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Despite many studies on the phylogeny of the subgenus Sophophora, its monophyly has not been estab-
lished, especially in relation to its putative relative, the genus Lordiphosa. We analyzed their phylogenetic
relationships using DNA sequence data of two mitochondrial genes (ND2 and COII) and two nuclear genes
(Adh and 28SrRNA). In constructing phylogenetic trees, we accounted for the problem of among-taxa
nucleotide compositional heterogeneity, and took a sequence-partitioning approach to allow multiple
substitution models for nucleotide sequences that have evolved under different evolutionary processes,
particularly developing a novel, sequence-partitioning procedure for Neighbor Joining (NJ) tree construc-
tion. Trees constructed by different methods showed an almost identical and strongly supported topology
in which Sophophora was paraphyletic: Lordiphosa was placed as the sister to the Neotropical Sophophora
consisting of the saltans and willistoni groups, and Sophophora was divided into the clade of Lordiph-
osa + Neotropical Sophophora and the clade of the obscura + melanogaster groups. Based on the estimated
time, 45.9 Mya, of divergence between the Old World Lordiphosa and the Neotropical Sophophora and evi-
dence from paleontology, paleo-geography and -climatology, we propose a hypothesis that this vicariant
divergence should have occurred when the North Atlantic Land Bridge between Europe and North
America broke in the middle Eocene Epoch.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The family Drosophilidae has long been studied in evolutionary
biology, and its significance has recently been further manifested
by the Drosophila 12 Genomes Project (Drosophila 12 Genomes
Consortium, 2007). The released database of whole genome se-
quences of 12 Drosophila species should promote genome-based
comparative studies in various fields of biology across the family
Drosophilidae. Any comparative studies necessitate the baseline
information on phylogenetic relationships of concerned taxa, but
the phylogeny of Drosophilidae has not fully been resolved yet.

Of the 12 Drosophila species whose whole genomes have been
sequenced, nine species belong to the subgenus Sophophora
ll rights reserved.
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Sturtevant. This subgenus has been and shall continue to be one
of the most important groups of model organisms in evolutionary
biology. Of the eight species groups placed in this subgenus, the
melanogaster [including the ananassae and montium groups raised
by Da Lage et al. (2007)], obscura, saltans, willistoni, fima, setifemur,
populi and dentissima groups (Burla, 1954; Lemeunier and
Ashburner, 1976; Mather, 1955; McEvey, 2009; Sturtevant, 1942;
Tsacas, 1980), the first four have been most intensively studied,
with several model species such as Drosophila melanogaster Mei-
gen, 1830 very important in all fields of modern biology and Dro-
sophila pseudoobscura Frolova, 1929 of which population genetics
has been studied by Th. Dobzhansky and colleagues since the
1930’s (see Dobzhansky and Powell, 1975a, for review). Two Neo-
tropical species groups, the saltans and willistoni groups, have been
good materials for studying speciation mechanisms, with incipient
species at various stages of speciation process (see Dobzhansky
and Powell (1975b) and Ehrman and Powell (1982), for review of
studies on the willistoni group).

Throckmorton (1975) treated the ‘‘Sophophoran radiation’’
consisting of the subgenus Sophophora and the genera Chymomyza
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Czerny and Neotanygastrella Duda as one of basal radiations of the
subfamily Drosophilinae. Since then, the monophyly of Sophophora
has been attested by a number of phylogenetic studies involving at
least the above-mentioned four major species groups of this subge-
nus, based on evidence from various sources, e.g., larval hemolymph
protein (LHP) immunoprecipitation (Beverley and Wilson, 1982),
gene structure (Powell and DeSalle, 1995; Wojtas et al., 1992),
nucleotide sequences of different genes (Kwiatowski and Ayala,
1999; Kwiatowski et al., 1994; O’Grady and Kidwell, 2002), mito-
chondrial genome sequences (O’Grady and DeSalle, 2008), a com-
bined analysis with morphological characters and DNA sequences
(Remsen and O’Grady, 2002), a supertree analysis of 117 published
phylogenetic trees (van der Linde and Houle, 2008) and a superma-
trix-based molecular phylogenetic analysis (van der Linde et al.,
2010). However, some studies, such as Pélandakis et al. (1991) and
Pélandakis and Solignac (1993) based on the large subunit of ribo-
somal RNA (28S) gene and Kwiatowski et al. (1997) based on the
glycerol-3-phosphate dehydrogenase (Gpdh) gene, did not support
the monophyly of the subgenus Sophophora, but placed the Neotrop-
ical saltans–willistoni clade outside a large clade comprising all other
Drosophila species (including the melanogaster and obscura groups)
and related genera, though bootstrap support for this relationship
was not so high. A probable source of bias having made these results
incongruent with most of other studies supporting the monophyly
of the subgenus Sophophora is neglecting of nucleotide composition
variation among taxa. Tarrio et al. (2001) have pointed out that there
is a wide variation in the guanine plus cytosine (GC) content of
genes, especially at the third codon position, among the members
of the family Drosophilidae (see also Anderson et al., 1993;
Rodriguez-Trelles et al., 1999a,b; Tatarenkov et al., 2001); the mela-
nogaster and obscura groups have high GC contents, while the willi-
stoni group and the genus Chymomyza have the low contents. And,
Tarrio et al. (2001) have clearly shown that correct phylogenetic
assessment cannot be achieved when the heterogeneous base com-
position is not accounted for by the substitution model to be applied
for molecular tree construction. Similarly, Da Lage et al. (2007)
suggested mal-effects of base compositional heterogeneity on
phylogenetic reconstruction for the Amyrel gene, a paralogue of
the a-amylase genes: although the unweighted Maximum
Parsimony (MP) analysis inferred the paraphyly of the subgenus
Sophophora, placing the two Neotropical species groups with excep-
tionally low GC contents outside the major drosophiline clade, the
monophyly of Sophophora was recovered when the third codon
positions were downweighted in MP analyses.

An unsettled issue with respect to the phylogeny of the subgenus
Sophophora is its relationship to the genus Lordiphosa Basden
(O’Grady and Kidwell, 2002), of which species are distributed in
the Oriental and Palearctic Regions. Katoh et al. (2000) suggested,
using the alcohol dehydrogenase (Adh) gene sequences, that
Sophophora was paraphyletic in respect to Lordiphosa, specifically
corroborating the sister relationship between Lordiphosa and the
Neotropical saltans–willistoni clade by high bootstrap support
(95%). They further suggested that the clade comprising Lordiphosa
and the saltans and willistoni groups was placed outside the major
drosophiline lineage including the melanogaster–obscura clade,
although this topology was not strongly supported and should have
been biased by no account of the compositional heterogeneity among
sequences studied. On the other hand, Hu and Toda (2001) suggested,
based on a cladistic analysis with morphological characters, that
Sophophora (the melanogaster–obscura clade) formed a monophyletic
group with Lordiphosa, although its bootstrap support was not so high
and the saltans and willistoni groups were not included in the analysis.

In this study, we seek to determine the phylogenetic relation-
ships among the four major species groups of Sophophora and
the four species groups of Lordiphosa by expanding taxon sampling
for these focal taxa. We employed DNA sequence data of two
mitochondrial genes, the NADH dehydrogenase subunit 2 (ND2)
and the cytochrome c oxidase II (COII), and two nuclear genes,
Adh and 28S, and took into account variations in nucleotide compo-
sition among the studied sequences to provide valuable informa-
tion for reconstructing the phylogeny. Finally, based on the
results, we propose a phylogeographic hypothesis on one of major
patterns in the evolution of Drosophilinae, i.e., the disjunction of
tropical fauna between the Old and New Worlds.
2. Materials and methods

2.1. Taxon sampling

A total of 27 species were selected as ingroup taxa from the
subfamily Drosophilinae, with particular emphasis on the four
major species groups of Sophophora and the four species groups,
the denticeps, fenestrarum, miki and nigricolor groups, of
Lordiphosa (Table 1). As outgroup taxa, two species were selected
from the genera Scaptodrosophila Duda and Chymomyza that have
proved to represent basal lineages of the Drosophilinae in most
of the previous molecular phylogenetic studies (e.g., Tarrio
et al., 2001; Da Lage et al., 2007). Using live or alcohol-preserved
specimens obtained from stocks of the National Drosophila Spe-
cies Resource Center at Bowling Green State University (BGSU),
the Tucson Fly Stock Center (TFSC) and the Tokyo Metropolitan
University (TMU) and the field, we newly determined DNA se-
quences of Adh for seven species, of 28S for 29 species, of COII
for 17 species and of ND2 for 26 species. GenBank accession
numbers of these sequences, along with those for known se-
quences used in the analyses, and the origins of material speci-
mens are given in Table 1.
2.2. DNA extraction, PCR, cloning and sequencing

Total DNA was extracted from a single fly by the standard
phenol–chloroform method, or the modified Boom et al.’s (1990)
method (Kobayashi et al., 2009). The PCR cycle program comprised
an initial 3 min of predenaturation at 94 �C, 35 cycles of amplifica-
tion (50 s of denaturation at 94 �C; 1 min of annealing at 55 �C for
ND2 and COII, 53 �C for Adh, and 60 �C for 28S; 1 min of extension
at 72 �C) and 5 min of sequence postextension at 72 �C. The primers
(all given left to right from 50 to 30 ends) for the PCR and sequencing
of each locus are: ND2-FW ATATTTACAGCTTTGAAGG, and ND2-RV
AAGCTACTGGGTTCATACC for ND2 (Wang et al., 2006); COII-FW
ATGGCAGATTAGTGCAATGG and COII-RV GTTTAAGAGACCAG-
TACTTG for COII (O’Grady, 1999); 28S-FW CCCGAAGTAT CCTGAATC
TTTCGCATTG (Kopp and True, 2002) and 28S-RV TCTTAGTAGCGGC-
GAGCG (designed by T. Katoh) for 28S. PCR products were purified
with the modified method of Boom et al. (1990).

The Adh fragments of Lordiphosa neokurokawai, Lordiphosa vitta-
ta, Lordiphosa ramula, Lordiphosa penicilla, Drosophila neocordata
and Drosophila prosaltans are amplified by PCR using the primers
(from 50 to 30 ends) adh-3233 AATGTCTCTCACCAACAAGAAC and
adh-3235 AGATGCGCGAGTCTCAGTGCTT (both designed in the
present study), and the products were separated by agarose gel
electrophoresis. In most cases, multiple bands were presented in
the gel, indicating unspecific amplifications. According to GenBank
Adh sequences of some Lordiphosa species, the target region of this
gene is highly variable in length among Lordiphosa species
(ca. 800–1600 bp, primarily due to the length variation of the in-
trons involved). Therefore, multiple bands of desirable length were
checked by sequencing the corresponding fragments: each candi-
date fragment was cloned into the PMD18-T Vector (TaKaRa), then
transformed into Escherichia coli as host. The recombinant DNA
was extracted and sequenced using the ABI 3700 sequencer



Table 1
Samples used for DNA sequencing in the present study, with GenBank accession numbers of sequences (HQ: newly sequenced).

Genus Subgenus Species
group

Species
subgroup

Species Geographic origin
and/or stocka

Accession number of sequence

Adh 28S COII ND2

Drosophila Sophophora melanogaster melanogaster melanogaster TMU (missing number) M17833 HQ110532 J01404 U37541
simulans TMU (missing number) M36581 HQ110541 AF474082 AF200854
yakuba TMU (missing, from Kenya, Africa) X54120 HQ110545 X03240 X03240

obscura pseudoobscura pseudoobscura BGSU (missing number) M60979 HQ110539 M95150 HQ110584
miranda TFSC (14011–0101.08) M60998 HQ110533 M95148 HQ110578

saltans elliptica emarginata TFSC (14042–0841.04) AB026526 HQ110528 AF045094 HQ110574
saltans prosaltans TFSC (14045–0901.03) HQ110515,-16,-17 HQ110538 HQ110561 HQ110583

saltans TMU (14045–0911.0) AB026533 HQ110540 HQ110558 HQ110585
sturtevanti sturtevanti TFSC (14043–0871.06) AB026535 HQ110542 HQ110562 HQ110595
cordata neocordata TFSC (14041–0831.00) HQ110512,-13,-14 HQ110535 AF045088 HQ110580

willistoni group A paulistorum TMU (1403–0771.11) AB026529 HQ110536 HQ110557 HQ110581
willistoni TMU (14030–0811.0) L08648 HQ110544 HQ110560 HQ110587

group B nebulosa TMU (14030–0761.05) HQ110509,-10,-11 HQ110534 AF474099 HQ110579
Drosophila repleta hydei BGSU (missing number) X58694 HQ110530 AF478429 HQ110576

immigrans immigrans immigrans BGSU (missing number) M97638 HQ110531 AF478424 HQ110577
funebris funebris TMU (missing number) AB033643 HQ110529 AF478422 HQ110575
polychaeta polychaeta BGSU (missing number) AB033641 HQ110537 AF478427 HQ110582
virilis virilis TMU (missing number) AB033640 HQ110543 HQ110559 HQ110586

Lordiphosa fenestrarum collinella Sapporo, Japan AB026525 HQ110547 HQ110564 HQ110589
miki clarofinis Sapporo, Japan AB026524 HQ110546 HQ110563 HQ110588

stackelbergi Sapporo, Japan AB026534 HQ110552 HQ110569 HQ110594
nigricolor penicilla Yunnan, China HQ110506,-07,-08 HQ110550 HQ110567 HQ110592
denticeps neokurokawai Yunnan, China HQ110518,-19,-20 HQ110549 HQ110566 HQ110591

vittata Yunnan, China HQ110524,-25,-26 HQ110553 HQ110570 HQ110596
kurokawai Nagano, Japan AB026541 HQ110548 HQ110565 HQ110590
ramula Yunnan, China HQ110521,-22,-23 HQ110551 HQ110568 HQ110593

Scaptomyza pallida Sapporo, Japan AB033645 HQ110554 HQ110571 HQ110597
Scaptodrosophila rufifrons lebanonensis TFSC (11010–0021, Lebanon 1733) X54814 HQ110555 HQ110572 HQ110598
Chymomyza procnemis TMU (missing number) AB026521 HQ110527 HQ110556 HQ110573

a TMU: stocks maintained at Tokyo Metropolitan University; BGSU, stocks from the National Drosophila Species Resource Center at Bowling Green State University; TFSC,
stock from the Tucson Fly Stock Center.
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following the protocol by the manufacturer. The M13 universal
primers AAGCTTGCATGCCTGCAGGTCGACGAT and CGGTACCCGGG
GATCCTCTAGAGAT were used for sequencing reaction. Two addi-
tional, sequencing primers, adh-3236 CAGTGACGGGATTCAATGCC
and adh-3237 ACATCCAGCCAGGAGTTGAA (binding on the exon 2
and 3, respectively; both designed in the present study), were used
to determine the long intron II sequence in some species. For each
of the seven species, sequences of three different clones were
determined, and the consensus of the coding parts of the three se-
quences was used for phylogenetic analyses.

2.3. Sequence aligning

Newly collected sequences were edited using SeqMan (DNA-
Star Inc. 1996). The homologous GenBank sequences were down-
loaded. The concatenated sequences of the four genes, ND2, COII,
Adh (only the coding regions) and 28S, of the 29 species were
aligned in MEGA4.1 (Tamura et al., 2007) by the Clustal W
method (Thompson et al., 1994). The alignments were then
adjusted by eye to make it conform to the codon assignments,
with the ends slightly trimmed to reduce the number of end
gaps. In addition, the sequences of the three protein-coding
genes were translated to amino acid sequences in MEGA4.1.

2.4. Phylogenetic analyses

So far a number of phylogenetic methods, either distance- or
model-based (Maximum Parsimony, Maximum Likelihood (ML),
etc.), have been developed to account for the among-taxa compo-
sitional heterogeneity (Rosenberg and Kumar, 2003, and references
therein). However, some of them are impractical for our data. For
example, ML algorithms such as Galtier and Gouy’s (1998) are
computationally too time-consuming in cases including more than
seven or eight sequences (Tarrio et al., 2001). Conservative ap-
proaches, such as excluding third codon positions (e.g., Delsuc
et al., 2002) and/or data partitions that fail in tests for composi-
tional homogeneity (e.g., Springer et al., 1999) and RY-coding
(e.g., Phillips et al., 2004), have proved to be effective for increasing
the ratio of phylogenetic signal to noise in large datasets such as
genome-scale ones. However, these conservative methods will
meanwhile result in loss of some phylogenetic signals in cases of
smaller datasets such as ours.

Here, we employed the following three methods to account for
the compositional heterogeneity in tree construction: modeling of
compositional heterogeneity in a Bayesian framework by Foster
(2004), the modified Tamura-Nei distance estimation method by
Tamura and Kumar (2002), and using of translated amino acid se-
quences for protein-coding genes. Among the distance-based
methods, probably the most popular distance correction for coping
with the problem of heterogeneous base composition is the LogDet
transformation (Lockhart et al., 1994). However, the LogDet dis-
tances are paralinear, i.e., they are expected to show linearity with
time and are actually not designed to measure the actual number
of substitutions (Lockhart et al., 1994). For instance, it is known
that the LogDet method will overestimate evolutionary distances
if the four bases do not occur with the equal frequency in the
nucleotide sequences compared, even when the evolutionary pro-
cess is homogeneous (Swofford et al., 1996). Tamura and Kumar
(2002) modified the Tamura-Nei method (Tamura and Nei, 1993),
which measures the actual number of substitutions irrespective
of the base frequency bias, when the evolutionary process is homo-
geneous. They relaxed the last assumption, i.e., the assumption of
the substitution pattern homogeneity among lineages, and demon-
strated by computer simulations and empirical data analyses that
the modified method performed much better than the LogDet
method.
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For tree construction, if we use simply concatenated sequences
of several protein- and RNA-coding genes, it allows only one sub-
stitution model for characters that should be under heterogeneous
evolutionary processes. Partitioning such concatenated data into
more-homogeneous subsets cancels mal-effects of parameter esti-
mation from smaller data-subsets that reduce the signal-
to-variance ratio (Phillips and Penny, 2003). Therefore, we took a
sequence-partitioning approach by dividing the concatenated
sequences into ten data-subsets: nine by codon position of the
three protein-coding genes and one RNA-coding gene, designated
as ND2-1st, ND2-2nd, ND2-3rd, COII-1st, COII-2nd, COII-3rd,
Adh-1st, Adh-2nd, Adh-3rd and 28S.

Each of the data-subsets was separately subjected to a test of
nucleotide substitution saturation using the index of substitution
saturation (Iss) of Xia et al. (2003) implemented in the DAMBE soft-
ware version 5.2.13 (Xia and Xie, 2001), and a composition homo-
geneity test using Statio (http://homes.bio.psu.edu/people/faculty/
Nei/software.htm) that implements the method of Rzhetsky and
Nei (1995) with account of possible phylogenetic correlations.

Before Bayesian analyses using the method of Foster (2004), we
first selected the best-fit substitution model for each data-subset
using Modeltest 3.7 (Posada and Crandall, 1998). Then, the analy-
ses were conducted under the partitioned model of Bayesian
framework, in which parameters of the selected substitution mod-
el were applied to each partition (data-subset), using the software
p4 (http://bmnh.org/~pf/p4.html). Two MCMC runs of 1,000,000
generations were performed, with sampling of every 100 genera-
tions. For each run, 10,001 samples were produced, among which
2500 early-phase ones were discarded as burn-in. Then a majority
rule consensus tree showing all compatible taxon bipartitions was
obtained by summarizing the remaining 15,002 samples from the
two runs (7501 from each). To estimate the least numbers of com-
position vectors necessary for the model composition to fit the
data, different configurations of the numbers of composition vec-
tors were accommodated in the model, starting from the configu-
ration of a single vector (meaning the compositional homogeneity)
for every partition. The fit of the model composition to each data
partition was assessed by posterior predictive simulation using a
tree- and model-based test statistic {2 (see Foster, 2004 for the cal-
culation procedure). The tail-area probability pt was calculated by
comparing the distribution of {2s simulated from the two MCMC
runs (after burning-in) to the {2 of the original data-subset. If
pt < 0.05, it means that the number of composition vectors accom-
modated is not enough to adequately model the data. While this
requirement (pt > 0.05) is not satisfied in any of the ten data-sub-
sets, more compositional vectors should be added, one by one,
for those data-subsets, until the fit of model is achieved for all
the data-subsets. Finally, accommodating the least, necessary con-
dition thus determined for the numbers of composition vectors in
the model, the Bayesian tree was constructed, and compared with
the initial tree under the assumption of compositional homogene-
ity for all the data-subsets.

For the Neighbor Joining (NJ) tree construction, we first esti-
mated evolutionary distances, without consideration of the
among-site variation in the substitution rate (the gamma shape
parameter), separately for each data-subset, between the 29 stud-
ied species by the MCL (Maximum Composite Likelihood) method
of Tamura et al. (2004a, 2007). Then, the resulting ten distance
matrices were merged into a single matrix of average evolutionary
distances (the number of nucleotide substitutions per site), taking
into account the length (the total number of nucleotide sites) of
each data-subset. A NJ tree was constructed on the basis of the
merged distance matrix. For data-subsets where the compositional
homogeneity was rejected by the Statio test, the evolutionary dis-
tances were corrected by the method of Tamura and Kumar (2002),
allowing the nucleotide composition to vary among the taxa. The
resulting tree was compared with that inferred from the assump-
tion of compositional homogeneity in every data-subset. Branch
support values were calculated by a bootstrap analysis with 1000
replicates: in each replicate, random sampling of nucleotide sites
was made within each data-subset, and a tree was constructed in
the above procedure, based on the ten data-subsets obtained by
such bootstrap sampling. All analyses were performed using the
program MultiGeneNJ developed by Tamura (available from him).

Before constructing a ML tree based on the amino acid se-
quences, we selected the best-fit substitution model for the concat-
enated sequences of the three protein fragments, Adh, ND2 and
COII, using ProtTest 2.1 (Abascal et al., 2005). The best-fit model se-
lected under the AIC statistical framework was JTT + I + G + F, i.e.,
the common matrix JTT (Jones et al., 1992) modified with the
parameters I (considering that a fraction of the amino acids are
invariable), G (including a gamma distribution to account for dif-
ferent rates of change at different positions) and F (using the ob-
served amino acid frequencies). A ML tree was searched in
PhyML (Guindon and Gascuel, 2003) under the selected model,
with a BioNJ tree calculated also by PhyML as the starting tree,
and the proportion of invariable sites (I) and the gamma shape
parameter optimized by PhyML. The branch support values were
calculated by a non-parametric bootstrap analysis with 500
replicates.
2.5. Estimation of divergence times

Based on the Bayesian tree inferred by modeling the composi-
tional heterogeneity in p4, we estimated the divergence time at
each node using the program r8s version 1.71 (Sanderson, 2003).
Since no reliable evidence was available for estimating the diver-
gence time between any taxa covered in our analysis, we applied
the divergence time of 62.9 Mya between the subgenera Drosophila
and Sophophora, that was estimated by Tamura et al. (2004b) based
on a well-established estimate of 5.1 Mya between Drosophila picti-
cornis Grimshaw, 1901 endemic to Kauai and its relatives on other
islands of Hawaii (Carson and Clauge, 1995), as a calibration point.
The penalized likelihood (PL) method was used for divergence time
estimation, with a truncated Newton (TN) algorithm for finding op-
tima of the various objective functions. We created 100 bootstrap
replicates of our original sequence data with the SeqBoot module
in the PHLIP package (Felsenstein, 2004). These bootstrap repli-
cates were run in PAUP⁄4.0b10 (Swofford, 2003) under the con-
straint of the selected tree topology, resulting in 100 trees of
different branch lengths under the same topology. With the aid
of the r8s bootstrap kit (Eriksson, 2007), we checked the cross-val-
idation over a range of discrete values of the smoothing parameter
(10�3, 10�2.5, . . . , 103.5) for the 100 trees in batches in r8s
(Sanderson, 2003), and then reran these trees with the level of
smoothing selected to estimate the divergence times. One of the
outgroup taxa, Chymomyza procnemis (Williston, 1896), was
pruned from the trees in the r8s analyses to avoid the basal trichot-
omy. The r8s log file was then scanned for each node across the 100
bootstrap replicates, and the mean of thus estimated 100 diver-
gence times was calculated, along with the standard deviation
and the 95% confidence interval after the normal distribution test
for the bootstrap estimates.
3. Results

The alignment of the DNA sequences of the four gene regions
spanned a total of 2977 nucleotide positions, with the detailed
information shown in Table 2. The 28S region of the alignment
was relatively conservative, involving only 23 indels, mostly of
1–3 bases, scattered across the region.
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The results of the substitution saturation tests using DAMBE,
the composition homogeneity test using Statio, and model selec-
tion using Modeltest are shown in Table 3. In the DAMB tests for
the whole concatenated sequences of the four genes, the value of
substitution saturation index (Iss) was significantly smaller than
the critical value, under the assumption of either a symmetrical
(Iss.cSym) or a very asymmetrical true tree (Iss.cAsym). The same re-
sulted from when considering only 1st or 2nd codon positions of
each of ND2, COII and Adh genes, as well as the 28S data-subset,
indicating that these data-subsets are unlikely to have experienced
saturation. For the three data-subsets consisting of only the 3rd co-
don positions of each of the protein-coding genes, little saturation
was detected as well under the assumption of a symmetrical topol-
ogy of the true tree. Under the assumption of a very asymmetrical
tree topology, however, the Iss values were significantly larger than
the critical values (Iss.cAsym), indicating poor signals for phylogenet-
ics in these data-subsets, although the assumption is generally
very unlikely (Xia and Lemey, 2009). In the compositional homoge-
neity test, the null hypothesis was rejected, i.e., the nucleotide
compositions to be regarded as heterogeneous among the studied
taxa, for the whole data, and ND2-1st, ND2-3rd, COII-3rd, Adh-1st
and Adh-3rd data-subsets. The model selected for each data-subset
and its parameters shown in Table 3 were incorporated into the
partitioned Bayesian analyses.

With respect to the compositional heterogeneity in each data-
subset, however, the Bayesian analyses using posterior predictive
simulation by MCMC runs showed a slightly different result (Table
4). Of the above five data-subsets, the nucleotide compositions of
ND2-1st could adequately be modeled by a single composition vec-
tor, i.e., an assumption of the compositional homogeneity. On the
other hand, in Test 1 where a single vector was applied to every
data-subset, the model did not fit to the data, i.e., the composi-
tional homogeneity to be rejected, in the other four data-subsets,
as well as in the test by Statio. By increasing the number of vectors,
one by one, for these data-subsets in Tests 2 and 3 (Table 4), finally,
the least, necessary numbers of vectors were estimated as 2 for
COII-3rd and Adh-1st, and 3 for ND2-3rd and Adh-3rd.

The Bayesian tree inferred from the partitioned model accom-
modating this configuration of composition vector numbers is
shown in Fig. 1. Its topology was almost the same as those of the
other trees (not shown) constructed by the different methods,
i.e., the Bayesian tree under the assumption of compositional
homogeneity, the NJ trees constructed by the MultiGeneNJ under
the assumptions of compositional heterogeneity and homogeneity,
and the ML tree based on amino acid sequences of the three pro-
tein-coding genes. Most of the internal branches were commonly
seen in all the five trees and strongly supported at least in three
of them, except for a few weakly supported branches with respect
to the relationships of the nigricolor group within the genus
Lordiphosa and among species of the virilis-repleta lineage includ-
ing the genus Scaptomyza Hardy (Fig. 1, Table 5).
Table 2
A summary of the alignment of the sequences.

Nucleotide sequences Translated amino acid sequences

Sitesa Vb PIc Sites V PI

ND2 934 492 374 310 149 115
COII 667 247 181 222 47 15
Adh 711 393 309 237 125 81
28S 665 141 80 – – –
Total 2977 1273 944 769 321 211

a Number of sites.
b Number of variable sites.
c Number of parsimony informative sites.
The ingroup was divided into two strongly supported clades at
the base of the trees; one consisted of the subgenus Sophophora
and the genus Lordiphosa, but the other of the subgenus Drosophila
and the genus Scaptomyza. Within the former clade, the mono-
phyly of each species group and Lordiphosa itself was corroborated,
except for the Lordiphosa nigricolor and fenestrarum groups each of
which was represented by a single species. However, Sophophora
was regarded as paraphyletic in respect to Lordiphosa. The latter
was placed as the sister to the Neotropical Sophophora consisting
of the saltans and willistoni groups, and the clade of Lordiph-
osa + Neotropical Sophophora was sister to that of the obscura and
melanogaster groups. Within Lordiphosa, relationships between
the species groups were uncertain, except for the sister relation-
ship between the fenestrarum and miki groups. Taxon sampling
was too scarce to note any phylogenetic relationships within the
clade of Drosophila s. str. and Scaptomyza in the present study.

Divergence times were estimated for the nodes of the Bayesian
tree shown in Fig. 1, and the results are represented in Table 5. The
earliest split, by the genus Scaptodrosophila, at the root of the tree
was estimated to have occurred very old, 74.1 ± 2.9 (mean ± s.d.)
Mya, in the Cretaceous Period. Within the sophophoran clade
including Lordiphosa, divergence between the obscura + melanogas-
ter and the Lordiphosa + Neotropcical Sophophora clades (at node C)
was estimated to have taken place 57.3 ± 1.7 Mya in the Paleocene
Epoch. The event in which we are most interested is the divergence
between Lordiphosa and Neotropcical Sophophora (at node H), and
it was estimated that this disjunction of the Old World and the
New World tropical lineages occurred 45.9 ± 1.9 Mya in the middle
Eocene Epoch. Diversification of species groups within Sophophora
and Lordiphosa was estimated to have not synchronously occurred
in different lineages; the obscura and the melanogaster groups di-
verged from each other (at node G) in the middle Eocene
(46.6 ± 2.3 Mya), the saltans and the willistoni groups (at node K)
in the middle Oligocene (29.1 ± 2.0 Mya), and the species groups
of Lordiphosa diversified (at nodes L, O and R) in the late Oligocene
(25.5 Mya) to the middle Miocene (16.3 Mya).
4. Discussion

In this study, we analyzed the phylogeny of the subgenus Soph-
ophora, especially focusing on its relationship to the genus Lordiph-
osa (Katoh et al., 2000; Hu and Toda, 2001). In the analyses, we
paid much attention to the problem of among-taxa nucleotide
compositional heterogeneity, which has proved to compromise
the phylogeny reconstruction in Sophophora with a large variation
in GC content among different species groups (Tarrio et al., 2001;
Da Lage et al., 2007). In addition, we took a sequence-partitioning
approach to allow multiple substitution models for nucleotide se-
quences that have evolved under different evolutionary processes.
In particular, we developed a novel, sequence-partitioning proce-
dure (the program MultiGeneNJ) for NJ tree construction and boot-
strap analysis. In consequence, however, the trees inferred from
the different methods and assumptions were almost identical in
topology and branch supports. This implies that phylogenetic sig-
nals involved in our data-set are so strong as not to be over-
whelmed by the compositional heterogeneity, which is really
present among the nucleotide sequences of our data, as well as
in many other cases (e.g., Conant and Lewis, 2001; Rosenberg
and Kumar, 2003). The efficiency of our novel method for NJ tree
construction should be tested in more delicate cases and/or simu-
lated phylogenies.

The most remarkable inference from this study is that Sopho-
phora is paraphyletic: Lordiphosa is placed as the sister to the Neo-
tropical Sophophora consisting of the saltans and willistoni groups,
and Sophophora is divided into the clade of Lordiphosa +



Table 3
Results of substitution saturation tests (using DAMBE), composition homogeneity tests (using Statio), and model selection (using Modeltest 3.7).

Whole
concatenated

ND2-1st ND2-2nd ND2-3rd COII-1st COII-2nd COII-3rd Adh-1st Adh-2nd Adh-3rd 28S

Test of substitution saturation
Iss 0.1772 0.2041 0.0904 0.5151 0.0754 0.0209 0.4581 0.1690 0.0788 0.5532 0.0609
Iss.cSym

a 0.6602 0.6851 0.6852 0.6839 0.6742 0.6740 0.6740 0.6758 0.6780 0.6759 0.7235
PSym

b 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Iss.cAsym

c 0.3421 0.3782 0.3784 0.3764 0.3623 0.3621 0.3621 0.3646 0.3747 0.3648 0.4409
PAsym

d 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0015 0.0000 0.0000 0.0000 0.0000
Compositional homogeneity test
df 84 84 84 84 84 84 84 84 84 84 84
I 300.24 146.25 96.33 266.21 62.91 13.88 286.30 151.54 65.79 487.84 73.76
P 0.0000e 0.0000e 0.1687 0.0000e 0.9587 1.0000 0.0000e 0.0000e 0.9291 0.0000e 0.7801
Substitution model selection
Model selected GTR + I + G GTR + I + G HKY + I + G HKY + I + G TrNef + I + G F81 + I + G HKY + I + G TrN + G F81 + G TrN + G TVM + I + G
Nucleotide frequency

A 0.3254 0.4030 0.2382 0.4907 Equal 0.2684 0.4355 0.3572 0.3206 0.1883 0.3598
C 0.1532 0.0494 0.1950 0.0468 Equal 0.1923 0.0533 0.2136 0.2746 0.3148 0.1181
G 0.1505 0.1159 0.1173 0.0288 Equal 0.1365 0.0154 0.2976 0.1524 0.2220 0.1709
T 0.3709 0.4318 0.4495 0.4338 Equal 0.4029 0.4958 0.1316 0.2523 0.2748 0.3511

Ti/tv ratio – – 1.2227 5.5401 – – 34.5426 – – – –
Rate matrix

A–C 3.1000 13.7540 – – 1.0000 Equal – 1.0000 Equal 1.0000 2.4791
A–G 7.5824 8.1949 – – 7.5647 Equal – 1.3148 Equal 2.7809 6.8025
A–T 5.0865 3.3064 – – 1.0000 Equal – 1.0000 Equal 1.0000 2.8241
C–G 5.0004 10.0123 – – 1.0000 Equal – 1.0000 Equal 1.0000 0.0638
C–T 14.2760 96.7363 – – 19.2390 Equal – 6.5109 Equal 4.0536 6.8025
G–T 1.0000 1.0000 – – 1.0000 Equal – 1.0000 Equal 1.0000 1.0000

If 0.4616 0.3693 0.5332 0.0198 0.6559 0.8559 0.0660 0 0 0 0.6100
ag 1.0478 0.7826 0.6162 0.7057 1.0152 0.7422 0.4078 0. 4447 0.2499 2.5882 0.5934

a Index of substitution saturation assuming a symmetrical true tree.
b Probability of significant difference between Iss and Iss.cSym (two-tailed test).
c Index of substitution saturation assuming an asymmetrical true tree.
d Probability of significant difference between Iss and Iss.cAsym (two-tailed test).
e Rejecting the null hypothesis, i.e., the compositional homogeneity.
f Proportion of invariable sites.
g Gamma distribution shape parameter.

Table 4
Results of Bayesian composition fit tests by posterior predictive simulations. The tail-area probability (pt) was calculated for each data partition using the post-burn-in values of
the composition X2 statistic from simulations in two replicated MCMC runs.

Test Numbers of composition vectors (given in turn
for partitions 1–10)a

pt for each partition

1 (ND2-
1st)

2 (ND2-
2nd)

3 (ND2-
3rd)

4 (COII-
1st)

5 (COII-
2nd)

6 (COII-
3rd)

7 (Adh-
1st)

8 (Adh-
2nd)

9 (Adh-
3rd)

10
(28S)

1 (1, 1, 1, 1, 1, 1, 1, 1, 1, 1) 0.1864 0.3790 0.0000* 0.8453 0.8831 0.0003* 0.0000* 0.3462 0.0000* 0.3337
2 (1, 1, 2, 1, 1, 2, 2, 1, 2, 1) 0.2723 0.4181 0.0279* 0.8814 0.9004 0.0604 0.1082 0.3305 0.0244* 0.3608
3 (1, 1, 3, 1, 1, 2, 2, 1, 3, 1) 0.1760 0.4416 0.0823 0.8860 0.8643 0.0804 0.1425 0.3177 0.0615 0.3834

a The bold number.
* Indicate that the number of composition vectors is not enough to adequately model the data.
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Neotropical Sophophora and the clade of the obscura + melanogaster
groups. This phylogenetic inference for the sophophoran clade
including Lordiphosa has provisionally been confirmed by a cladis-
tic analysis with morphological characters as well (Hu and Toda,
unpublished). Based on the results of such an analysis, the taxon-
omy of this clade will be revised elsewhere by designating synapo-
morphies as the diagnosis for each of the subclades within it.

Our estimation suggested that the outgroup Scaptodrosophila di-
verged from the main body of Drosophilinae in a very old time,
approximately 74 Mya, in the Cretaceous Period. This estimate is
near but within the maximum possible age of the Drosophilidae,
80 Mya, inferred from geologic and biogeographic evidence: New
Zealand that separated from Australia approximately 80 Mya has
no endemic drosophilid fauna, while Australia has a well-devel-
oped endemic one (Beverley and Wilson, 1984). To estimate the
time of origin of Drosophilidae, more evidence is needed, for exam-
ple from a reliable phylogeny including the subfamily Steganinae,
or more desirably from fossils of the Cretaceous Period; the known
oldest drosophilid fossil is of Eletrophortica Hennig found from
upper (late) Eocene strata of 40 Mya (Hennig, 1960).

Throckmorton (1975) depicted two major patterns in the evolu-
tion of Drosophilinae. One is the primary disjunction of tropical
fauna and the other is the secondary one of temperate fauna be-
tween the Old and New Worlds. Both patterns are seen in parallel
along several lineages. The vicariant divergence between Lordiph-
osa and the Neotropical Sophophora is one of cases showing the
first pattern; the saltans and willisoni groups are endemic to the
Neotropics, while Lordiphosa is distributed in the Oriental and Pale-
arctic Regions, with the highest species richness in the Oriental Re-
gion (De and Gupta, 1996; Gupta and De, 1996; Gupta and Gupta,
1991; Kumar and Gupta, 1990; Okada, 1966, 1984, 1988; Zhang,
1993a,b; Zhang and Liang, 1992, 1994; Toda, unpublished).
Throckmorton (1975) suggested that parallel patterns are seen as
well in ‘‘the Scaptodrosophila radiation’’, ‘‘the virilis-repleta radia-
tion’’, ‘‘the immigrans radiation’’ and ‘‘the Hirtodrosophila radiation’’
of his sense. However, the strict sister relationship between the Old



Fig. 1. Bayesian tree constructed under a partitioned model accommodating the configuration of nucleotide composition vector numbers inferred from the posterior
predictive simulation (Test 3 in Table 4), using the software p4 (Foster, 2004). ⁄ Strongly supported branch (see Table 5).

Table 5
Branch support values (the posterior probability for Bayesian trees and the bootstrap% for NJ and ML trees) and divergence times estimated for the nodes of the Bayesian tree
inferred from the model accommodating the compositional heterogeneity. Branch/node codes correspond to those shown in Fig. 1; bold codes indicate internal branches
commonly seen in all the five trees and strongly supported (bold numerals) at least in three of them.

Branch/Node Clade Bayesian tree NJ tree ML tree Divergence time (Mya)

Chetero
a Chomo

a Chetero
a Chomo

a AAa Mean 95% confidence interval Geological age

A (Root) – – – – – 74.1 73.6–74.7 Cretaceous
B (Ingroup) – – – – – 62.9b –
C Sophophora + Lordiphosa 1.00 1.00 81 81 97 57.3 57.0–57.7 Paleocene
D Drosophila + Scaptomyza 1.00 1.00 96 96 98 54.4 54.0–54.7 Eocene
E 1.00 1.00 – – 90 49.5 49.1–49.9
F 0.73 0.92 – 39 80 48.2 47.7–48.7
G obscura gr.+melanogaster gr. 1.00 1.00 99 99 99 46.6 46.1–47.0
H Lordiphosa + Neotropcial Sophophora 1.00 1.00 99 99 65 45.9 45.5–46.2
I 0.50 – – – – 41.9 41.4–42.3
J 1.00 1.00 90 91 98 40.8 40.3–41.3
K saltans gr.+willistoni gr. 1.00 1.00 100 100 99 29.1 28.7–29.4 Oligocene
L Lordiphosa 1.00 1.00 100 100 100 25.5 25.2–25.9
M willistoni gr. 1.00 1.00 92 92 50 24.1 23.7–24.5
N saltans gr. 1.00 1.00 97 98 87 22.3 21.9–22.7 Miocene
O 0.98 0.84 – 61 – 22.1 21.7–22.4
P 1.00 1.00 57 55 91 19.9 19.5–20.3
Q melanogaster gr. 1.00 1.00 100 100 100 18.9 18.5–19.3
R miki gr.+fenestrarum gr. 1.00 1.00 98 98 90 16.3 15.9–16.6
S denticeps gr. 1.00 1.00 100 100 100 16.2 15.9–16.5
T 1.00 1.00 100 100 52 9.9 9.6–10.3
U 1.00 1.00 100 100 98 8.8 8.6–9.0
V 1.00 1.00 100 100 100 8.4 8.2–8.6
W obscura gr. 1.00 1.00 100 100 100 7.5 7.3–7.8
X 0.93 0.94 – – 88 7.3 7.1–7.5
Y miki gr. 1.00 1.00 100 100 100 6.3 6.1–6.5
Z 1.00 1.00 100 100 99 1.8 1.7–2.0 Pleistocene

a The tree was constructed under the assumption of compositional heterogeneity (Chetero) or compositional homogeneity (Chomo), or based on the amino acid sequences
(AA).

b The calibration point adopted from the estimation by Tamura et al. (2004b).

104 J.-j. Gao et al. / Molecular Phylogenetics and Evolution 60 (2011) 98–107



J.-j. Gao et al. / Molecular Phylogenetics and Evolution 60 (2011) 98–107 105
and New World clades has not been corroborated yet in any of
these cases. In addition, Throckmorton (1975) considered that
the tropical disjunction of these lineages had occurred in the early
Oligocene times. However, estimation by molecular methodologies
based on protein immunological distances (Beverley and Wilson,
1984) and genomic mutation distances (Tamura et al., 2004b)
made the tropical disjunction of the sophophoran lineage trace
back to the early Eocene (53 Mya) and even to the Paleocene
(62.2 Mya), respectively, although both studies estimated the
divergence time between D. melanogaster and D. willisoni. The pres-
ent study has revealed that the sister group to the Neotropical
Sophophora is Lordiphosa. And, based on this finding, the tropical
disjunction, between Lordiphosa and the Neotropical Sophophora,
in the sophophoran lineage was estimated to have occurred in
the younger age, the middle Eocene (45.9 Mya), than the two esti-
mates by other molecular methods, but still older than the age pos-
tulated by Throckmorton (1975). Furthermore, this estimate falls
very close to the time (46 Mya) of virilis-repleta divergence, an-
other case of the tropical disjunction between the Old and New
Worlds, estimated by Beverley and Wilson (1984). Reasonably,
our estimate (57.3 Mya) for the time of divergence between the
obscura + melanogaster and the Lordiphosa + Neotropcical Sopho-
phora clades is not so incongruent with the two previous estimates
for the melanogaster–willisoni divergence, being just intermediate
between them.

Based on the estimated time of divergence between Lordiphosa
and the Neotropical Sophophora and evidence from paleontology,
paleo-geography and -climatology, a scenario of the disjunction
of tropical fauna between the Old and New Worlds in an early
phase of drosophilid evolution is drawn as follows. The period
(from 57.3 to 45.9 Mya) during which the common ancestor of Lor-
diphosa and the Neotropical Sophophora is estimated to have ex-
isted corresponds largely to the Paleocene–Eocene (or Late
Paleocene) Thermal Maximum and the Early Eocene Climatic Opti-
mum with highest temperatures of the Earth’s surface in the Ceno-
zoic (Zachos et al., 2001). In this period, the Earth was entirely
covered with forests from pole to pole, apart from the driest de-
serts. A tropical and/or paratropical biota was continuously distrib-
uted throughout the continents, from Asia through Europe to North
America, of the Northern Hemisphere (Scotese, 2002), with ther-
mophilic plants and animals distributed even to high latitudes,
50–60�N (Tiffney and Manchester, 2001). Plentiful fossil records
of plants, mammals and some insects from the Paleocene and Eo-
cene strata well document the cross-North Atlantic biogeographic
pattern, strongly suggesting dispersal of the tropical biota between
Europe and North America via Greenland (Archibald et al., 2006,
and references therein; Eldholm and Thiede, 1980; McKenna,
1975). The presence of all major skeleton lineages of the Drosophil-
idae in the Old World (Throckmorton, 1975), at present well con-
served in the Oriental Region (Okada, 1981), suggests its origin
and early radiations in the Old World tropics. If it is the case, the
common ancestor of Lordiphosa and the Neotropical Sophophora
as well should have originated in the tropical forest nearly contin-
uously stretching from southern Asia to Europe, in the late Paleo-
cene according to our divergence time estimation. However,
there is geologic evidence that the Asian and European faunas
had been more or less separated from each other by the Turgai
Strait having persisted in the present-day West Siberia and func-
tioned as a dispersal barrier until the Oligocene (Akhmetiev and
Beniamovski, 2006; Tiffney and Manchester, 2001, and references
therein). On the other hand, some plant fossil records from the
north shore of the Tethys, though fragmentary, indicate the conti-
nuity of tropical or subtropical vegetation from southern Asia
(China) to Europe through a narrow corridor along the shore
(Tiffney and Manchester, 2001). Thus, the circumstantial evidence
suggests that the common ancestor of Lordiphosa and the
Neotropical Sophophora dispersed from Europe to North America
via the North Atlantic Land Bridge in the late Paleocene or the early
Eocene. Although its dispersal from Asia to North America via the
Bering Land Bridge can not absolutely be ruled out, some barriers
may have made it difficult for tropical biota to cross this route.
The tropical biota of southern Asia had been separated by an arid
zone in central China during the Paleocene to Eocene period (Tiff-
ney and Manchester, 2001), from northeastern Asia with a temper-
ate biota which was under the influence of a cold current running
along Northeastern Pacific coasts (Akhmetiev, 2007). Another pos-
sible adverse condition for the dispersal of tropical biota may have
resulted from the more northerly location of the Bering Land
Bridge at that time than at the present; it lay at approximately
80�N, which placed the bridge in an area with extended darkness
and cold in winter and would have made it difficult for tropical bio-
ta such as evergreen angiosperms and animals without diapausing
ability to cross the bridge (Tiffney and Manchester, 2001). The esti-
mated time, 45.9 Mya, of the divergence between Lordiphosa and
the Neotropical Sophophora is near and just after the time,
49 Mya, of the North Atlantic Land Bridge break estimated from
mammalian fossils (McKenna, 1975), thus supporting the hypoth-
esis of the dispersal from Europe to North America in the common
ancestor of Lordiphosa and the Neotropical Sophophora. The dis-
junction of tropical biota between Europe and North America in
the middle Eocene should have primarily been caused by the tec-
tonic force spreading the sea floor that broke directly the physical
connection between Europe and Greenland (Eldholm and Thiede,
1980). Additionally, the global cooling in this period (Zachos
et al., 2001) as well should have contributed to this disjunction
causing southerly retreat of tropical forest and its fragmentation
between the Old and New Worlds. The latter process coincides
with the pattern found by Tamura et al. (2004b) that some clusters
of divergence events in the evolution of Drosophilidae correspond
to the periods of major Cenozoic climatic cooling. The proposed
hypothesis, i.e., the dispersal of tropical drosophilid fauna from
Europe to North America in the late Paleocene to the early Eocene
and its disjunction between them in the middle Eocene, should be
tested, based on reliable reconstruction of phylogenies and estima-
tion of divergence times, for genuine sister groups of other dro-
sophilid lineages showing parallel vicariant biogeographic
patterns between the Old and New World tropics.
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