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Abstract

A molecular phylogeny for the drosophilid genus Zaprionus was inferred using a mitochondrial (CO-II) and a nuclear (Amyrel) gene
using 22 available species. The combined molecular tree does not support the current classification, dubbed phylogenetic, based entirely
upon a morphocline of forefemoral ornamentation. For species for which DNA was not available, phylogenetic positioning was only
assigned using morphological characters. In order to avoid conflict between DNA and morphology in the combined analyses (superm-
atrix method), we developed a new method in which few morphological characters were sampled according to an a priori homoplasy
assessment on the consensus molecular tree. At each internal node of the tree, a number of synapomorphies was determined, and species
with no molecular sequences were grafted thereon. Analogously to tree vocabulary, we called our method ‘morphological grafting’. New
species groups and complexes were then defined in the light of our findings. Further, divergence times were estimated under a relaxed
molecular clock, and historical biogeography was reconstructed under a maximum likelihood model. Zaprionus appears to be of recent
origin in the Oriental region during the Late Miocene (�10 MYA), and colonization of Africa started shortly after (�7 MYA) via the
maritime route of the Indian Ocean Islands. Most of the morphological and ecological diversification took place, later, in Western Africa
during the Quaternary cyclic climatic changes. Furthermore, some species became recent invaders, with one, Zaprionus indianus, has suc-
cessfully invaded South and North America during the last decade.
� 2008 Published by Elsevier Inc.
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1. Introduction

Zaprionus Coquillett, 1901 is a drosophilid genus char-
acterized by the presence of longitudinal white stripes on
the frons and the mesonotum. It contains 55 described spe-
cies, divided into two geographically disjunctive subgenera:
the subgenera Zaprionus s.s. (44 spp.) and Anaprionus (11
1055-7903/$ - see front matter � 2008 Published by Elsevier Inc.
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spp.) in the Afrotropical and Oriental biogeographic
regions, respectively (Okada and Carson, 1983). In contrast
to Oriental Zaprionus, Afrotropical species are very com-
mon and abundant in drosophilid communities. Tsacas
et al. (1981) noted that it ‘‘is rare not to find one or more
of these species in a trap put anywhere in Africa”.

Chassagnard and Tsacas (1993) proposed a phylogenetic
classification (hereafter CT93) of the subgenus Zaprionus

s.s. based on a ‘morphocline’ of a single morphological
character: the forefemoral ornamentation. According to
CT93, species are classified into two groups: the inermis

group containing species lacking stout spines on the
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ventromedial margin of the forefemora, a character that
identifies the two sexes in the other group, armatus. They
have also divided the armatus species group to further three
subgroups, also based on the same morphocline of forefe-
moral ornamentation: the armatus subgroup (with a series
of simple spines), the tuberculatus (with one long simple
spine borne on a salient wart) and the vittiger (with a series
of spines, each with a stout bristle at its base).

In the present paper, a molecular phylogeny was
inferred from the combined analysis of one mitochondrial
(CO-II) and one nuclear (Amyrel) genes. This has been con-
ducted for Zaprionus s.s. species for which DNA was avail-
able, i.e., 21 species, cultured or cryopreserved in Gif-sur-
Yvette. Although the molecular phylogeny was in disagree-
ment with CT93, it could not be used to systematically
revise the subgenus due to incomplete taxon sampling.
Nearly half of the species are available only as old, pinned
museum specimens for which high-quality DNA can not be
extractable. The use of morphological characters would
hence appear inevitable.

Two questions may arise in conducting such an analysis.
First, what is the precise role of morphology in phylogeny
reconstruction in the post-genomic era? Morphological
phylogenetics has been recently criticized (e.g., Baker and
Gatesy, 2002; Scotland et al., 2003; Olmstead and Scotland,
2005). Most of the limitations result from character concep-
tualization, coding and a posteriori homoplasy assessment.
Nonetheless, morphological characters are still relevant in
cases where DNA sequences could not be obtained (e.g., fos-
sils or old museum specimens; Jenner, 2004; Smith and
Turner, 2005; Lee, 2006). This leads to the second question:
how to compile molecular sequences and morphological
traits to build an exhaustive phylogenetic tree when DNA
could not be obtained from all the taxa within the studied
group? The traditional approach, known as the ‘combined
analysis’ or ‘supermatrix method’ (de Quieroz and Gatesy,
2007), involves the concatenation and the simultaneous
analysis of separate character data sets. However, Wortley
and Scotland (2006) reviewed the effect of combining mor-
phological and molecular data and concluded that morphol-
ogy usually does not increase neither the accuracy nor the
support of the combined tree. Incongruence between
DNA and morphology has also been shown in several phy-
logenetic studies of the Drosophilidae (e.g., DeSalle and
Grimaldi, 1991; Kwiatowski and Ayala, 1999; Durando
et al., 2000; Remsen and O’Grady, 2002). An alternative
to the ‘supermatrix method’ is the ‘supertree method’ in
which several data sets are analyzed separately, and then
the tree derived from the independent analyses are used to
produce a single, joint estimate of phylogeny (Bininda-
Emonds, 2004). Unlike supermatrices, supertrees do not
assume that all characters have experienced the same
branching history (Crandall and Buhay, 2004). However,
they have been criticized by loss of contact with the primary
character data, which makes supertrees invalid as phyloge-
netic hypotheses. An intermediate approach combining
the strengths of the two methods was thus needed.
The aims of this paper were: (1) to propose a novel
approach in reconstructing large phylogenies from molecu-
lar and morphological data when morphology matters, an
approach that we called ‘morphological grafting’; (2) to
revise the CT93 phylogeny of the subgenus Zaprionus s.s.

with suggestions of new ‘natural’ taxonomic groupings;
and (3) to infer the historical biogeography and the rela-
tionship between the Oriental subgenus Anaprionus and
the Afrotropical subgenus Zaprionus s.s. in light of the
new phylogeny.

2. Materials and methods

2.1. Sampling of species

Table 1 shows the list of species used in this study. A
taxonomic hierarchy of species has been used as out-
group in relation to Zaprionus s.s. ingroup species: (1)
two species of the Oriental subgenus Anaprionus (Zapri-

onus multistriatus and Zaprionus dalagei n. sp.) to cover
the genus limit; (2) one Samoaia species (Samoaia leonen-

sis) to cover the Zaprionus genus group limit (Grimaldi,
1990); (3) two Drosophila species (Drosophila immigrans

and Drosophila repletoides) known to be related to
Zaprionus genus group (Throckmorton, 1975; Da Lage
et al., 2007); and (4) two Scaptodrosophila species, a
basal group to the genus Drosophila (Robe et al., 2005;
Da Lage et al., 2007). The simultaneous use of outgroup
hierarchy enables testing the effect of long-branch attrac-
tion on tree topology (Sanderson and Shaffer, 2002). For
the subgenus Zaprionus s.s., 39 out of the 44 described
species were included in this study. The remaining
described species (Zaprionus arduus Collart, 1937; Zapri-

onus badyi Burla, 1954; Zaprionus momorticus Garber,
1957; Zaprionus neglectus Collart, 1937 and Zaprionus

niabu Burla, 1954) all belonging to the inermis group,
were not included in this study due to the lack of exam-
ined material or detailed, illustrated descriptions in the
literature. In addition, three new species, Zaprionus

lachaisei n. sp., Zaprionus nigranus n. sp. and Zaprionus

santomensis n. sp. were added. All of these new species
belong to the vittiger subgroup, and their description will
be given in a future work.

2.2. Molecular analysis

DNA was extracted from single freshly killed or frozen
flies, either using the QIAgen DNA extraction kit or fol-
lowing the method of Gloor and Engels (1992). CO-II

and Amyrel primers are listed in Table 2, and their PCR
amplification conditions were followed as described in
Robe et al. (2005) and Da Lage et al. (2007), respectively.
To reduce possible ambiguities in reading the sequence, sin-
gle regions were generated either two times in one direction
(one primer) or one time in both directions (using two
primers). This has resulted in a 2164-bp-long sequence:
688 bp for CO-II and 1476 bp for Amyrel.



Table 1
List of species used in this study

Species CO-II Amyrel

Genus Zaprionus

Subgenus Anaprionus

Z. multistriatus Sturtevant, 1927 EF453720 AY736516e

Z. dalagei n. sp. EU161099 AY736521e

Subgenus Zaprionus s.s.
Group armatus

Subgroup armatus

Z. armatus Collart, 1937 — —
Z. campestris Chassagnard, 1989 — —
Z. enoplomerus Chassagnard, 1989 — —
Z. fumipennis Séguy, 1938 — —
Z. hoplophorus Tsacas and Chassagnard, 1990 — —
Z. montanus Collart, 1937 — —
Z. seguyi Tsacas and Chassagnard, 1990 — —
Z. serratus Chassagnard, 1990 — —
Z. spineus Tsacas and Chassagnard, 1990 — —
Z. spinipes Tsacas and Chassagnard, 1990 — —
Z. spinoarmatus Tsacas and Chassagnard, 1990 — —
Z. spinosus Collart, 1937 — —
Z. tuberarmatus Tsacas and Chassagnard, 1990 — —
Z. vrydaghi Collart, 1937 — —

Subgroup tuberculatus

Z. mascariensis Tsacas and David, 1975 EF453714 AY736522e

Z. sepsoides Duda, 1939 EF453712 AY736523e

Z. tuberculatus Malloch, 1932 EF453719 AY736524e

Subgroup vittiger

Z. beninensis Chassagnard and Tsacas, 1993 EF453700 EF458331
Z. camerounensis Chassagnard and Tsacas, 1993 EF453699 EF458332
Z. capensis Chassagnard and Tsacas, 1993 EF453705 EF458326
Z. davidi Chassagnard and Tsacas, 1993 EF453708 EF458323
Z. indianus Gupta, 1970 EF453709 EF458322
Z. koroleu Burla, 1954 — —
Z. lachaisei n. sp. EF453701 EF458321
Z. megalorchis Chassagnard and Tsacas, 1993 EF453710 EF458330
Z. multivittiger Chassagnard, 1996 — —
Z. nigranus n. sp. EF453698 EF458333
Z. ornatus Séguy, 1933 — —
Z. proximus Collart, 1937 — —
Z. taronus Chassagnard and Tsacas,1993 EF453707 EF458324
Z. santomensis n.sp. EF453703 EF458328
Z. spinipilus Chassagnard and McEvey, 1992 EF453702 EF458329
Z. vittiger Coquillett, 1902 EF453704 EF458327

Group inermis

Z. cercus Chassagnard and McEvey, 1992 EF453715 AY736517e

Z. ghesquierei Collart, 1937 EF453717 AY736518e

Z. inermis Collart, 1937 EF453716 AY736519e

Z. kolodkinae Chssagnard and Tsacas, 1987 EF453713 AY736520e

Z. litos Chassagnard and McEvey, 1992 — —
Z. sexstriatus Chassagnard, 1996 EF453718 EF458320
Z. sexvittatus Collart, 1937 — —
Z. simplex Chassagnard and McEvey, 1992 — —
Z. verruca Chassagnard and McEvey, 1992 EF453711 AY736525e

Genus Samoaia

S. leonensis AF478438c EU161100

Genus Drosophila

Subgenus Drosophila s.s.
Group immigrans

D. immigrans Sturtevant, 1921 AF478424c AF491632b

Group tumiditarsus

D. repletoides Hsu, 1943 EU161098 AY736500e

Subgenus Sophophora

Group melanogaster

(continued on next page)
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Table 1 (continued)

Species CO-II Amyrel

D. melanogaster Meigen, 1830 U37541a AF022713b

Genus Scaptodrosophila

Sc. latifasciaeformis (Duda, 1940) AY847765d —
Sc. finitima (Lamb, 1914) — AY736527e

Zaprionus classification follows CT93 (see text). GenBank Accession numbers for CO-II and Amyrel sequences are presented. Species with no accession
numbers are those that were used only in morphological analysis.
Sequences obtained from previous studies: ade Bruijn (1983), bDa Lage et al. (1998), cRemsen and O’Grady (2002), dRobe et al. (2005), eDa Lage et al.
(2007).

Table 2
Forward (F) and reverse (R) sequences for primers used in this study

Primer Sequence

CO-IIa

F: TL2-J-3037 50-ATGGCAGATTAGTGCAATGG-30

R: TK-N-3785 50-GTTTAAGAGACCAGTACTTG-30

Amyrelb

F: RELUDIR 50-TGGATGCNGCCAAGCACATGGC-30

R: RELAVBIS 50-GCATTTGTACCGTTTGTGTCGTTATCG-30

F: ZONE2BIS 50-GTAAATNGGNNCCACGCGAAG-30

R: RELREV+ 50-GTTCCCCAGCTCTGCAGCC-30

a From Simon et al. (1994).
b From Da Lage et al. (2007).
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2.3. Phylogenetic analysis

Nucleotide sequences were viewed and manually edited
using MEGA ver. 3.1 (Kumar et al., 2004) and, then,
aligned with ClustalW (Thompson et al., 1994) using the
MEGA default parameters. MEGA was also used to
reconstruct phylogenetic trees using two methods: (1)
neighbor-joining (NJ) (Saitou and Nei, 1987) under Tam-
ura and Nei (1993) model to correct for multiple hits; (2)
maximum parsimony (MP) using a close-neighbor inter-
change (CNI) method (Nei and Kumar, 2000) with one
search level and 10 repeats of random sequences addition.
The maximum likelihood (ML) and the Bayesian inference
(BI) trees were reconstructed using PHYML (Guindon and
Pascual, 2003) and MrBayes ver. 3.1.1 (Ronquist and Huel-
senbeck, 2003) programs, respectively. ML and BI recon-
structions used the model proposed by the FindModel
program (Tao, 2005) for the two genes: GTR + C (Tavaré,
1986). In all tree reconstruction methods, confidence level
for monophyly was determined by the 50% cutoff of 1000
bootstrap replications (NJ, MP and ML) or posterior
probability (BI) estimated after a run of 500,000
generations.
2.4. Morphological analysis (and grafting)

Scotland et al. (2003) suggested that the use of fewer,
rigorous and critical morphological characters in the con-
text of a molecular phylogeny ‘‘is preferable than compil-
ing larger data matrices of increasingly ambiguous and
problematic morphological characters.” In doing so we
propose a new method that works as follows: (1) many
(nearly 200) quantitative and qualitative characters are
observed on species used in the molecular analysis. To
avoid subjective homologization of characters, each char-
acter is binary coded (present/absent). (2) For each charac-
ter, the two states are mapped on the combined molecular
tree, and ancestral states are reconstructed under Mk1

model using the MESQUITE ver. 1.12 program (Maddison
and Maddison, 2006). Only characters that had evolved
once (when present) and that can define particular internal
molecular node are retained (Fig. 1a). (3) Characters that
show a single secondarily loss are coded with a further
derived state (i.e., two states represent the absence of the
character) (Fig. 1b). (4) Characters that show high homo-
plasy are discarded (Fig. 1c). (5) This has resulted in 40
retained characters that were then scored for all of the 44
Zaprionus s.s. species (Appendix A). (6) A ‘supermatrix’
of 61 combined characters is built (Appendix B) consisting
of two parts: the first part summarizes the combined molec-
ular tree. In order to reduce the amount of missing molec-
ular data that can result in upweighting the molecular set:
only 21 fictional characters were retained vs. 2164 true
nucleotide characters. The second part represents the 40
morphological characters. (7) An new phylogenetic tree
including taxa that were missing in the original molecular
tree was obtained using PAUP ver. 3.1 (Swofford, 2003)
and MrBayes for MP and BI analyses, respectively. Within
this new tree, the topology of the original molecular tree
remained intact. Following this method, taxa with no
molecular sequences were positioned on the molecular tree.
Analogously to tree vocabulary, we called our method
‘morphological grafting.’
2.5. Inference of the evolutionary history of Zaprionus

Divergence times were estimated using the Drosophila
mutational clock with a rate of 1.1 � 10�8 substitutions
per site per year per lineage (Tamura et al., 2004) using a
relaxed clock under the UCLN model (Drummond et al.,
2006). This was done using the BEAST package ver.
1.4.6. (Drummond and Rambaut, 2007) on the concate-
nated molecular sequences.

The current geographical distribution of the studied
species (given in Appendix C) was used to reconstruct
ancestral distributions on internal nodes of the phyloge-
netic tree. Geographical regions were treated like ordin-



Fig. 1. Morphological character sampling and coding in the context of a molecular phylogeny as proposed by the ‘morphological grafting’ method. Lines
indicate a hypothetical, molecular phylogenetic tree of nine taxa. Circles at terminal leaves (taxa) indicate a primarily coding of states of a morphological
character as absent (white) or present (black). Circles at internal nodes indicate the maximum likelihood reconstruction of ancestral states under Mk1

model. Color proportions at internal circles refer to the probability of the character state in the ancestor. Three cases are represented: (a) a character
showing a very strong phylogenetic signal and which is going to be retained and coded with two states (absent or present); (b) a homoplasic character that
is also going to be retained but recoded with three states (absent, present and secondarily lost); note that the state proportions at the ancestor of taxa 7, 8
and 9 indicate that the absence of the character in taxon 7 is more probably a reversal; (c) a highly homoplasic character that has to be discarded from the
analysis.
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ary characters, with the presence or absence of species
within the particular region presented with binary codifi-
cation. Nine geographical regions were considered:
Oriental (O), Indian subcontinent (I), Middle-East
(ME), Indian Ocean (IO), Southern Africa (SA), Eastern
Africa (EA), Central Africa (CA), Western Africa (WA),
and Americas (A). Maximum likelihood reconstruction
of ancestral distributions was performed using the MES-
QUITE under the Mk1 model. At each internal node, the
likelihood estimated was compared among different geo-
graphical regions, and those with significantly highest
probabilities were considered as the center of origin of
different clades.

3. Results

3.1. Phylogenetic inference from combined molecular data

Phylogeny was inferred from combined data using the
four reconstruction methods (NJ, MP, ML and BI).
Fig. 2 shows the BI phylogram, while posterior probabili-
ties for each clade (internal node) are given in Table 3, in
comparison to bootstrap support values (after 1000 itera-
tions) for the same clade under other reconstruction
methods.

All analyses reconfirmed the paraphyly of the genus
Drosophila, placing all Zaprionus, Samoaia and Drosoph-

ila s.s. species (i.e. D. immigrans and D. repletoides)
within a single clade (with support values: NJ = 89,
MP = 90, ML = 100, BI = 100; not given in Table 3),
with Drosophila (Sophophora) melanogaster and Scap-

todrosophila spp. being always the most distant taxa.
The combination of CO-II sequences (and even the indi-
vidual analysis of CO-II, not shown) reinforced the find-
ing of Da Lage et al. (2007) using only Amyrel sequences
that the tumiditarsus species group (i.e. D. repletoides) is
the closest species group to the Zaprionus genus group
(Fig. 2, node 1). Moreover, the previously presumed
member of the Zaprionus genus group, the genus Samo-

aia, appeared to be slightly distant, and more related to
D. immigrans (NJ = 39, ML = 57, BI = 91; with the
exception of MP where it formed a clade with D.

repletoides = 24).
All analyses supported the monophyly of the genus

Zaprionus (node 2), as well as that of each of the two
subgenera, Anaprionus and Zaprionus s.s.. However, only
probabilistic methods (ML and BI) supported the subdi-
vision of the subgenus Zaprionus s.s. into two sections:
node 4 comprising species of the inermis group and of
the tuberculatus subgroup, and node 12 comprising spe-
cies of the vittiger subgroup. This result contradicts
CT93 by illuminating the polyphyly of the group arma-

tus. Both NJ and MP analyses did not contain node 3
which supports the inermis group rather there was a lack
of resolution with a polytomy formed by Zaprionus sex-

striatus, Zaprionus ghesquierei, and a clade containing



Fig. 2. Fifty percent majority-rule consensus tree from the BI analysis (500,000 generations) of combined molecular sequences (CO-II and Amyrel).
Identical topologies were recovered from two distinct runs of MrBayes. Numbers above and below internal nodes indicate node number and posterior
probability estimates, respectively. Shapes in front of species represent their taxonomic position according to CT93 (see text): blank circle (group inermis),
solid triangle (group armatus: subgroup tuberculatus) and solid square (group armatus: subgroup vittiger) (see Table 1).
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the remaining inermis species. The overlapping branching
pattern between inermis and tuberculatus species (nodes
9–11) indicates the homoplasy of the character of a sin-
gle chetiferous spine borne on a salient wart, once con-
sidered as a synapomorphy of species of the subgroup
tuberculatus of the group armatus. Unarmed forefemora,
which defined the inermis species group (sensu CT93),
can be regarded as a symplesiomorphy shared by the
outgroup subgenus Anaprionus.

The monophyly of species of the subgroup vittiger in
the group armatus (sensu CT93) was supported whatever
reconstruction method was used (node 12). These species
were previously defined by the presence of a series of
composite spines on their forefemora. This characteristic
appears to be a good synapomorphy according to our
analysis. NJ tree differed only in considering the most
basal species and sister to the remaining species (Zapri-

onus indianus in NJ vs. Zaprionus megalorchis in all other
methods).
3.2. Grafting morphological branches

Fig. 3 shows the BI tree obtained after grafting morpho-
logical branches (shown in black) on the consensus BI
molecular phylogram given in Fig. 2 (shown in red in
Fig. 3). Again, BI posterior probabilities (given below
internal nodes) exceeded MP bootstrap values and gave
higher resolution (not shown).

A revised phylogenetic classification with the new mono-
phyletic species groups and complexes is also given in
Fig. 3. Zaprionus s.s. is still divided into two main groups:
inermis and armatus. The inermis group CT93 is divided
into four species complexes: sexvittatus n. comp. Yassin
(two species), ghesquierei n. comp. Yassin (one species),
inermis n. comp. Yassin (two species), and tuberculatus

Tsacas et al., 1977 n. comb. (five species). The armatus

group CT93 is divided, in its turn, into species complexes:
litos n. comp. Yassin (one species), montanus Chassagnard,
1989 (two species), armatus Chassagnard, 1989, megalor-



Table 3
Support values (1000 iterations bootstrap values for NJ, MP and ML and
500,000 generations posterior probability for BI) for clades (internal
nodes) shown in Fig. 2 after analysis of combined molecular data

Node Bootstrap Posterior probability

NJ MP ML BI

1 62 — 57 67
2 90 72 86 100
3 100 99 100 100
4 — — 46 89
5 48 — 43 62
6 100 100 100 100
7 100 100 100 100
8 88 57 56 71
9 100 100 100 100

10 — — 59 70
11 99 98 100 100
12 100 99 100 100
13 — 70 97 92
14 99 92 39 100
15 — — 47 89
16 — — 100 99
17 100 100 100 100
18 99 95 68 100
19 51 45 69 99
20 — 69 100 100
21 — 56 48 84
22 99 97 100 100

(—) Incongruent nodes with the BI tree.
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chis n. comp. Yassin (two species), indianus Yassin et al., in
press (three species), davidi n. comp. Yassin (three species),
spinosus n. comp. Yassin (five species), vittiger Tsacas, 1980
(three species), and lachaisei n. comp. Yassin (seven spe-
cies). The CT93 subgroup category of the armatus group
was not retained (Table 1), due to the inclusion of their
tuberculatus subgroup as a new combined species complex
in the inermis group, and to the paraphyly and polyphyly
of their armatus subgroup (Fig. 3).
3.3. The evolutionary history of Zaprionus

For each internal node on the BI tree reconstructed
from combined molecular data (Fig. 2, and shown in red
above nodes in Fig. 3), the mean and the 95% confidence
level (in MYA) and maximum likelihood distribution at
every geographical region are given in Table 4. Historical
biogeographical hypotheses, inferred from the results given
in Table 4, are summarized on the geographical map shown
in Fig. 4.

Okada (1981) was the first to propose an ‘out-of-Asia’
origin of the genus Zaprionus, in light of the Oriental distri-
bution of its related genera (Phorticella and Samoaia), as
well as of the Drosophila immigrans species group to which
these genera are most allied (Throckmorton, 1975). Our
analysis supports his hypothesis. Indeed, as shown in Table
4, the origin of the genus Zaprionus (node 1, Figs. 2 and 3)
is significantly in the Oriental region (P = 0.999). Interest-
ingly, this origin appears to be very recent (Middle Mio-
cene, 13.81 ± 2.0 MYA), relative to the origin of the
subgenus Drosophila of Drosophila, which was estimated
to be during the Late Paleocene �62.9 ± 12.4 MYA (Tam-
ura et al., 2004).

Table 4 shows that the origin of the Afrotropical subge-
nus Zaprionus s. str. (nodes 2 and 3, Figs. 2 and 3) took
place during the Late Miocene (from 10.59 ± 2.9 to
7.37 ± 0.66 MYA). This is in concordance with paleogeo-
graphic evidence stating that Africa was not in direct con-
tact with other continents until the Early Miocene, when a
definitive connection was formed with Eurasia (Gheerbrant
and Rage, 2006). However, two scenarios may be pro-
posed. On the one hand, a trans-Tethysian dispersal route
via the Middle-East followed by an adaptive radiation of
African Zaprionus, especially after the formation of the
Great Rift Valley and the Red Sea at Late Miocene, acting
as a geographical barrier. On the other hand, via an Indo-
Malagasy route, which is in agreement with the origin of
the heavy seasonal rains in Madagascar due to the initia-
tion of Indian monsoons (�8 MYA) (Yoder and Nowak,
2006). A wet climate is conditional for tropical drosophi-
lids. Our maximum likelihood reconstruction (Table 4
and Fig. 4) favored the second hypothesis (P = 0.798)
although an East-African origin was not totally rejected
(P = 0.500). This scenario is supported by the recent dis-
covery of a Phorticella species, Phorticella madagascarien-

sis, endemic to Madagascar (Chassagnard and McEvey,
1997). This genus, so far, has no representative in continen-
tal Africa.

Considering the current geographical distribution of
species of the inermis group (nodes 4–11; Figs. 2 and
3), internal nodes had always higher probabilities at
the Islands of the Indian Oceans (Table 4). This is
mainly due to the fact that the four species (Zaprionus

cercus, Zaprionus mascariensis, Zaprionus kolodkinae

and Zaprionus verruca) are endemic to this region (Chas-
sagnard and McEvey, 1992). Nonetheless, many species
(Z. sexstriatus, Z. sexvittatus, Z. inermis) are found
exclusively on continental Africa, as well as three others
(Z. ghesquierei, Z. sepsoides and Z. tuberculatus) are also
considered to be recent colonizers of Madagascar (Chas-
sagnard and McEvey, 1992). This indicates that many
independent trans-oceanic dispersals took place within
this clade between mainland Africa and the Islands of
the Indian Ocean, and vice versa, especially during the
Pleistocene.

In contrast to the inermis group, with the exception of
the problematic species Zaprionus litos and Zaprionus sim-

plex with unarmed forefemora, there are no species of the
armatus group endemic to Madagascar (Table 4 and
Fig. 4) with the highest probabilities for occurrence being
in mainland Africa. We do not know much about the diver-
gence times of the armatus group due to the lack of molec-
ular sequences. However, considering the vittiger group
(node 12; Figs. 2 and 3), it appears to have originated in
Central Africa (P = 0.709) during Early Pliocene
(4.37 ± 0.99 MYA).
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Major divergence events took place during the Pleisto-
cene (nodes 14–22; Figs. 2 and 3) with the probabilities
of historical geographical distribution oscillating between
Eastern and Central Africa. This is in concordance with
episodic glaciations periods which were responsible for
the fragmentation and the re-expansion of Afrotropical
rainforests during the Pleistocene, that had a major influ-
ence on the diversification of African drosophilids (Tsacas
et al., 1981; Cobb et al., 2000).

For the more derived species complexes of the vittiger

subgroup, two diversification patterns could be observed.
The first is the sympatric mode of diversification in the



Table 4
Time and likelihood for geographical distribution at each internal node on the molecular tree given in Figs. 2 and 3

Node Time (in MYA) Biogeographical region (ML)

Mean 95% conf. Asia Africa

Min Max O I ME IO EA CA SA WA

1 13.81 10.87 14.9 0.999 0 0 0 0 0 0 0
2 10.59 7.68 12.05 0.976 0.046 0 0.789 0.5 0.15 0.016 0.056
3 7.37 6.71 9.01 0.012 0.001 0 0.798 0.5 0.301 0.044 0.096
4 6.98 6.98 6.98 0 0 0.001 0.712 0.5 0.476 0.181 0.165
5 6.13 5.52 9.15 0 0 0.037 0.931 0.5 0.636 0.29 0.459
6 3.93 3.6 5.92 0 0 0.001 0.943 0.5 0.444 0.065 0.333
7 1.95 1.56 3.05 0 0 0 0.835 0.5 0.471 0.011 0.399
8 2.99 2.93 18 0 0 0 0.989 0.5 0.227 0.037 0.162
9 1.68 1.19 2.46 0 0 0 0.996 0.5 0.259 0.096 0.208

10 1.4 1.12 2.3 0 0 0.001 0.996 0.5 0.606 0.546 0.592
11 1.07 0.61 1.57 0 0.001 0.036 0.997 0.5 0.555 0.534 0.555
12 4.37 3.36 5.3 0 0 0.001 0.486 0.5 0.709 0.213 0.635
13 3.15 2.61 4.14 0 0 0.037 0.505 0.5 0.811 0.336 0.643
14 2.29 1.9 2.72 0 0 0 0.006 0.5 0.719 0.116 0.237
15 2.21 1.39 2.44 0 0 0 0.004 0.5 0.835 0.021 0.078
16 2.12 1.69 2.45 0 0 0 0.008 0.5 0.479 0.112 0.132
17 0.85 0.39 1.13 0 0 0 0.004 0.5 0.166 0.303 0.048
18 1.97 1.37 2.02 0 0 0 0.028 0.5 0.54 0.022 0.149
19 1.58 1.2 1.8 0 0 0 0.159 0.5 0.619 0.007 0.075
20 1.58 1.02 1.59 0 0 0 0.024 0.5 0.321 0.005 0.1
21 1.41 0.9 1.42 0 0 0 0.006 0.5 0.364 0.004 0.293
22 1.04 0.57 1.04 0 0 0 0.003 0.5 0.835 0.004 0.069

Divergence times (in MYA) were estimated under UCLN model. For each geographical region, maximum likelihood value was estimated under Mk1

model (see text for abbreviations). Geographical regions with highest likelihood are bold faced.
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two sister species complexes of davidi and spinosus
(between nodes 14 and 15, Fig. 3). Species of both com-
plexes are endemic to Central Africa (Appendix C) and
both show a certain degree of differentiation of forefemoral
spines. Moreover, species of the spinosus complex are
known or putative anthophilic, (Tsacas and Chassagnard,
1990), which may suggest an ecological role in the diversi-
fication between these two complexes.

The second pattern is the allopatric diversification of the
two other sister species complexes: vittiger and lachaisei

(node 16, Figs. 2 and 3). The former complex is known
only from Southern and Eastern Africa (node 17, Figs 2
and 3), whereas the later (node 18, Figs. 2 and 3) is of Cen-
tral-Western African origin (Appendix C). The lachaisei

complex contains two new species (Z. santomensis and Z.

nigranus) which are endemic to the Atlantic island of São
Tomé. Each is a sibling to another continental species:
Zaprionus koroleu and Zaprionus camerounensis, respec-
tively. The Cameroon volcanic line (CVL) might, thus, play
a role in the insular speciation within this complex, as in
other drosophilids (e.g., Lachaise et al., 2000; Cariou
et al., 2001).
Fig. 3. Fifty percent majority-rule consensus tree from the BI analysis (500,000
reconstructed using the ‘morphological grafting’ technique (see text). Identical t
below nodes (in black) indicate posterior probability estimates. Red branch
numerated in red according to the node number in Fig. 2. Thin black branche
molecular sequences were available. For these species, their previous taxonom
solid diamond (group armatus: subgroup armatus) and solid square (group ar

right) which modify the species composition from CT93.

3

Recently, three distant Afrotropical species (Z. indianus,
Z. tuberculatus and Z. ghesquierei) have acquired invasive
capacities and were collected from the Palearctic region
(Chassagnard and Kraaijeveld, 1991). Z. indianus is the
most widespread Zaprionus species, found equally on three
continents: India and the Middle-East, Africa and the
Americas (Appendix C). However, this great expansion
has been estimated using mtDNA to be recent, only during
the second part of the 20th century (Yassin et al., in press).
This recent expansion did not affect our estimates of ances-
tral distribution.

4. Discussion

4.1. Morphological grafting: an intermediate between

supermatrix and supertree methods

The first aim of this paper was to present a new method
to reduce the problems of missing data in reconstructing
large phylogenetic trees from different data sets with over-
lapping taxa. Traditionally, two methods are usually used:
supermatrix and supertree (see Section 1). De Queiroz and
generations) of combined molecular and morphological data (on the left)
opologies were recovered from two distinct runs of MrBayes, with numbers
es represent the molecular phylogenetic tree given in Fig. 2, with nodes
s are those grafted using morphological characters for species of which no
ic position according to CT93 is as follows: blank circle (group inermis),
matus: subgroup vittiger). New taxonomic designations are made (on the



Fig. 4. Hypothetical reconstruction of the historical biogeography of the genus Zaprionus from the results shown in Table 3. Major geographical regions
are colored and abbreviated as follows: O, Oriental (yellow); I, India (red); ME, Middle-East (orange); IO, Islands of the Indian Ocean (green); SA, South
Africa (blue); EA, Eastern Africa (brown); CA, Central Africa (light green) and WA, Western Africa (indigo). Ages of colonization (in MYA) are
indicated for the two subgenera and the two groups of Zaprionus s.s. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)
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Gatesy (2007) compared the two methods and privileged
the supermatrix method for using full character evidence,
which may be lost when summarized as trees in the super-
tree method, and different sets of characters (e.g., morphol-
ogy). However, supermatrix approach implicitly assumes
that all characters have experienced the same branching
history, which is not always valid (Crandall and Buhay,
2004).

We proposed here a new method intermediate between
the two previous ones, that we have called ‘morphological
grafting’. In this method, a supermatrix is built of two
parts: the first part is a matrix summarizing a robust tree
obtained from a molecular supermatrix. The second part
includes all taxa, even those with missing DNA sequences
(and thus not present in the molecular tree), with a matrix
of their morphological characters. The novelty in this
method is the dependency of the second part on the first
one. The molecular tree is used as an external hypothesis
to ad hoc assess the homoplasy of the morphological struc-
tures. However, the procedure is still laborious and compli-
cated without a single software compilation of the different
steps. There is thus a strong need to create a computer pro-
gram with algorithms capable to recode morphological
characters in the molecular phylogenetic context. In doing
so, this program will be able to estimate probabilistic evo-
lutionary models of character state transformations that
can be utilized later in building morphological phylogenies
using likelihood (Lewis, 2001) or Bayesian methods (Ron-
quist, 2004). The lack of consistent evolutionary models
has long been a deep critique to morphological phylogenet-
ics, that has limited it to maximum parsimony (Buckley,
2002). Although we were limited to the Mk model in our
Bayesian analysis, a computerized morphological grafting
method may provide a statistical future for morphological
phylogenetics beyond this simplest model.
4.2. Molecular and morphological phylogenetics of the

Drosophilidae

Our method may be of major significance in revising the
large and most morphologically and ecologically diversified
Muscomorphan family, the Drosophilidae. There are 3939
described drosophilid species, of which only 560 species
(almost 14%) possess sequences in the GenBank (as of
August 1st, 2007). Among the sequenced species, 84%
belong to the genus Drosophila, only one of the 73 genera
of the family. This shows that in spite of the greater advan-
tage of molecular sequences in phylogeny reconstruction,
morphological structures still and will remain a very rich
character source for reconstructing an explicit phylogeny
of the Drosophilidae. Nonetheless, previous attempts to
include DNA and morphology in Drosophilidae resulted
in conflicting trees (DeSalle and Grimaldi, 1991; Kwiatow-
ski and Ayala, 1999; Remsen and O’Grady, 2002). All these
studies, however, followed the same supermatrix approach.
Explicit morphological phylogenetic studies for other dro-
sophilid genera have been conducted on other drosophilid
genera (Zygothrica, Grimaldi, 1987; Colocasiomyia, Grim-
aldi, 1992; Sultana et al., 2006; Cladochaeta, Grimaldi and
Nguyen, 1999; Lordiphosa, Hu and Toda, 2001; Amiota,
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Chen and Toda, 2001; Dichaetophora, Hu and Toda, 2002;
Pseudostegana, Chen et al., 2005). A molecular refinement
of these studies should be a good start for the application
of morphological grafting in the phylogenetics of the
Drosophilidae.

4.3. Zaprionus: a new model drosophilid clade

The second aim of this paper was to investigate the evo-
lutionary history of the drosophilid genus Zaprionus, and
to present it as a new model clade in evolutionary studies.
DeSalle and Grimaldi (1991) blamed the community of
Drosophila biologists to focus only on a single genus of
drosophilids: the genus Drosophila. The most classical dro-
sophilid clade in evolutionary biology is the Drosophila
melanogaster species subgroup (David et al., in press).
Despite of the large amount of data available from this
subgroup (especially from the two sibling species D. mela-

nogaster and D. simulans), its number of species is only 9,
with 2 species (Drosophila erecta and Drosophila sechellia)
known to have specialized ecological niches. Zaprionus,
by contrast, is a very rich genus containing about 60 spe-
cies, and interestingly it appears to share the same age
and geographic origin as the melanogaster subgroup, which
too has originated during Middle- to Early-Miocene in the
Oriental region and then diversified in Tropical Africal
(Lachaise et al., 2004). Ecological and morphological
diversity of Zaprionus species, however, far exceeds that
of the melanogaster subgroup, with half of them (about
30 species) being easily grown under laboratory conditions,
and with many species known to be anthophilic. This may
allow a number of comparative genetics studies with a sta-
tistically sufficient number of close species of known phylo-
genetic relationships that address questions about the
evolutionary significance of biological diversity in a clade
(e.g., karyotypes, morphology, ecophysiology, behavior,
geographical distribution, etc.).

Another interesting Drosophila clade for such compara-
tive studies is the obscura species group, containing 41 species
with an estimated age of origin about 18 MYA (Tamura
et al., 2004). Moréteau et al. (2003) and Huey et al. (2006)
investigated the quantitative evolution of body size in 20 spe-
cies of this clade in a phylogenetic context. Nonetheless, the
phylogeny used in these studies was arbitrarily reconstructed
from different allozyme and DNA studies (i.e., they lacked
relative branch lengths). This gives an advantage for Zapri-

onus species cultured in Gif-sur-Yvette, of which we possess
now, thanks to this study, a robust molecular phylogeny.
Indeed, several statistical analyses of the phylogenetic com-
parative method require branch lengths (Garland et al.,
2005). In addition, most species of the obscura group are hol-
arctic, with one species, Drosophila subobscura, became inva-
sive and extended its geographical borders to the south. D.

subobscura was the first invasive drosophilid to be used as
an evolutionary tool for the study of adaptation (Ayala
et al., 1989; Huey et al., 2005). An interesting difference
between this model and the invasive species of the genus
Zaprionus, Z. indianus, is the opposing direction of invasion.
Z. indianus, by contrast, is a tropical species that is currently
expanding its northern borders to the temperate regions.
This will imply opposite patterns of adaptation to tempera-
ture (and thus latitudinal cline formation) in the two species
that are worth investigation.
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tion avec le Brésil (COFECUB) and the Coordenc�aõ de
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