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Abstract

The hydei subgroup (Drosophila repleta group) consists of seven species divided into two complexes: bifurca and hydei, whose
phylogenetic relationships are not well understood. To evaluate the molecular phylogeny of this subgroup, we analyzed 2085 bp of
coding sequence of the Xanthine dehydrogenase gene in six available species of the hydei subgroup, with Drosophila buzzatii and Dro-
sophila mulleri as an outgroup. For phylogenetic reconstruction we adopted a maximum-likelihood framework, based on the adjust-
ment of descriptive models of nucleotide substitution to real data. We employed distance-based and weighted parsimony methods to
construct candidate phylogenies. In all cases, we obtained only one completely resolved tree with strong statistical support for each
node, that shows a phylogeny that is partially discordant with the proposed systematics of the subgroup. This tree suggests that the
two species complexes are paraphyletic, as opposed to classic phylogenies using morphologic and cytologic traits. This discordance is

discussed in relation to its implication for the evolutionary history of the hydei subgroup.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The Drosophila repleta group, subgenus Drosophila, is
formed by almost a 100 species, most of them belonging
to six subgroups: mulleri, hydei, mercatorum, repleta, fas-
ciola, and inca (Rafael and Arcos, 1988, 1989; Vilela,
1983; Wasserman, 1992). Most species of this group are
distributed in the arid and semiarid zones of the New
World, due to their alimentary habits strongly associated
with some Cactaceae (Wasserman, 1982). Throckmorton
(1975) suggested that the radiation of this group
occurred in North America around 30 million years ago.
This time of origin is supported by Russo et al. (1995),
who proposed a divergence time of the group of approx-
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imately 32 million years ago based on their analysis of
the Adh gene in this group.

The hydei subgroup was defined by Wharton (1944)
based on morphological characteristics and on results
from interspecific crosses. The first morphological diag-
nosis of the subgroup was carried out by Wheeler (1949),
but the present subgroup definition was proposed by
Wasserman (1962, 1982, 1992) and Vilela (1983), using
chromosomal and morphological criteria, respectively.
In general, it is known that these species inhabit arid
zones that range from southern North America (Texas,
USA) to western South America (Junin, Peru; except
D. hydei which has a cosmopolitan distribution) at alti-
tudes ranging from 0 to over 3000 m (Vilela, 1983).

The hydei subgroup shows a well-defined phyloge-
netic origin. Chromosomally, it seems to be closely
related to the meridiana complex of the mulleri subgroup
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(Wasserman, 1992). On the other hand, at the molecular
level, the position of the hydei subgroup in the repleta
group is not totally clear; but the studies of Russo et al.
(1995) and Durando et al. (2000) suggest that the hydei
subgroup may be closely related to the eremophila com-
plex of the mulleri subgroup.

At present, the hydei subgroup consists of seven spe-
cies divided into two complexes; the bifurca complex
consisting of four species: D. bifurca, D. nigrohydei,
D. novemaristata, and D. guayllabambae; and the hydei
complex comprising three species: D. eohydei, D. neohy-
dei, and D. hydei. The classification into two complexes
was proposed by Wasserman (1962) based in the rear-
rangement patterns of polytene chromosomes and
reproductive morphologies. Thus, the 2z inversion is
fixed in the hydei complex, which shows a specialized
spermathecae; while species of the bifurca complex show
primitive spermathecae and conserve the standard chro-
mosome Primitive Sequence I (PSI: Xabc 2ab 3b 4 5).

In their classical study, Dobzhansky and Sturtevant
(1938) suggested that the study of gene arrangements in

2z

Primitive Sequence I

Xabe 2ab3b 4 5 2azb

2cfg 3ac

2d°e’s’ 5g

polytene chromosomes is useful for uncovering the phy-
logenetic relationships among species. The hydei sub-
group exhibits a clear paucity of gene rearrangements,
until 1992 only one fixed inversion difference had been
reported at the interspecific level (Wasserman, 1962,
1992). At that time no chromosomal data on D. novem-
aristata and D. guayllabambae had been reported,
because these species were only known by their descrip-
tion and type locality. Recently, preliminary studies with
these two species indicated that their metaphasic chro-
mosomes are identical and are similar to ancestral forms
observed in species of the bifurca complex (Moran and
Mafla, 2000). In addition, their polytene chromosomes
are homosequential, differing from PSI by at least two
fixed inversions in chromosome 2, designated provision-
ally as 2a'® and 2b'° (Moran, unpublished data). These
inversions confirm a close phylogenetic relationship
between both species, but they do not clearly resolve
their relationships with the remaining species of the sub-
group. The best resolved hypothetical chromosomal
phylogeny of the hydei subgroup is shown in Fig. 1A.
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Fig. 1. Initial topologies of the Aydei subgroup phylogeny. (A) Topology T, based on homozygous paracentric inversions (constructed from Spicer
and Pitnick, 1996; Wasserman, 1992; Moran, unpublished data on inversions 2a'% and 2b'%); the vertical bars correspond to the subgroup and com-
plex assignment for all species. (B) Topology 7, consensus of three different trees constructed by ML, maximum parsimony and neighbor joining

distances.
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Interspecific crosses in the subgroup do not shed
more light on phylogenetic relationships either, and
only indicate close relationships between species. In
the hydei complex, D. hydei and D. neohydei are capa-
ble of producing hybrids in both directions and they
have been tested up to the F, (Gregg, 1978; Schifer,
1976; Wasserman, 1962, 1992). In the bifurca complex,
D. novemaristata and D. guayllabambae also cross-
breed in both directions and their fertility has also
been demonstrated up to the F, (B. Larrea and
V. Rafael, personal communication). The only hybrid-
ization case between species of distinct complexes occurs
between D. nigrohydei males and D. eohydei females,
tested up to the F, (the reciprocal cross does not pro-
duce offspring) (Wasserman, 1962, 1992) and, under
very enforced conditions, crosses between D. hydei
males and D. nigrohydei females produce a few prog-
eny (two viable crosses out of 40 tested), yielding only
sterile females (Bock, 1984; Patterson and Stone,
1952). Inter-complex hybridization raises some doubts
about the complex authenticity as a monophyletic
unit, and reveals the scarce knowledge about the spe-
cies phylogenetic relationships. This contradiction
between crossability and classic taxonomy is not
uncommon among species of the Drosophila repleta
group (see Marin et al., 1993).

Spicer and Pitnick (1996), employing mitochondrial
DNA markers, showed concordance between chromo-
somal data and molecular analysis in the hydei sub-
group, supporting the monophyletic origin of the hydei
complex with strong statistical significance; but provid-
ing little support for the bifurca complex. Other studies
on the molecular phylogeny of the repleta group, in
which at least two species of the hydei subgroup are
included, confirm that this subgroup is a monophyletic
unit (Durando et al., 2000; Russo et al., 1995; Tataren-
kov and Ayala, 2001).

This study is an attempt to elucidate the present ques-
tions regarding the evolutionary relationships among the
species of the hydei subgroup, using molecular data and
including species that have never been studied at the
molecular level, such as D. novemaristata and D. guaylla-
bambae. We analyzed 2085 coding nucleotides from the
Xanthine dehydrogenase (Xdh) nuclear gene, using a
maximum-likelihood (ML) approach for phylogenetic
inference (e.g., Kumar, 1996; Ritland and Clegg, 1987,
Rodriguez-Trelles et al., 1999; Yang et al.,, 1995). Previ-
ous reports have shown that Xdh gene is a good marker
for phylogenetic studies among Drosophila species that
diverged recently (Rodriguez-Trelles et al., 1999, 2000).
Some characteristics that support these studies include
the suitable rate of Xdh change to obtain a sufficient
phylogenetic signal, its large inter- and intraspecific vari-
ability and its low functional constraints (Comeron and
Aguadé, 1996; Riley, 1989; Riley et al., 1992; Rodriguez-
Trelles et al., 1999, 2000).

2. Materials and methods
2.1. Drosophila stocks

All the species of the hydei subgroup were studied,
except D. neohydei for which there are no available
stocks. As an outgroup we used D. buzzatii (buzzatii
complex) and D. mulleri (mulleri complex), because they
belong to the mulleri subgroup, a sister taxon of the
hydei subgroup (Russo et al., 1995; Tatarenkov and
Ayala, 2001). The sequences of D. hydei, D. buzzatii, and
D. mulleri were previously obtained by Rodriguez-
Trelles et al. (2000). Accession numbers, stock references,

and the geographical origin of these species are shown in
Table 1.

2.2. Molecular methods

Genomic DNA was extracted either from 0.2 g of live
flies as described by Pifiol et al. (1988), or from alcohol
preserved flies (Latorre et al., 1986), and kept at —20°C.
Polymerase chain reactions (PCR) were performed to
amplify about 52% of all Xdh codons (2085 bp), includ-
ing about half of exon II (1113bp) and almost all of
exon III (972bp), following conditions and primers in
Tarrio et al. (1998). PCR products were purified with
GENECLEAN Kit (Q-BIO gene, BIOI0I systems),
ligated into the pGEM-T Easy Vector (Promega) and
cloned into Escherichia coli DH50 competent cells, fol-
lowing the manufacturer’s methods. Plasmid DNA for

Table 1
Drosophila species examined in this study
Taxon Source locality® GenBank
Accession
Nos.
D. hydei subgroup
D. hydei complex
D. hydei Indiana, Bloomington AF226974
Stock Center AF226975
D. eohydei Bucaramanga— AY757914
Colombia (15085-1631.1) AY757915
D. bifurca complex
D. bifurca Metztitlan—Mexico AY757912
(15085-1621.0) AY757913
D. nigrohydei Guayllabamba—Ecuador AY757918
AY757919
D. novemaristata Queminjan—Pert AY757910
AY757911
D. guayllabambae Loja—Ecuador AY757916
AY757917
D. mulleri subgroup
D. buzzatii complex
D. buzzatii Berna—Argentina AF226958
AF226959
D. mulleri complex
D. mulleri Panuco—Mexico AF226972
(15081-1371.1) AF226973

# Numbers in parenthesis refer to Tucson Stock Center numbers.
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sequencing was isolated using the QIAprep Spin Mini-
prep Kit (QIAGEN). Reactions for sequencing were per-
formed for only one clone of each species by the Sanger’s
dideoxynucleotide chain-termination method, using the
ABI Prism BigDye Terminator Cycle Sequencing Ready
Reaction Kit (Applied Biosystems). To assure accuracy
of sequences, the Xdh fragment was sequenced on both
strands for each clone, or by multiple sequencing of the
same clone. The sequencing primers (additional to the
standard pGEM-T Easy Vector sequencing oligonucleo-
tides) were: LTM2, 5'-GTGATYGTGACCATTG
AGCAGG-3'; LTM3, 5'-ACCAATCTGCCCTCSA
ATAC-3'; RTM2, 5'-CGAMARCAGCACCGATCCA
T-3"; RTM3, 5'-CCGGCRTTGTTGTAGCACTC-3".
Sequence editing and alignment were performed with
BioEdit, version 5.0.9 (Hall, 1999).

2.3. Phylogenetic inference

A maximum-likelihood (ML) framework was
adopted for phylogenetic inference. This methodology
makes use of all the information contained in sequences,
incorporates concrete mathematical models to explain
evolutionary patterns, allows statistical tests to evaluate
different hypotheses and has been shown to be robust to
violation of restrictions imposed by different models
(Felsenstein, 1981; Page and Holmes, 1998; Yang, 1994).
The likelihood for each candidate model is computed
using a hypothetical initial topology. The likelihood
ratio test is applied to determine which model fits to the
molecular data best. The most satisfactory description of
the substitution process and its derived parameters is
used to make phylogenetic inferences by means of differ-
ent algorithms of tree construction based on ML, maxi-
mum parsimony and genetic distance methods.

To detect important deviations in parameter estima-
tion, without knowing the true Aydei subgroup phylog-
eny, we started our analyses with two initial hypothetical
topologies. The first topology (named 7}, Fig. 1B) corre-
sponds to the strict consensus tree of topologies gener-
ated when applying the computer programs DNAml,
DNAdis, and DNApars from PHYLIP package version
3.6a2 (Felsenstein, 2001), with default options. The sec-
ond topology (named 75, Fig. lA) shows the species rela-
tionships based on chromosomal rearrangements.

All the candidate substitution models are special
forms of the general time-reversible Markov process
model (GTR) (Tavaré, 1986), also known as REV
(Yang, 1994). The simpler nested models result from the
successive inclusion of restrictions to the GTR model;
and because these models usually have smaller variances,
they are preferred over more general models if the
adjustment to real data is optimal (Kumar, 1996).

Most of these models share some basic premises,
whose violation can carry serious consequences. Thus,
for example, it is known that when the nucleotide fre-

quencies are heterogeneous, sequences tend to group by
their nucleotide composition and the ensuing tree does
not resemble the true evolutionary history of taxa
(Lockhart et al., 1994; Tarrio et al., 2001). The I statistic
was used in order to test the stationarity assumption,
according to the method of Rzhetsky and Nei (1995).
This test contemplates possible phylogenetic correla-
tions and therefore is more trustworthy than other
approaches like Chi-square. The level of significance for
each test was adjusted by Bonferroni correction, fixing
error of type I to 5 x 107* (Rice, 1989).

To estimate among-site rate variation, we followed
two methodological approaches (Yang, 1994, 1996a,b):
the first includes the random effect of a variable with dis-
crete gamma distribution (I" models), where substitution
rates are fractioned in eight equally probable categories,
and whose shape depends on parameter o (« is inversely
related to the magnitude of substitution rate variation
from site to site); the second one employs specific substi-
tution rates for each codon position (C models), namely
cl, ¢2, and ¢3, for first, second, and third codon position,
respectively (the ¢/ value is fixed to 1, so ¢2 and ¢3 are
rates relative to first position). The analyses and parame-
ter estimation by ML were made with the BASEML
program of PAML, version 3.13a—2002 (Yang, 1997).

The likelihood values computed for each model were
compared in a deviation analysis by the hierarchical like-
lihood ratio test (Huelsenbeck and Crandall, 1997,
Yang, 1996b). Under this test, for a given topology a
model (H,), with p parameters and log-likelihood L,
describes the observed data significantly better than a
nested submodel (H,) with g=p—n restrictions
and likelihood L, if the deviance D=-2 logAd=
—2 (log L, —log L) falls in the rejection zone of a ;> dis-
tribution with n degrees of freedom (Yang, 1996b).

Variation in among-site substitution rates can be
incorporated into the models before or after increasing
the number of substitution types (from one in JC69 to
six in GTR). Taking into account the effect of parameter
inclusion order in model selection (Cunninghan et al.,
1998), we evaluated different parameter addition
sequences. In all cases the best model was always the
same and therefore we only show one of the tested
sequences. In our case, when the same model showed a
good fit after the incorporation of different among-site
rate variation parameters, the model selected was the
one demonstrating the smallest P values.

We carried out three different phylogenetic tree algo-
rithms: ML, neighbor-joining distances, and weighted
parsimony, using the options implemented in PAML
version 3.13a—2002 (Yang, 1997) and PAUP* version
4.0b2 (Swofford, 1999). In general, searches were made
with the branch and bound (in PAUP¥*) and star-decom-
position (semi-automatic option in PAML) algorithms.
In the case of topologies constructed with PAUP*, the
node statistical support was evaluated by the quartet
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puzzling method (Strimmer and von Haeseler, 1996),
fixing the option to 1000 puzzling steps.

An exhaustive search was used for distance methods
(under the minimum evolution criterion) and also for
weighted parsimony, including the options MulTrees,
furthest addition and MaxTrees =100 (PAUP*, version
4.0b2, Swofford, 1999). The support for nodes was evalu-
ated by the bootstrap method, retaining nodes repre-
sented in more than 50% of the generated trees from
1000 bootstrap resamplings (heuristic method with the
options of MulTrees, simple stepwise addition sequence,
MaxTrees=100 and TBR branch swapping; PAUP¥*,
version 4.0b2, Swofford, 1999).

3. Results
3.1. Nucleotide composition

The average nucleotide frequencies across species
deviate minimally from the expected equilibrium of 1/4
(A =20.5%, C=28.8%, G=29.8%, and T =20.9%), due
to a small increase in the GC composition (58.6%). Yet
nucleotide frequencies at each codon position deviate
greatly from expected. For first codon positions the
most frequent nucleotides are G and C (G =37.4%,
C=239%), for second positions are A and T
(A =30.9%, T =28.2%) and for third positions are C and
G (C=40.3%, G=33.5%). Nucleotide frequencies are
very similar among species (y*=10.807839, df=21,
P =0.96639951). Nevertheless, this comparison does not
exclude the possibility that phylogenetic correlations in
nucleotide composition may exist.

Table 2 shows stationary statistic values (/) for different
taxon groupings and codon positions. The significant / val-
ues indicate that the evolutionary change cannot be con-
sidered homogeneous for all species and positions
(I=71.69, P=1878 x1077), nor for the hydei subgroup
alone (I=56.43, P=1.025x 107°). For third positions, the
homogeneity premise is also rejected (/=79.03,
P=1.172x107%), but not for first and second positions.
Thus, our results could be accounted for by a high substi-
tution rate of third codon positions and not necessarily by
an overall heterogeneous change (Rzhetsky and Nei, 1995).

3.2. The ML phylogenetic reconstruction

We approached the problem of non-stationarity by
using three models: (i) an homogeneous substitution
process for the complete sequence, (ii) an homogeneous
process for the first and second codon positions, and (iii)
an heterogeneous process for the whole region.

The results of the likelihood ratio test are shown in
Table 3. Our results indicate that the approximate
descriptions that best represent the change process in the
examined region are those contributed by models GTR
C (first approach: when the complete sequence is consid-
ered and it is assumed that the process was stationary),
HKYS85 T' (second approach: when only the first two
codon positions are considered) and T92 I' GC (third
approach: when it is assumed that the change was heter-
ogeneous). Therefore, an approximate change descrip-
tion of these sequences must take into account different
substitution types (6 for GTR C and 2 for HKY85 " and
T92 T" GC), different substitution rates for each codon
position, among-site rate variation, or difference in GC
contents among lineages. The computed parameters
derived from the three different models to accommodate
among-site substitution rate variation (o, ¢;, ¢,, ¢3, and
R) are shown in Table 4.

All trees constructed from these models using the
inferred parameters converged to a single highly sup-
ported tree (Figs. 2A and B), that is stable independent of
the applied methodology (ML, distance or maximum par-
simony). It is exactly the same as 7, and supports the
monophyletic origin of the hydei subgroup. Thus,
D. bifurca represents the oldest lineage and its sister clade
branches off to divide into two groups. One group gives
rise to the ancestor from which D. novemaristata and D.
guayllabambae diverged and the other is comprised of D.
eohydei, which originated earlier, and a lineage that gave
rise to D. hydei and D. nigrohydei later on. If these phylo-
genetic relationships depict the true evolutionary history
of the hydei subgroup, the taxonomic division of the
group into the Aydei and bifurca complexes remains abso-
lutely artificial. Both complexes appear paraphyletic,
reflecting a discordance between the molecular phylogeny
and the proposed phylogenetic relationships based on
morphology and chromosomal markers (Figs. 1A and 2).

Table 2
Stationarity statistic values (/) of nucleotide composition (Rzhetsky and Nei, 1995)
Taxa Codon position

Ist 2nd 3rd Ist and 2nd All df
Ingroup 17.04 6.19 55.57* 11.76 56.43* 15
Ingroup and D. mulleri 21.56 6.94 74.90* 15.73 62.83* 18
Ingroup and D. buzzatii 31.61 10.17 58.57* 26.59 62.16* 18
All species 3242 1042 79.03* 27.08 71.69* 21

Note. Ingroup, all species of hydei subgroup.
*P<5x107%



700 T. Moran, A. Fontdevila | Molecular Phylogenetics and Evolution 36 (2005) 695-705

Table 3
Likelihood ratio test results of hierarchical substitution model comparison
Assumptions H, H, df Topology T; Topology T,

—2logA P —2log4 P
1. First approach: Homogeneous model and three codon positions
Equal base frequencies JC69 ‘F81 3 7751 1.05 x 10716 72.93 1.01 x 10713
Equal transition and transversion rates F81 ‘HKY85 1 247.08 113 x 1075 278.66 147 x 1072
Equal transition rates HKY85 ‘TNO93 1 28.34 1.02 x 10777 22.59 2.00 x 107%
Equal transversion rates TN93 :GTR 3 17.00 0.71 x 107% 21.22 9.46 x 107%
Uniform rate among sites GTR :GTR T 1 127.11 1.76 x 1072 329.98 9.70 x 10774
Uniform rate among codon positions GTR :GTR C 2 439.15 437 x 107% 49593 2.00 x 107108
2. Second approach: Homogeneous model and the two first codon positions
Equal base frequencies JC69 :F81 3 13.22 418 x 1079 12.25 6.58 x 107%
Equal transition and transversion rates F81 ‘HKY85 1 23.68 1.14 x 1079 24.61 7.01 x 107"
Equal transition rates HKY85 "TN93 1 1.63 0.20093"* 2.29 0.13006™
Uniform rate among sites HKY85 :HKYS85T 1 3245 122 x107% 111.10 563 x 1072
Uniform rate among codon positions HKYS85 :HKYS85C 1 30.83 2.82 % 107% 29.46 5.70 x 107%
3. Third approach: Heterogeneous model and three codon positions
Equal transition and transversion rates JC69 :K80 1 234.73 552 x 107%3 264.96 142 x 1075
GC & AT content in equilibrium K80 :T92 1 91.48 1.13 x 1072! 87.98 6.60 x 10721
Uniform rate among sites T92 T92T 1 130.00 4.10 x 10730 341.50 3.01 x 1077
Equal nucleotide composition among branches T92 :'T92 GC 13 5893 8.15x 107% 53.36 7.82 % 107"
Equal nucleotide composition among branches T92 T T92T GC 13 62.40 1.95x 107% 47.16 9.08 x 107%

Note. In each row, the null hypothesis (H,) is compared with the hypothesis (H,) that removes the assumption indicated in the first column. P indi-
cates the probability of obtaining the observed value of the Likelihood Ratio Test statistic (—2 log A) if H,, is true, with indicated degrees of freedom
(df). JC69, Jukes and Cantor (1969); F81, Felsenstein (1981); K80, Kimura (1980); HKY85, Hasegawa et al. (1985); TN93, Tamura and Nei (1993);
T92, Tamura (1992); GTR, general time reversible model; with I', assuming discrete gamma rates at sites; with C, assuming different rate parameters
for codon positions; with GC, assuming nucleotide composition variation among tree branches.

Table 4

Parameters derived from the analysis of among site rate variation in Xdh

TOpO]Ogy o Clst Cond C3rd R

1. First approach. Models GTR I'and GTR C

T, 0.39699 1 0.38905 3.80409 1.9502
T, 0.22622 1 0.41480 3.98652 1.9629
2. Second approach. Models HKY85 I'and HKYS85 C

T, 0.26269 1 042222 — 220374
T, 0.10900 1 045122 — 227621
3. Third approach. Model T92 I' GC

T, 0.37820 — — — 451652
T, 0.21369 — — — 5.15068

Note. Topologies T and T, are shown in Figs. 1B and A, respectively. The models to which all values refer are specified for each approach (models I,

C or I" GC). See text for symbol significance.

Using the first and second approaches, the trees
obtained from matrix distances or by maximum parsi-
mony (with or without adjusting for among-site rate het-
erogeneity with gamma distribution, or weighting
transversions 2 times the value of transitions, R=1.95) are
identical to the ML trees and show high statistical support
at each node (bootstrap values > 65%). The clade with the
smallest statistical support is the one grouping D. eohydei
with the D. nigrohydei and D. hydei clade, indicating that
many variable positions may be shared by these species.

Fig. 2B shows the rooted ML tree obtained with the
T92 I GC model (quartet puzzling values are not shown
due to limitations in the computer application). This

topology is identical to trees obtained with the homoge-
nous models. Since its implementation requires consider-
ation of the ancestral GC content, and therefore lacks
the time-reversible characteristic, likelihood value com-
putation depends on root position (for this reason the
initial topologies T, and T, have been rooted). Interest-
ingly, rooting shows that substitution rates have not
remained constant for all the clades, since the hydei sub-
group apparently has accumulated less change than the
mulleri subgroup. This approach confirms that the phy-
logenetic signal of Xdh region is sufficiently high to res-
cue only one topology, regardless of the models and the
clustering methodologies.
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Fig. 2. D. hydei subgroup phylogeny. (A) Unrooted ML tree obtained from all Xdh sequences. Quartet puzzling support values are given at nodes.
Bootstrap values obtained from trees constructed by maximum parsimony and neighbor joining distances are shown in rectangles and circles respec-
tively, only when these differ from the quartet puzzling values. The statistical support of nodes shown under the branches correspond to the tree con-
structed with the GTR C model, and the values above the branches are from the tree obtained from the first two codon positions of the Xd/ sequence
with the HKY85 I' model. The branch lengths correspond to the GTR C tree. Inferred divergence times (in million years) are indicated to the right of
each clade. (B) Rooted ML tree of the /iydei subgroup obtained from all the Xdh sequence with the T92 I' GC model; the vertical bars correspond to

the subgroup and complex assignment for all species.

3.3. Molecular evolution of the Xdh gene

Although all models converge to a single topology,
the ML-derived parameters allowed us to understand
Xdh evolution. In the first approach, the GTR C model
gives a good description of the substitution process.
Computed parameters to accommodate among-site sub-
stitution rate variation (Table 4, Section 1) show that the
gamma distribution displays a “L” like shape
(2=0.39699, « < 1), signifying that among-site rate varia-
tion is large and therefore only a small fraction of sites
are changing fast. The transition/transversion ratio
(R=1.9502) indicates that the deviation between these
substitution types occur about four times faster than
random expectation (R=0.5). Substitution rates for
codon positions point out that third positions change
approximately four times faster than first positions, and

nearly 10 times faster than second positions
(c1:c5:c3=1:0.39:3.80). This suggests that the rejection of
stationarity could be due to the high substitution rate of
the third codon positions (see Section 3.1).

When the nucleotide substitution pattern was charac-
terized for only the first and second codon positions
(second approach, 1390 pb in total), the best description
of the process is provided by the HKY85 I' model. The
parameters employed to accommodate these variations
(Table 4, Section 2) show that the gamma distribution
maintains its “L” like shape (¢ =0.26269, o< 1), demon-
strating that among-site rate variation is large even when
third codon positions are excluded. The transition/trans-
version ratio (R=2.20374) and specific codon position
substitution rates (c;:c,=1:0.42) remain similar to the
predicted values when the complete sequence was
considered.
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When we choose the ML implementation of the
Not—Homogenous model of Galtier and Gouy (1998),
(third approach, T92 I' GC model) the estimated param-
eters (Table 4, Section 3) show that the gamma distribu-
tion maintains its “L” shape (2=0.3782, «<1), but the
transition/transversion ratio (R=4.51652) is greater
than those in the other two approaches, indicating that
transitions happen nine times as fast as random expecta-
tion (R=0.5). The values for both initial topologies are
very similar in all three different approaches, which vali-
dates the use of 7' as a working hypothesis.

4. Discussion
4.1. Model selection and parameter estimations

Since in our work the violation of the stationarity
assumption implies that among-sequences nucleotide
composition differences could affect the phylogenetic
reconstruction (see Section 2.3), we decided to overcome
this problem by employing three different models of the
nucleotide substitution process: two of which modelling
homogeneous processes that differ in the included codon
positions, and one being a heterogeneous model that
assumes differences in the among-sequence nucleotide
composition. We preferred to work with different models
because it allowed us to know whether the obtained phy-
logenetic reconstruction was affected by nucleotide com-
position or not. The use of a single model would have
disregarded important information supplied by the spe-
cific substitution parameters (derived of substitution
processes). Our results showed that the stationarity
assumption violation in the Xdh sequence could be due
to differences in site-specific substitution rates and to
sequence length (2085 pb), and not to a heterogeneous
nucleotide substitution. In general, parameter estima-
tions demonstrated that among-site rate variation is
large (o< 1), third codon positions have a high substitu-
tion rate and transitions happen between four to nine
times as fast as random expectation. The inference simi-
larities among the three different model concerning
parameter computation and tree reconstruction, gives us
confidence that the inferred phylogeny used all the Xdh
phylogenetic signal correctly.

4.2. Molecular vs morphological and chromosomal
phylogenies

All models generate the same phylogenetic recon-
struction (Figs. 2A and B), supporting the monophyletic
origin of the hydei subgroup. This congruence resolves
present doubts on the taxonomic positioning of some
species like D. novemaristata and D. guayllabambae,
since their subgroup assignment was not based on
derived characters (Spicer and Pitnick, 1996). Interest-

ingly, the resulting molecular phylogeny disagrees in
part with present relationships based on species mor-
phology and chromosomal rearrangements (Wasserman,
1962, 1992; Vilela, 1983), questioning the subgroup divi-
sion into the hydei and bifurca complexes, since both
appear as paraphyletic groups. This is not surprising in
the bifurca complex, because no character has ever been
reported to robustly support its monophyletic origin. In
particular, the low morphological and chromosomal
differentiation of the bifurca complex species only indi-
cates that these lineages are the most primitive within the
subgroup. However, the clustering of D. nigrohydei
(bifurca complex) and D. hydei (hydei complex) as sister
species is difficult to interpret in view of their chromo-
somal and morphological constitution. The monophy-
letic status of the Aydei complex was based upon the
presence of the fixed paracentric inversion 2z, assuming
this is a unique derived character. This contradicts the
inclusion of D. nigrohydei, closely related to D. hydei,
into the hydei complex, since D. nigrohydei shows primi-
tive morphologic characteristics (similar to the other
species of the bifurca complex) and the 2z inversion has
never been found in any population of this species
(Wasserman, 1962, 1992).

The ancestral morphology of D. nigrohydei may sug-
gest that morphological evolution is independent of line-
age differentiation. However, this affirmation seems to be
incorrect, since D. eohydei and D. hydei share very simi-
lar characteristics in their reproductive morphology,
most probably derived from a common ancestor and not
by convergence. Likewise, it is unlikely that D. nigrohy-
dei reverted toward ancestral forms of reproductive mor-
phology, since the evolution of reproductive characters
depends on complex gene interactions—under great
selective pressures—that make homoplasic reversion
very unlikely (Zeng et al., 2000).

As for chromosomal evolution, the inclusion of
D. nigrohydei within the hydei complex is still more ques-
tionable. According to Wasserman (1992), one of the
advantages of employing shared paracentric inversions
to establish phylogenetic relationships is that these
appear to be unique events. This is founded on the fact
that the probability of parallel cytological evolution or
convergence is minute, since it would require that the
rate of origin and fixation of inversions that share
exactly the same breakage points be relatively high, a
fact that has never been proved. The tree could only be
explained by a prolonged retention of polymorphism,
where the 2z inversion would have been fixed indepen-
dently in D. hydei and D. eohydei, and not in D. nigrohy-
dei. This is contradictory, since the fixation of an
inversion depends on adaptative value and chance, and
therefore maintenance of polymorphism during a long
span of time would require a strong selective pressure in
favor of the polymorphic state. In accordance with
Wasserman (1992), inversions can have a positive effect
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on fitness, but generally do not maintain the polymor-
phism over prolonged evolutionary time.

4.3. Gene trees vs species trees in the hydei subgroup
evolution

It is not possible to eliminate the possibility that topol-
ogies obtained in this study show the evolutionary story of
a gene, and do not necessarily depict the true species evo-
lutionary tree. According to Pamilo and Nei (1988), gene
trees can differ from species trees, especially when moder-
ate allelic polymorphism exists within a species and when
divergence times are short. Ting et al. (2000) point out that
discordance between molecular and species phylogenies
may be due to the genome being a mosaic of fragments,
each one with its own genealogy. Therefore, it is necessary
to consider factors capable of obscuring the phylogenetic
inference, such as the retention of an ancestral polymor-
phism or introgression by secondary contacts.

In our case, it is probable that the molecular grouping
of D. nigrohydei within the hydei complex species is unveil-
ing other phenomena occurring during the divergence
process. In this sense, the crossability observed among the
species of the hydei subgroup supports the phylogeny that
we obtained in this work. Thus, our results are concordant
with the capability of hybridization between D. nigrohydei
males and D. eohydei females, and between D. hydei males
and D. nigrohydei females, meaning that D. nigrohydei is
more closely related to the hydei complex than it was pre-
viously thought (Wasserman, 1992). If these species have
maintained their potential to interbreed up to this day, it
is not difficult to believe that during the early stages of
divergence, gene flow had been high and had allowed
introgression from the hydei complex species into D. nig-
rohydei. Thus, the phylogenetic signal of Xdh in D. nig-
rohydei could be influenced by recombination events with
genetic material from closely related species and/or by
retention of ancestral polymorphisms. Spicer and Pitnick
(1996) previously discussed the possibility that the bifurca
complex does not have a monophyletic origin based on
their reconstruction of the hydei subgroup phylogeny
using mitochondrial markers. In that study, the parsimony
analyses demonstrated that it was only necessary to
increase the tree size by a few steps to form a group
between D. nigrohydei and the clade composed by
D. hydei and D. eohydei. This would agree with our results,
suggesting introgression, and may indicate that D. nig-
rohydei diverged earlier. In spite of the questionable posi-
tion of D. nigrohydei, the high quartet puzzling and
bootstrap values observed in almost all nodes supports
the phylogeny we obtained.

4.4. Evolutionary phylogeography

Vilela (1983) suggests that the Aydei subgroup may
have originated in an ancestral population of Western

North America located in a Mexican transitional zone
(Patterson and Stone, 1952, pp. 510-523). This scenario
would imply that different migration events have influ-
enced species evolution. The first species to diverge was
D. bifurca, remaining a stable and independent lineage
until the present, with low morphological and cytologi-
cal differentiation. The sister lineage would have differ-
entiated into two well-defined phyletic lines. One would
give rise to the clade that contains D. novemaristata and
D. guayllabambae, in an early migration event toward
the Andean equatorial zone. In a second migration, the
other lineage would have invaded Central America and
the north of South America, giving rise to D. eohydei,
D. neohydei, D. hydei and—maybe before them—D. nig-
rohydei. However, the current knowledge of the ecology
and distribution of all these species is still very limited,
and this historical view is only a working hypothesis.

4.5. Is the molecular clock ticking at a constant rate?

Another important aspect worth evaluating is
whether these sequences fit into the molecular clock
hypothesis. According to Takezaki et al. (1995), the
nucleotide substitution rates are never identical for all
lineages, although it is expected that in closely related
species the heterogeneity could be almost imperceptible.
We tested this hypothesis by means of the likelihood
ratio test (Felsenstein, 1981), comparing the likelihoods
of trees constrained by the molecular clock assumption
against trees where this restriction is relaxed. The results
showed that the molecular clock hypothesis is not
accepted (—2 logA=17.62318, 6 df, P=0.00725) under
the GTR C model for the complete sequence when all
species were considered. However, when the species of
the mulleri subgroup (outgroup) were excluded from
analysis, the molecular clock fits reasonably to the data
(=2 log A =7.80806, 4 df, P=0.09887). This may indi-
cate that these outgroup species evolve faster than the
hydei subgroup species (see Section 3.2 and Fig. 2B). On
the other hand, when all species and only the first two
codon positions were considered, and the HKY85 I
model was implemented, the molecular clock shows a
reasonably good fit to the data (—2 logA4=10.70272, 6
df, P=0.09801036).

In principle, it is erroneous to calibrate the molecular
clock to estimate divergence times when differences in the
nucleotide substitution rates among lineages exist. How-
ever, even though substitution rates are uniform, if the
nucleotide sites show little variation, i.e., they are highly
constrained as in first and second positions of our study,
an increasing deviation of divergence time estimates
impedes a reliable calibration of the clock (Nei and
Kumar, 2000). Considering that the substitution process
has been constant for the hydei subgroup, we have
obtained a rough approximation of its time of origin. As
a reference point, we adopt the divergence time between
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D. hydei and D. mulleri, estimated to be approximately 16
million years ago (inferred from the Adh gene, in Russo
et al., 1995). In this way, and using computed lengths for
each branch of the tree constructed under the molecular
clock hypothesis, we found than the sydei subgroup orig-
inated about 9 million years ago. This estimate agrees
with Spicer and Pitnick (1996), where the subgroup origin
was dated between 9 and 21 million years.

The divergence times for each node of the tree are
shown in Fig. 2A. The estimates we present here should
be interpreted in light of the fact that the correct tree
position for D. nigrohydei is uncertain.

4.6. Final remarks

Based on the results of this work, we assert that the
division of the hydei subgroup into two complexes is not
natural, since they are clearly paraphyletic. Based on this
reasoning, and the fact that the hydei subgroup consists
of a low number of species, one could suppress the com-
plexes and maintain the subgroup as a unique monophy-
letic unit. Alternatively, one could maintain the present
systematic classification on the basis of other available
criteria (e.g., cytology, morphology, and crossability),
and await future studies that will make it possible to
conclusively clarify the phylogenetic relationships
among all the species of the subgroup.
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