other low transition/transversion
ratios. Thus, the MP tree shows melanogaster within
the affinis subgroup, as a sister taxon of D. tolteca,
although with low bootstrap values, suggesting exces-
sive homoplasy.
The analyses based on only the intron (Fig. 5)

sequences (which do not include the outgroup D. mela-
nogaster) show the two Palearctic subgroups (subob-
scura and obscura) as a pair of sister clades and the two
Nearctic subgroups (affinis and pseudoobscura) as an-
other pair. These relationships are fairly similar to
those in the ML tree (Fig. 4B), and in the transversion-
only NJ tree (Fig. 3B), if we ignore the low-bootstrap
relative positions of the obscura and affinis subgroups.
From the different analyses based on the two sets of

alignments, we conclude that the 14 obscura taxa are
grouped into four significantly monophyletic clusters:
the subobscura, obscura, affinis, and pseudoobscura
subgroups. We may note that D. bifasciata and D.
subsilvestris typically cluster with the ambigua–
obscura pair, but this is not well supported in most
cases by bootstrap values.
We have carried out two additional statistical tests

seeking to resolve phylogenetic relationships left un-
settled by the previous analyses (Fig. 6). These tests are

TABLE 1

Pairwise Nucleotide Divergences for All Substitutions (Upper Triangle), or Only Transversions (Lower
Triangle) between Gpdh Coding Sequences EstimatedAccording to Kimura’s (1980) Two-Parameter Model

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1. melanogaster .1682 .1705 .1685 .1662 .1613 .1659 .1662 .1675 .1604 .1503 .1661 .1677 .1694 .1696
2. subobscura .0412 .0066 .0120 .0365 .0323 .0296 .0379 .0666 .0665 .0814 .0550 .0593 .0578 .0550
3. madeirensis .0369 .0040 .0133 .0379 .0337 .0323 .0393 .0694 .0679 .0829 .0564 .0607 .0592 .0564
4. guanche .0383 .0026 .0040 .0324 .0282 .0269 .0310 .0636 .0622 .0800 .0507 .0550 .0536 .0507
5. ambigua .0426 .0147 .0161 .0120 .0093 .0160 .0200 .0520 .0506 .0696 .0338 .0380 .0366 .0338
6. obscura .0397 .0147 .0161 .0120 .0026 .0120 .0187 .0505 .0491 .0681 .0352 .0394 .0380 .0352
7. subsilvestris .0455 .0147 .0161 .0120 .0080 .0080 .0146 .0548 .0534 .0738 .0366 .0380 .0366 .0366
8. bifasciata .0426 .0174 .0188 .0147 .0107 .0107 .0080 .0592 .0591 .0798 .0394 .0436 .0422 .0394
9. affinis .0469 .0188 .0229 .0188 .0202 .0202 .0229 .0202 .0133 .0325 .0492 .0535 .0520 .0492
10. azteca .0484 .0202 .0215 .0174 .0188 .0188 .0215 .0215 .0040 .0242 .0492 .0535 .0521 .0492
11. tolteca .0469 .0215 .0229 .0188 .0174 .0174 .0229 .0229 .0053 .0040 .0623 .0696 .0681 .0652
12. miranda .0440 .0161 .0174 .0134 .0093 .0093 .0120 .0120 .0161 .0147 .0161 .0093 .0079 .0053
13. p. pseudoobscura .0455 .0174 .0188 .0147 .0107 .0107 .0107 .0134 .0174 .0161 .0174 .0040 .0013 .0040
14. p. bogotana .0455 .0174 .0188 .0147 .0107 .0107 .0107 .0134 .0174 .0161 .0174 .0040 .0000 .0026
15. persimilis .0440 .0161 .0174 .0134 .0093 .0093 .0120 .0120 .0161 .0147 .0161 .0026 .0013 .0013
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the maximum parsimony (MP) of Templeton (1983), as
modified by Felsenstein (1993), and the maximum
likelihood (ML) of Kishino and Hasegawa (1989), which
compare phylogenies as wholes with one another. One
question is the position ofD. subsilvestris (‘‘s’’ in Fig. 6),
which in our analyses appears associated with D.
bifasciata (‘‘b’’ in Fig. 6), but has been previously

(Lakovaara et al., 1972; Gonzalez et al., 1990; Barrio et
al., 1994) clustered with the couplet of D. ambigua and
D. obscura (‘‘ao’’ in Fig. 6). The other question is the
branching sequence or topological configuration of the
main clusters: affinis (‘‘A’’ in Fig. 6, consisting of affinis,
azteca, and tolteca), subobscura (‘‘S,’’ with subobscura,
madeirensis, and guanche), and pseudoobscura (‘‘P,’’

FIG. 3. Neighbor-joining trees based on Gpdh coding sequences using all substitutions (A) or only transversion (B). Branch lengths are
proportional to the scale given in substitutions per nucleotide. Percentage bootstrap values and complete-and-partial bootstrap values (in
parentheses) based on 1000 pseudoreplicates are given on the nodes.
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with p. pseudoobscura, p. bogotana, and persimilis), as
well as the four species just mentioned.
There are 30 possible unrooted trees relating these

groupings. Figure 6 displays the six configurations that
are statistically superior to the other 24; but these six,
however, are not significantly different from one an-
other. This result remains the same whether we use
only the coding sequences, only the introns, or both
combined (which can be accomplished in the case of MP
owing to the assumption of character independence).
The six trees all share the association of the two
Nearctic subgroups, affinis and pseudoobscura, but
leave unresolved whether D. subsilvestris clusters with
D. bifasciata or with the obscura–ambigua couplet (see
Fig. 7).
The number of possible trees is 210 if we add D.

melanogaster as an outgroup to the 30 unrooted trees,
since the root can be in any of the seven branches of
each tree. The ML test yields 48 trees superior to the
rest, but not significantly different from one another. Of
these 48 trees, 42 correspond to the six topologies

FIG. 4. Maximum-likelihood trees derived from Gpdh coding
sequences. The transition/transversion rate is 2.1 in A, but 5 in B.
The scale is for substitutions per site.

FIG. 5. Neighbor-joining tree based on Gpdh intron sequences. Branch lengths are proportional to the scale given in substitutions per nucleotide.
Parent bootstrap values and the complete-and-partial bootstrap values (in parentheses) based on 1000 pseudoreplicates are given on the nodes.

FIG. 6. Six Gpdh topologies that are statistically superior to the
other possible 24 topologies, according to maximum parsimony (Temple-
ton 1983) or maximum likelihood (Kishino and Hasegawa 1989). The
lineages represented are the subgroups: affinis (A), pseudoobscura (P),
and subobscura (S) and the species D. ambigua (a), D. obscura (o), D.
subsilvestris (s), andD. bifasciata (b). These six trees are not significantly
different, according to either test applied to the coding, the intron, or the
total (intron1 coding) sequences. The ML test based on the coding
sequences including D. melanogaster as outgroup yields a number of
superior but indistinguishable trees (of 210 possible), namely those in
which the position of the root is indicated by a black dot. Also used as
outgroup sequences areD. nebulosa (n), D. paulistorum (p), D. simulans
(s), D. teissieri (t), and D. willistoni (w). Trees that share a root position
indicated by a small line and letters are statistically equivalent. A star is
usedwhen all the outgroups root equivalent trees at the same position.
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shown in Fig. 6, where the position of the root, deter-
mined by the outgroup D. melanogaster, is indicated by
a black dot. The MP test yields 34 superior equivalent
trees, 28 of which correspond to the six topologies
shown in Fig. 6. We repeated the MP test using as
outgroup each of five different species of the So-
phophora subgenus (the subgenus to which the obscura
species belong), namelyD. nebulosa, D. paulistorum, D.
simulans, D. teissieri, andD. willistoni (sequences from
Kwiatowski et al., in press). Most of the statistically
equivalent trees again correspond to the six topologies
depicted in Fig. 6.
Compositional bias may influence phylogenetic topol-

ogy (Saccone et al., 1993). In our sequences composi-
tional bias appears primarily in the third-codon posi-
tions, which is where most of the substitutions occur.
We have used Saccone et al.’s (1990, Eq. 21, p. 576) x2

test for ‘‘stationarity’’ that ascertains whether nucleo-
tide frequencies at equivalent codon positions are con-
stant in the extant species and their ancestors. The x2

values are shown in Table 2. Values above 1.5 (shown in
bold) are thought to violate the stationarity conditions.

On the whole, the stationarity condition is satisfied for
the obscura group species. The only exception is D.
tolteca, which may account for the position of this
species (or the affinis subgroup) as the first branching
clade in some trees, a possible consequence of conver-
gence with outgroup species.

Phylogenetic Analyses of Sod Sequences

Sod sequences were obtained from 12 D. obscura
species and 1 subspecies, the same for which the Gpdh
region was sequenced except for D. subsilvestris. The
sequences include 42 bp (of 66) of the coding region of
the first exon, the intron (320–397 bp), and 300 bp (of
396) of the second exon’s coding region (Fig. 2).As in the
case ofGpdh, intron divergence betweenD. melanogas-
ter (725 bp) and the obscura species is much too high
and the alignment becomes uncertain. Thus, as before,
we separately consider coding sequences and intron
sequences. The outgroup D. melanogaster is only in-
cluded in the coding sequence alignment.
The alignment of the 14 Sod coding sequences con-

sists of 342 nucleotide sites, of which 91 (26.6%) are

FIG. 7. SixGpdh unrooted topologies that are not significantly different according to the MP andML tests, obtained using total sequences
by the maximum-likelihood method. Branch lengths are proportional to the scale given in substitutions per nucleotide.
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variable and 45 (13.7%) are informative. Sixteen vari-
able sites are first codon positions (6 are informative),
13 are second positions (4 informative), and 62 are third
positions (35 informative). Twenty-six sites (13 first
and 13 second codon positions) show nonsynonymous
substitutions, corresponding to replacements in 20
amino acid sites. There are no amino acid indels.
In contrast to Gpdh, Sod sequences have an excess of

G1C (overall content 80%), which is particularly large
for third codon positions (where the adenine is particu-
larly scarce; its frequency is 28.4, 31.5, and 5.5% at
first, second, and third position, respectively). Because
of this composition bias, we have estimated nucleotide
divergence not only according to Kimura’s (1980) two-
parameter model (Table 3, above the diagonal), but also
according to Tajima and Nei (1984), Tamura (1992),

and Tamura and Nei (1993). We have used these
various distances for constructing phylogenetic trees by
the NJ method, but the resulting topologies were not
different from those based on Kimura’s method and
thus will not be displayed.
Figure 8A represents the NJ trees derived from

least-squares estimates of branch lengths based on
Kimura’s distances. The D. obscura group species are
clustered in four divergent lineages: the couplet D.
ambigua–D. obscura, the D. bifasciata lineage, the
monophyletic subobscura subgroup, and a monophy-
letic cluster formed by the two Nearctic subgroups
affinis and pseudoobscura, each of which forms, in turn,
a monophyletic cluster. The branching sequence of
these four lineages is, however, uncertain according to
the CPB test.

TABLE 2

Pairwise Results of the ‘‘Stationarity’’ x2-Test of Saccone et al. (1990) Measuring Similarity
between Compositional Patterns at Third-Codon Positions in Gpdh

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1. melanogaster
2. subobscura 12.157
3. madeirensis 12.942 0.016
4. guanche 10.590 0.140 0.186
5. ambigua 8.745 0.468 0.538 0.175
6. obscura 9.405 0.277 0.333 0.132 0.037
7. subsilvestris 8.720 0.319 0.412 0.117 0.037 0.027
8. bifasciata 8.704 0.586 0.665 0.175 0.046 0.144 0.102
9. affinis 6.258 1.031 1.238 0.537 0.304 0.443 0.265 0.246
10. azteca 5.878 1.114 1.352 0.656 0.429 0.549 0.343 0.390 0.020
11. tolteca 2.908 3.232 3.684 2.690 2.139 2.302 1.911 2.177 0.974 0.740
12. miranda 7.423 0.555 0.723 0.271 0.180 0.211 0.088 0.196 0.082 0.098 1.250
13. p. pseudoobscura 8.439 0.533 0.654 0.148 0.148 0.231 0.122 0.065 0.154 0.246 1.845 0.099
14. p. bogotana 8.022 0.572 0.711 0.188 0.157 0.239 0.116 0.086 0.102 0.174 1.633 0.060 0.006
15. persimilis 8.451 0.482 0.615 0.143 0.190 0.249 0.126 0.116 0.157 0.226 1.754 0.076 0.009 0.009

Note. Values above 1.5 (bold numbers) do not satisfy the stationary condition.

TABLE 3

Pairwise Nucleotide Divergences between Sod Coding Sequences for All Substitutions (Upper Triangle)
or Only Transversions (Lower Triangle) EstimatedAccording to Kimura’s (1980) Two-Parameter Model

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1. melanogaster .1948 .2145 .1908 .1677 .1751 .1905 .2292 .2295 .2373 .2101 .2142 .2057 .2097
2. subobscura .0722 .0208 .0208 .0610 .0642 .0644 .0968 .1003 .1104 .0609 .0641 .0673 .0641
3. madeirensis .0790 .0118 .0360 .0706 .0738 .0741 .1000 .1035 .1136 .0705 .0737 .0770 .0737
4. guanche .0722 .0059 .0179 .0609 .0641 .0643 .0900 .0934 .1034 .0737 .0770 .0802 .0770
5. ambigua .0689 .0270 .0332 .0332 .0148 .0457 .0772 .0806 .0904 .0611 .0676 .0644 .0580
6. obscura .0722 .0301 .0364 .0364 .0089 .0487 .0738 .0772 .0870 .0643 .0708 .0676 .0611
7. bifasciata .0756 .0209 .0270 .0270 .0059 .0089 .0807 .0842 .0941 .0645 .0645 .0614 .0614
8. affinis .1000 .0491 .0556 .0556 .0332 .0364 .0270 .0088 .0208 .0577 .0641 .0610 .0546
9. azteca .0965 .0459 .0524 .0524 .0301 .0332 .0240 .0029 .0148 .0610 .0674 .0643 .0578
10. tolteca .1036 .0524 .0589 .0589 .0364 .0395 .0301 .0089 .0118 .0705 .0771 .0739 .0674
11. miranda .0825 .0332 .0395 .0395 .0240 .0270 .0179 .0332 .0301 .0364 .0059 .0088 .0029
12. p. pseudoobscura .0825 .0332 .0395 .0395 .0240 .0270 .0179 .0332 .0301 .0364 .0000 .0088 .0088
13. p. bogotana .0859 .0364 .0427 .0427 .0209 .0240 .0148 .0301 .0270 .0332 .0029 .0029 .0059
14. persimilis .0859 .0364 .0427 .0427 .0209 .0240 .0148 .0301 .0270 .0332 .0029 .0029 .0000
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To overcome the potential problem of saturation we
have relied on only transversions (Table 3, below the
diagonal). The NJ tree derived from the transversion
divergences is shown in Fig. 8B. This tree again shows
the two Nearctic subgroups as monophyletic sister
clades. It differs from the previous (Fig. 8A) tree in that
it shows the subobscura subgroup as the first clade to

diverge, the obscura subgroup as a paraphyletic taxon
with two lineages (ambigua–obscura and bifasciata),
and themonophyletic Nearctic subgroups as amonophy-
letic clade, but without high CPB values.
In the case of protein-encoding genes, it is often

useful to deal separately with synonymous and nonsyn-
onymous substitutions, because the latter are more

FIG. 8. Neighbor-joining trees based on Sod coding sequences, using all substitutions (A) or only transversions (B). Branch lengths are
proportional to the scale given in substitutions per nucleotide. Percentage bootstrap values and complete-and-partial bootstrap values (in
parentheses) on the nodes are based on 1000 pseudoreplicates.
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likely to be selectively constrained and thus the phylo-
genetic signal is less likely to be erased by superim-
posed or back substitutions. There are 26 polymorphic
nonsynonymous sites in the Sod data set, and a total of
45 nonsynonymous substitutions in those sites, which
might warrant their separate use for phylogenetic
purposes (only 5 nonsynonymous polymorphic sites
appear in the Gpdh data set, with a total of 7 substitu-
tions, which are obviously insufficient). Figure 9 shows

the NJ trees, obtained by the unweightedmethod of Nei
and Gojobori (1986), based on the nonsynonymous (9A)
and synonymous (9B) distances reported in Table 4.
Both NJ trees yield implausible topologies. The synony-
mous topology shown in Fig. 9B is very similar to the
one in Fig. 8A, based on whole distances. The nonsyn-
onymous tree (Fig. 9A) has low bootstrap values owing
to the reduced number of substitutions, but shows
guanche and subobscura (D. subobscura subgroups) as

FIG. 9. Neighbor-joining Sod trees based on nonsynonymous substitutions (A) or synonymous (B) substitutions. The scales for branch
lengths are substitutions per nonsynonymous (A) or synonymous (B) position. Percentage complete bootstrap values on the nodes are based on
1000 pseudoreplicates.
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the first and second species to diverge from the other
obscura species.
The search forMP trees generated 6 equally parsimo-

nious trees (results not shown), which have similar
topologies. In all six trees, D. obscura and D. ambigua
are the first to diverge, but they form a monophyletic
clade in only two trees. A second radiation gives rise to
three lineages corresponding to D. bifasciata, the D.
subobscura subgroup, and the monophyletic cluster of
the two Nearctic subgroups.
We have performed the ML analysis on 1st-plus-2nd

and 3rd codon positions separately. The 1st-plus-2nd
analysis yields a polytomous tree (Fig. 10A), showing
guanche and subobscura as the first diverging species,
just as in Fig. 9B. The ML tree based on 3rd codon
positions (Fig. 10B) shows the unlikely relationships
also manifest in the synonymous NJ tree (Fig. 10B).
Phylogenetic analyses of the intron sequences im-

prove accuracy, but the lack of a reliable outgroup
sequence makes moot the position of the root in the
trees. Phylogenies obtained by different methods all
result in similar topologies (Fig. 11). The two monophy-
letic Nearctic subgroups, affinis and pseudoobscura,
form in turn a consistently monophyletic cluster in the
MP (100% bootstrap replications) and NJ (100%) trees.
The species pair ambigua–obscura and the D. subob-
scura subgroup aremonophyletic clades (98–100% boot-
strap). D. bifasciata clusters with the D. subobscura
subgroup with low reliability on the basis of the intron
sequences (CPB, 47%).
Alternative trees representing all the branching or-

ders among subgroups and lineages can be compared
by the tests of Templeton (1983) and of Kishino and
Hasegawa (1989). We tested different topologies of the
set of 6 clades manifested by Gpdh, that is, the affinis,
pseudoobscura, and subobscura subgroups, the couplet
ambigua–obscura, D. bifasciata, and the outgroup D.
melanogaster. There are 15 possible unrooted trees and
105 rooted trees. Of the 15 unrooted trees, 3 (Fig. 12)
are superior to the others but not significantly different
among them, according to either the MP or ML test for
the Sod intron alignment, and also for the Sod coding
region excluding the outgroup. The three trees can
jointly be represented as the polytomous unrooted tree
depicted in Fig. 13.
When D. melanogaster is included as an outgroup,

there are 39 trees (of 105) statistically equivalent
according to Kishino and Hasegawa’s ML test, and only
10 according to Templeton’s MP test. Fifteen ML trees
and all 10 MP trees correspond to rooted trees derived
from the 3 topologies depicted in Fig. 12, by locating the
root on any branch (ML test) or on the branches
connecting the Palearctic lineages (MP test). The other
ML trees show either the ambigua–obscura pair or the

TABLE 4

Jukes-Cantor Corrected Proportion of Synonymous (Upper-Right Matrix) and Nonsynonymous
(Lower-Left Matrix) Divergences between Sod Coding Sequences Estimated

According to Nei and Gojobori’s (1986) Unweighted Method

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1. melanogaster .9448 .9448 1.029 .8071 .8621 .8071 .6184 .5654 .7786 .8621 .9023 .8240 .8621
2. affinis .0965 .0382 .0646 .4015 .4009 .3403 .2849 .2856 .2948 .1819 .2142 .1979 .1662
3. azteca .0965 .0000 .0381 .4230 .4224 .3602 .3033 .3041 .3135 .1979 .2309 .2142 .1819
4. tolteca .0966 .0077 .0077 .4888 .4881 .4207 .3597 .3606 .3708 .2468 .2820 .2642 .2298
5. subobscura .0729 .0233 .0233 .0233 .0515 .0787 .2672 .2678 .2859 .2658 .2838 .3022 .2838
6. madeirensis .0879 .0273 .0273 .0273 .0116 .1067 .3033 .3041 .3231 .3018 .3206 .3399 .3206
7. guanche .0687 .0272 .0272 .0273 .0038 .0155 .2495 .2502 .2678 .3210 .3403 .3602 .3403
8. obscura .0771 .0193 .0193 .0194 .0115 .0154 .0154 .0386 .1840 .2668 .3033 .2849 .2492
9. ambigua .0770 .0233 .0233 .0233 .0077 .0115 .0115 .0077 .1845 .2675 .3041 .2856 .2499
10. bifasciata .0728 .0252 .0252 .0253 .0077 .0115 .0115 .0115 .0077 .2765 .2765 .2586 .2586
11. miranda .0836 .0233 .0233 .0233 .0077 .0116 .0116 .0115 .0077 .0096 .0253 .0382 .0125
12. p. pseudoobscura .0836 .0233 .0233 .0233 .0077 .0116 .0116 .0115 .0077 .0096 .0000 .0382 .0382
13. p. bogotana .0836 .0233 .0233 .0233 .0077 .0116 .0116 .0115 .0077 .0096 .0000 .0000 .0253
14. persimilis .0836 .0233 .0233 .0233 .0077 .0116 .0116 .0115 .0077 .0096 .0000 .0000 .0000

FIG. 10. Maximum likelihood Sod trees derived from 1st-plus-
2nd (A) or 3rd (B) codon positions. The transition/transversion ratio
is 1.68 in A and 1.26 in B. The scales are for substitutions per codon
position.
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subobscura subgroup as the first clade to diverge
(results not shown). Similar results are obtained when
other outgroup sequences are used, namely, D. simu-
lans, D. saltans, or D. willistoni (sequence data from
Kwiatowski et al., 1994). Most rooted trees derived
from the 3 unrooted trees connecting the same set of 4
clades (Nearctic species, subobscura subgroup, ambigua–
obscura pair, andD. bifasciata) are statistically equiva-
lent, according to Templeton’s MP test. The unusual

result showingD. ambigua as closer to the outgroups in
some trees may be an artifact due to convergence.
However, this cannot be due to differences in the Sod
compositional constraints among the species of the D.
obscura group, because Sod third codon positions sat-
isfy the stationarity condition according to Saccone et
al.’s test (results not shown).

DISCUSSION

The phylogenetic relationships of the D. obscura
group species have been intensively studied using
molecular and other approaches. Restriction analysis

FIG. 11. Neighbor-joining trees based on Sod intron sequences. Branch lengths are proportional to the scale given in substitutions per
nucleotide. Percentage bootstrap values and the complete-and-partial bootstrap values (in parentheses) on the nodes are based on 1000
pseudoreplicates.

FIG. 12. Three Sod topologies that are statistically best, accord-
ing to maximum parsimony (Templeton 1983) or maximum likelihood
(Kishino and Hasegawa 1989). Species, subgroups, and other sym-
bols are as described in the legend of Fig. 6, except that saltans (1) is
now used as outgroup, but nebulosa, paulistorum, and teissieri are
not.

FIG. 13. Polytomous tree that incorporates the three equivalent
unrooted topologies of Fig. 11. This unrooted tree is obtained using
total Sod sequences by the maximum-likelihood method. Branch
lengths are proportional to the scale given in substitutions per
nucleotide.
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and sequencing of mitochondrial DNAhave been useful
for deciphering phylogenetic relationships within sub-
groups but not between subgroups. Barrio et al. (1994)
have suggested that the difficulties in solving the
phylogeny of the subgroups could be due either to their
rapid phyletic radiation, or to the distinctive evolution-
ary dynamics of the mitochondrial genome in Dro-
sophila.
We have now analyzed two nuclear gene regions, Sod

and Gpdh, both of which yield consistent phylogenetic
interpretations. The obscura group appears as a mono-
phyletic clade consisting of several lineages: (1) a
Nearctic cluster with two monophyletic subgroups,
pseudoobscura and affinis; (2) the D. subobscura-
related species (subobscura subgroup according to Bar-
rio et al., 1994); (3) the lineage of the sister taxa D.
obscura and D. ambigua, and (4) the lineage (or lin-
eages) of D. bifasciata and D. subsilvestris. Our at-
tempts to determine the branching order of these four
(or five, if we separate bifasciata and subsilvestris)
lineages fail, owing to short internode lengths which
result in levels of sequence divergence among the taxa
that are not differentiable (Figs. 7 and 13; Tables 1 and
3).
The statistical instability of the outgroups in the

trees based on the Sod and Gpdh coding regions
indicates that the phylogenies are affected by stochas-
tic noise. The essential role of the enzymes encoded by
both genes subjects them to intense purifying selection.
This is clearly observed in theGpdh gene, where almost
all variable sites correspond to synonymous codon
positions (96.7%), but also, in the Sod gene (71.4%
synonymous substitutions). Saturation and parallel
and back mutations may have randomized the se-
quences with respect to the common phylogenetic his-
tory that the obscura species share with the outgroups
(which are the closest outgroups available, and mem-
bers of the same Sophophora subgenus; see Throckmor-
ton, 1978; Kwiatowski et al., 1994). Randomization
could also have clouded the relationships between
subgroups and lineages, especially because they are
products of rapid phyletic radiation. Clouding would
occur even though the examination of the skewness of
the tree-length distributions (Hillis and Huelsenbeck,
1992) for both gene regions (data not shown), and the
resolution of the phylogenetic relationships between
species within subgroups, indicate that there is a
strong phylogenetic signal.
Rapid phyletic radiation and/or a saturation effect

may account for the apparent impossibility to resolve
the early phylogeny of the D. obscura group. The
instability of the outgroups and the convergent compo-
sitional patterns observed in some species argue in
favor of the randomization of the sequences over time.
But the persistent inability to resolve the phylogeny
with either nuclear or mitochondrial genes supports
the hypothesis of rapid phyletic radiation (Hoelzer and

Melnick, 1995). Very likely we are confronting both
phenomena, randomization of the phylogenetic signal
and short internode time lapses.
Constrained positions and conservative changes are

thought to be particularly reliable in the phylogenetic
analysis of DNA sequences, because their phylogenetic
signal is less likely erased by parallel and back muta-
tions and saturation (Swofford and Olsen, 1990, pp.
497–500; Hillis et al., 1993; Miyamoto et al., 1994).
When we rely on conservative changes (transversions
in the NJ andMPanalyses of both genes; or, for Sod,NJ
nonsynonymous substitutions or ML 1st-plus-2nd posi-
tions), or assume that transitions are much more
frequent than transversions in the ML analyses of
Gpdh, the phylogenetic reconstructions show the D.
subobscura subgroup as the first taxon to diverge.
These trees are not statistically robust but both genes
yield the same result. We thus tentatively propose that
the D. subobscura subgroup may have been the first to
diverge from the rest. This hypothesis is consistent
with the proposal that the metaphase configuration of
five acrocentric chromosomes is the ancestral one in
Drosophila (Buzzati-Traverso and Scossiroli, 1955). D.
subobscura, D. guanche, and D. madeirensis have five
acrocentric chromosomes (Lakovaara and Saura, 1982),
whereas the prevailing condition in most obscura spe-
cies is one metacentric X chromosome plus three acro-
centric autosomes.
We hypothesize that the obscura group species derive

from two main radiations. One resulted from adapta-
tion to new habitats that appeared during the expan-
sion of temperate forests in the Old World. This radia-
tion gave rise to theD. subobscura subgroup, severalD.
obscura subgroup lineages, and the ancestor of the
Nearctic species. Products of this first radiation may
have also been the ancestors of the D. microlabis
subgroup (Cariou et al., 1988) and perhaps of several
rare species of unclear taxonomic position, like D.
alpina and D. helvetica (Lakovaara and Saura, 1982),
and D. inexspectata (Tsacas, 1988). A second radiation
took place during the colonization of deciduous forests
of the New World by the descendants of a single
colonizing lineage that gave origin to the two Nearctic
subgroups, affinis and pseudoobscura (Goddard et al.,
1990; Beckenbach et al., 1993).
In conclusion, our analysis of the Gpdh and Sod gene

sequences supports two previous proposals: (1) the
division of the paraphyletic former D. obscura sub-
group in, at least, two subgroups (obscura and subob-
scura) (Barrio et al., 1994, based on mitochondrial DNA
sequences); and (2) the monophyletic origin of the
Nearctic species, including both the affinis and pseudo-
obscura subgroups (based on DNA–DNAhybridization,
Goddard et al., 1990; and mitochondrial COII se-
quences, Beckenbach et al., 1993).
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