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Abstract: A 1.3 kb portion of mitochondrial DNA containing the tRNALeu and flanking COI and COII

regions was sequenced from 70 individuals representing 27 species of the genus Bactrocera Macquart

and one outgroup, Anastrepha ludens (Loew). The sequences were aligned unambiguously except at the

junction between the tRNALeu and COII, where an 84 bp insertion was observed in A. ludens. Pair-wise

comparisons of the sequences revealed that nucleotide substitutions were highly biased at the third

codon position, and that C�T transitions were saturated among taxa at higher taxonomic levels. Resolu-

tion was greatly improved in parsimony analyses, in which C�T transitions at the third codon position

were down-weighted. Although topologies obtained in distance and maximum parsimony analyses gen-

erally agreed with each other, they partially disagreed with currently accepted morphological classific-

ations. For example, monophylies of the subgenera Bactrocera Macquart and Zeugodacus Hendel were

not confirmed in that they included species of Gymnodacus Munro and Austrodacus Perkins respective-

ly. The Bactrocera dorsalis complex was revealed to contain more heterogeneous species than previous-

ly considered. Based on these results, Bactrocera species relationships and the integrity of several

supraspecific groupings were discussed.
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Introduction

The genus Bactrocera is a group of fruit flies containing more than 450 species currently classi-
fied into 30 subgenera (DREW and HANCOCK, 2000; WHITE, 2000). Although their classification
has been studied intensively, supraspecific classification has not yet been settled (DREW, 1989;
DREW and HANCOCK, 2000). Based on analyses of morphological characteristics, WHITE (2000)
reconstructed the phylogeny of Bactrocera and a related group. However, relationships were not
clearly resolved, with groupings varying depending on the methods. A scarcity of reliable
morphological diagnostic characters widely applicable to a variety of species was the cause. Addi-
tional characters are needed to resolve the evolutionary relationships of Bactrocera species.

For one of these new criteria, many researchers have recognized the usefulness of nucleotide se-
quences of mitochondrial DNA (mtDNA). Despite the fact that there are many cases in which se-
quences cannot be used to discriminate among recently evolved sibling species (MORROW et al.,
2000), they have been recognized as powerful tools for phylogenetic inference. With regard to
Tephritid fruit flies, molecular phylogenetic methods were applied to various taxonomic levels
(HAN and MCPHERON, 1997; JAMNONGLUK et al., 2003). Thus far, only a small number of
analyses have been performed to determine relationships within the genus Bactrocera. In previous
studies, we attempted phylogenetic reconstruction of this group using nucleotide sequences of
the mitochondrial ribosomal DNA (rDNA) of a rather small number of species (MURAJI and
NAKAHARA, 2001, 2002). However, the sequences showed a number of insertion/deletion muta-
tions and contained many regions that could not be unambiguously aligned. The results of
phylogenetic analyses disagreed with the morphologically based classification, indicating the neces-
sity of further studies to confirm species relationships detected in these studies.

In this study, we sequenced a 1.3-kb-long fragment of mtDNA containing tRNALeu and por-
tions of the cytochrome oxydase subunit I (COI) and subunit II (COII) genes from 70 individuals
of 27 species belonging to six Bactrocera subgenera. The sequences were aligned unambiguously
and used to construct phylogenetic trees using distance and maximum parsimony methods. The
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results provide some useful perspectives on Bactrocera species relationships and the integrity of sev-
eral major subgenera�

Materials and Methods

In this study, nucleotide sequences of a 1.3-kb-long portion of the mtDNA were determined
for PCR products obtained from 28 fruit fly species (Table 1). An undescribed species, Bactrocera

Table 1. Materials used in this study

Species� Locality� n Accesion number

B. (Austrodacus) cucumis (French) Queensland, Australia 3 AB192448
B. (Bactrocera) carambolae Drew & Hancock Bandung, Indonesia 2 AB192420

Kuala Lumpur, Malaysia 1 AB192421
B. (Bactrocera) correcta (Bezzi) Bangkok, Thailand 1 AB192422

Pachong, Thailand 1 AB192423
B. (Bactrocera) curvipennis (Froggatt) New Caledonia 2 AB192446
B. (Bactrocera) diospyri Drew Ishigaki, Okinawa, Japan 1 AB192463
B. (Bactrocera) dorsalis (Hendel) Naze, Kagoshima, Japan� 1 AB192424

Naha, Okinawa, Japan� 1 AB192426
Ogasawara, Tokyo, Japan� 1 AB192425

B. (Bactrocera) frauenfeldi (Schiner) Queensland, Australia 2 AB192428
B. (Bactrocera) hyalina (Shiraki) Urazoe, Okinawa, Japan 2 AB192429

Ishigaki, Okinawa, Japan 1 AB192430
B. (Bactrocera) kandiensis Drew & Hancock Katunayake, Sri Lanka 2 AB192431
B. (Bactrocera) musae (Tryon) Queensland, Australia 2 AB192432
B. (Bactrocera) neohumeralis (Hardy) Queensland, Australia 2 AB192433
B. (Bactrocera) occipitalis (Bezzi) Narita Airport (Philippines) 1 AB192434

Nagoya Airport (Philippines) 1 AB192435
B. (Bactrocera) papayae Drew & Hancock Bandung, Indonesia 3 AB192436, AB192437

Pattani, Thailand 1 AB192438
B. (Bactrocera) philippinensis Drew & Hancock Narita Airport (Philippines) 3 AB192439
B. (Bactrocera) psidii (Froggatt) New Caledonia 3 AB192440
B. (Bactrocera) tryoni (Froggatt) Queensland, Australia 2 AB192442

New Caledonia 1 AB192441
B. (Bactrocera) umbrosa (Fabricius) Cebu, Philippines 1 AB192443
B. (Bactrocera) zonata (Saunders) Cairo, Egypt 2 AB192445

Pachong, Thailand 2 AB192444
B. (Gymnodacus) calophylli (Perkins & May) Hirara, Okinawa, Japan 3 AB192419
B. (Paratridacus) expandens (Walker) Naha, Okinawa, Japan 2 AB192427
B. (Tetradacus) tsuneonis (Miyake) Kunimi, Oita, Japan 1 AB192447
B. (Zeugodacus) cucurbitae (Coquillett) Naze, Kagoshima, Japan 1 AB192449

Ishigaki, Okinawa, Japan 1 AB192450
Sri Lanka�� 2 AB192451
Chiang Mai, Thailand 1 AB192452

B. (Zeugodacus) depressa (Shiraki) Nago, Okinawa, Japan 1 AB192453
Yokohama, Kanagawa, Japan 1 AB192454

B. (Zeugodacus) ishigakiensis (Shiraki) Ishigaki, Okinawa, Japan 2 AB192455
B. (Zeugodacus) scutellata (Hendel) Tsukuba, Ibaraki, Japan 1 AB192459

Kasama, Ibaraki, Japan 1 AB192460
Ishikawa, Okinawa, Japan 1 AB192456
Gushikawa, Okinawa, Japan 1 AB192457
Naha, Okinawa, Japan 1 AB192458

B. (Zeugodacus) sp. Ishigaki, Okinawa, Japan 2 AB192464
B. (Zeugodacus) tau (Walker) Kegalla� Sri Lanka 2 AB192461
Anastrepha ludens (Loew) Narita Airport (Mexico) 1 AB192462

� Asterisks indicate species belonging to the Bactrocera dorsalis complex.
� The countries that exported the fruit on which the fruit flies were detected at Narita or Nagoya International

Airports are shown in parentheses.
� A laboratory strain reared under permission of the Minister of Agriculture, Forestry and Fisheries of Japan.
�� A laboratory strain established using populations collected at several localities in Sri Lanka.
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(Zeugodacus) sp., was discovered in the southern part of the Ryukyu Islands by TAO and
TERUYA (1984). Immature stages of this species are frequently found on the fruit of Melanolepis
multiglandulosa (Reinw.) (Euphorbiaceae) on Ishigaki-jima island. The Mexican fruit fly
Anastrepha ludens (Loew) served as the proximal outgroup in phylogenetic analyses. Template
DNA was extracted from individual insects using a GenomicPrep Cell and Tissue DNA Isolation
Kit (Amersham Biosciences) and resuspended in 200 ml of sterilized distilled water. Specimens of
species and strains used in this study were stored at the authors� institutions. Two primers, C1-J-
2195 (5� TTG ATT TTT TGG TCA TCC AGA AGT 3�) and C2-N-3661 (5� CCA CAA ATT TCT
GAA CAT TGA CCA 3�) (SIMON et al., 1994), were used for PCR. The amplified fragment corre-
sponds to the region from bp 2,172 to bp 3,684 of the Drosophila yakuba Burla total mtDNA se-
quence (CLARY and WOLSTENHOLME, 1985) and contains tRNALeu and portions of COI and
COII. Amplification, purification, labeling, and sequencing of PCR products were performed accord-
ing to the methods described in MURAJI and NAKAHARA (2001). Three additional primers,
MTD 101 (5 � TAG CAG GAT TCG TTC ACT GAT ACC 3 �), MTD 102 (5 � ACA CAG TTA TTC
AGA ACT ACC 3�), and MTD151 (5� ATC CAT TGC ACT AAT CTG CCA T 3�), were used to se-
quence both DNA strands. The primers were designed from sequences obtained using C1-J-2195
and C 2-N-3661. The sequences obtained in this study were submitted to the DDBJ / EMBL /
GenBank nucleotide sequence databases (Accession numbers: AB192414�AB192464).

Alignment of the sequences was performed by TreeAlign (HEIN, 1990) using the default param-
eters and subsequent manual optimization. The resulting data set was used to compute basic se-
quence statistical data by MEGA versions 1.01 and 2.1 (KUMAR et al., 2001). This program was
also used to generate phylogenetic trees based on the neighbor-joining method. Maximum parsimo-
ny analyses were performed with PAUP� version 4.0 b 10 (SWOFFORD, 2002) using a heuristic
search procedure with TBR branch swapping and “maxtrees” set at 100. The consensus tree of
the unweighted parsimony analysis was used as the starting tree in the character-weighting anal-
ysis using the Reweight command with the “index � RC” option of PAUP�. Character-weighting
was also performed by down-weighting transitions and C-T transitions in various mtDNA sec-
tions and codon positions. In order to analyze phylogenetic relationships more precisely, nucleo-
tide sequences obtained in this study were combined with those of an mtDNA fragment contain-
ing 16 S�12 S rDNA obtained in our previous studies (MURAJI and NAKAHARA, 2001, 2002).
This combined data set was analyzed as described above. Sixteen regions of ambiguous align-
ment comprising 226 nucleotides in the 16S-12S rDNA fragment were excluded from analyses as
described in MURAJI and NAKAHARA (2001). Ceratitis capitata (Wiedemann) (AJ242872) and D.
yakuba (X3240) were included as distal outgroups in phylogenetic analyses.

Results

Nucleotide sequence
Nucleotide sequences 1,331 to 1,413 bp in length were determined from 70 individuals of 27

Bactrocera species and an outgroup, A. ludens. Alignment was unambiguous except at the junc-
tion between tRNALeu and COII, where an 84 bp insertion was observed in A. ludens and a 4 or 5
bp insertion in Bactrocera species. Deletion of these insertions resulted in the 1,330 bp-long data
set used in phylogenetic analyses�

As is the case in the mtDNA of many other insects, nucleotide composition of the sequences
was biased towards A and T (Table 2). This trend was especially obvious in the third position of
codons in COI and COII where extremely high nucleotide variability was also observed. The third
codon position in COI and COII accounted for 77.3� of variable sites and 83.8� of all substitu-
tions. Pair-wise sequence comparisons showed that substitutions were highly biased to transi-
tions, especially to C�T transitions. This tendency was obvious in the first position of codons.
When the number of transitional substitutions detected between all possible pairs of sequences
was plotted against the number of transversions (Fig. 1), the former showed an apparent satura-
tion at above 50 transversions. This tendency was more evident in the analysis considering only
the third codon position.
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Table 2. Basic statistical data of the sequences obtained from 70 individuals of 27 Bactrocera species

COI
tRNA

COII
Overall

1st 2nd 3rd 1st 2nd 3rd

Base composition (%)
Adenine 27.2 20.3 44.7 34.6 28.3 24.9 44.5 31.6
Thymine 27.7 40.6 36.0 39.3 24.3 41.4 36.6 34.7
Cytosine 18.1 24.4 15.6 10.7 21.9 23.0 15.8 19.2
Guanine 27.0 14.7 3.7 15.4 25.5 10.7 3.2 14.4

Nucleotide sites
Total 251 251 251 67 170 170 170 1,330
Variable sites 47 11 232 7 34 8 142 484
Parsimony informative 38 6 223 4 31 3 134 441

Substitution (�)
A� G 10.6 19.9 16.2 48.4 20.8 6.5 13.2 15.1
T� C 84.4 27.7 45.0 51.6 66.3 54.5 48.8 50.8
A� T 2.5 35.3 29.0 0.0 5.5 6.5 25.9 24.2
A� C 0.7 12.9 7.4 0.0 0.7 25.9 9.6 7.2
T� G 1.5 0.0 2.0 0.0 5.9 0.0 1.7 2.1
C� G 0.2 4.2 0.4 0.0 0.9 6.5 0.8 0.6
Total number 28,707 1,645 179,485 1,087 22,400 1,042 111,442 347,059

Fig. 1. Relationship between the number of transitions and the number of transversions detected by the pair-wise
comparisons of nucleotide sequences.

Fig. 2. Relationship in the number of substitutions between the fragment containing the COI and COII genes and
that containing 16S and 12S rDNAs.
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Comparison of the number of substitutions between the COI�COII and 16S�12S rDNA frag-
ments revealed that the former DNA fragment evolved much faster than the latter (Fig. 2). This
tendency was especially apparent below about 100 substitutions in the 16S�12S rDNA fragment�

Phylogenetic analyses
The topology of the tree generated by the Neighbor�Joining method based on Jukes�Cantor dis-

tances (Fig. 3) agreed well with those of Neighbor�Joining trees generated based on Tajima�Nei,
Kimura 2 -parameter, Kimura 3 -parameter, and Tamura�Nei distances. In these, many of the
nodes were supported by bootstrap confidence levels higher than 75�. Exclusion of codon posi-
tions or transitional substitutions did not improve the resolution of Neighbor�Joining trees in
terms of the number of nodes supported by high bootstrap confidence levels.

Maximum parsimony searches detected 140 most-parsimonious trees (length: 2,230, CI: 0.369,
RI: 0.794, RC: 0.293). Character-weighting using the Reweight command of PAUP� recovered six
most-parsimonious trees (length: 460, CI: 0.534, RI: 0.840, RC: 0.449) (Fig. 4). Although nearly the
same topologies were obtained in consensus trees generated in these analyses, bootstrap con-
fidence levels were greatly improved in the latter analysis. Due to C�T transition bias and overall
transitional bias, we employed character-state weighting in which transitions or only C�T transi-
tions in various sections and codon positions (Table 1) were down-weighted 1/2, 1/3, 1/4, and 1/
8 relative to other types of substitutions. Down-weighting of all transitional substitutions pro-
duced rather unstable results with respect to the position of B. umbrosa, B. calophylli, and a group
containing B. tsuneonis and B. expandens. Down-weighting of substitutions at the third codon posi-
tion did not resolve this phenomenon. Resolution and node support were greatly improved when
C-T transitions at the third codon position were down-weighted. Down-weighting of substitutions
of this kind by 2/3 resulted in six most-parsimonious trees (length: 4,105, CI: 0.384, RI: 0.801, RC:
0.308). Among these, di#erences were observed only with respect to relationships among individu-
als of B. dorsalis and B. hyalina. The topology of the consensus tree agreed with that generated
by the Reweight command of PAUP� (Fig. 4), except for the positions of B. diospyri, B. hyalina,
and a group containing B. tsuneonis and B. expandens�

In order to further improve the resolution of phylogenetic analyses, we combined data sets ob-
tained in the present study with those from our previous studies (MURAJI and NAKAHARA,
2001, 2002). To do this, sequences of the two mtDNA regions (COI�COII and 16 S rDNA�12 S
rDNA) obtained from the same individual were concatenated. The resulting data set was com-
prised of 64 sequences of 2,880 bp in length and containing 970 variable sites, 709 of which were
parsimony-informative. When compared with phylogenetic trees recovered from the COI�COII
data set, bootstrap confidence levels in trees inferred from the combined data set were improved
at most nodes. The topology of the Neighbor�Joining tree based on Jukes�Cantor distances
agreed well with that generated using the COI�COII data set (Fig. 3), except in the positioning of
B. diospyri, which was placed as a sister taxon to all other Bactrocera species. Character-weighting
using the Reweight command of PAUP� detected six most-parsimonious trees (length: 1,075, CI:
0.643, RI: 0.840, RC: 0.540). The topology of the consensus tree agreed well with that of the tree
shown in Fig. 4, except in terms of the relationship among individuals within several species. Sim-
ilar topology was obtained when C�T transitions at the third codon position were down-
weighted. An apparent di#erence was observed only in the position of B. diospyri, which was
placed as a sister taxon to all other Bactrocera.

The results of phylogenetic analyses are summarized in Fig. 5. This tree was drawn based
only on the nodes supported by bootstrap confidence levels greater than 75� in a majority of
the analyses conducted. This figure shows that the positions of most species were highly stable,
though there were several species and one clade whose positions di#ered with respect to construc-
tion methods used or data sets analyzed. In neighbor-joining analyses, B. calophylli and B.
umbrosa were positioned between the subgenera Bactrocera and Zeugodacus, but in parsimony
analyses they sometimes formed a monophyletic clade placed at a lower level between a clade of
the B. dorsalis complex species � B. musae and one containing B. curvipennis � B. neohumeralis
� B. tryoni. Although B. hyalina and a group containing B. tsuneonis � B. expandens were always
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Fig. 3. Neighbor�Joining tree of fruit flies generated based on Jukes�Cantor distances. Bootstrap confidence limits
are shown near the branches of clades supported in more than 75� of 500 replications.
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positioned between the subgenera Bactrocera and Zeugodacus, they sometimes formed a clade. As
mentioned earlier, the position of B. diospyri was rather unstable. This species was frequently
placed as a sister group to all other species of the genus Bactrocera�

Discussion

Groupings at and below the species level
In the phylogenetic analyses performed in this study, individuals of the same species

typically formed clades. There were also several pairs of species that could not be separated from
each other. Similar phenomena have been reported for a variety of organisms, especially between re-
cently evolved sibling species. In many cases, the phenomena have been explained in one of two pos-
sible ways: (1) common or similar nucleotide sequences may be due to a shared ancestral character-
istic, and (2) the nucleotide sequence of one species may have been introduced into another spe-
cies by interbreeding and introgression (NEI, 1987). In this study, the Queensland fruit fly B.
tryoni and a sibling species B. neohumeralis showed a close relationship and could not be clearly dis-
criminated in both neighbor-joining (Fig. 3) and maximum parsimony (Fig. 4) analyses. Although
they are sympatric and produce viable and fertile hybrids (PIKE et al.,2003), we could not detect
a sequence shared between the species. The ambiguity in their relationship was due to a high
degree of intraspecific nucleotide variation. Of 16 variable sites detected among five individuals,
species-specific variations were observed at only three sites. Such results seem to support the
view that their speciation occurred recently and very rapidly, in the absence of clear
mitochondrial DNA divergence (MORROW et al., 2000).

A similar situation was observed between B. scutellata and B. ishigakiensis: They are di#er-
ent in both morphology (SHIRAKI, 1968) and food preference (KANEDA and TOGUCHI, 1985). In
maximum parsimony analyses, the latter species was placed among individuals of the former spe-
cies (Fig. 4). Although nine species-specific sites were detected among 25 variable sites, higher
levels of substitutions (up to 11 sites) were observed among individuals of B. scutellata. Of the
remaining 16 sites, 15 polymorphic sites were observed within B. scutellata. Such a situation
seems parallel to their respective ranges: B. scutellata is widely distributed in Thailand, Malaysia,
China, Taiwan, Korea, and Japan, including the Ryukyu Islands (WHITE and HANCOCK, 1997),
whereas B. ishigakiensis is restricted to the southern part of the Ryukyu Islands. Thus, B.
ishigakiensis may have evolved recently from insular populations of B. scutellata.

In the case of B. papayae, three of the four individuals formed a clade in both Neighbor�Join-
ing and maximum parsimony analyses, whereas the remaining individual was placed in a sepa-
rate position. Individuals of B. papayae used in this study were identified based on both widely ac-
cepted morphological diagnostic characters (DREW and HANCOCK, 1994) and on aedeagal
length proposed by IWAIZUMI et al. (1999). In the preliminary experiment, they were also
identified as B. papayae based on the nucleotide sequence of the internal transcribed spacer of
nuclear rDNA (MURAJI, unpubl. data, 2005). However, the individual did not show a common
mtDNA sequence with any other individuals of the B. dorsalis complex species used in this
study. Several researchers have reported that B. papayae can hybridize with other B. dorsalis com-
plex species, such as B. carambolae and B. dorsalis, under laboratory conditions (YONG, 1995;
IWAIZUMI et al., 1997). Thus, this individual is probably an o#spring or descendant of hybrids be-
tween B. papayae and other sympatric species of the B. dorsalis complex not included in this
study.

Considerable genetic distance was observed between populations of the peach fruit fly B.
zonata collected from Thailand and Egypt. The distance between these populations was larger
than those between many other pairs of distinctly di#erent species. These populations can be dis-
criminated by 48 of 70 variable sites observed among four individuals used in this study. This spe-
cies is considered to be native to South and Southeast Asia and is believed to have been intro-
duced to the Middle East, namely, Saudi Arabia, Oman, and Egypt, in recent years (TAHER,
1998). However, the result of this study raised the question as to whether they have been direct-
ly introduced to the Middle East from South or Southeast Asia. To answer this question, nucleo-
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Fig. 4. One of the six most parsimonious trees generated by character-weighting using the Reweight command of
PAUP�. Bootstrap confidence limits are shown near the branches of clades supported in more than 75� of
500 replications.
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tide sequencing using a much larger number of specimens collected from a wide range of distribu-
tion areas must be performed.

Arelatively large genetic distance was observed between individuals of B. depressa collected
on Okinawa Island in the Ryukyu Islands and those collected at Yokohama City on mainland
Japan (Fig. 3). The di#erence was larger than those between several pairs of di#erent species
such as B. scutellata versus B. ishigakiensis, B. tryoni versus B. neohumeralis, and B. dorsalis
versus B. carambolae. The host plant of this species has long been unknown in the Ryukyu
Islands (SHIRAKI, 1968), whereas this species is a known pest of the pumpkin Cucurbita sp. and
the gourd Lagenaria siceraria var. hispida (Thunberg) in mainland Japan. Recently, an intensive
field survey was performed by the Naha Plant Protection Station (unpubl. data, 1992), and two
wild cucurbit plants, Trichosanthes rostrata Kitamura and T. miyagii Hayata, were confirmed to
be hosts of the species in the Ryukyu Islands. Thus, host preference may shift between popula-
tions, as observed among sibling species of other Bactrocera species (JAMNONGLUK et al., 2003).
Further analyses on morphology are needed to examine the taxonomic status of these popula-
tions.

Supraspecific groupings
The B. dorsalis complex is a large group with more than 52 sibling species (DREW and

HANCOCK, 1994), many of which were formerly considered as the single species B. dorsalis. How-
ever, because of the reproductive a$nity among species, several researchers have suggested that
several species should be revised as subspecies within a single species (WEE et al., 2002). In con-
trast, the present study revealed that this group may be more heterogeneous than previously
believed. In phylogenetic analyses, six species of the B. dorsalis complex, B. dorsalis, B. papayae,
B. carambolae, B. philippinensis, B. occipitalis, and B. kandiensis, were included in a single clade. How-

Fig. 5. Molecular phylogenetic tree of the Bactrocera species generated based on the nodes supported by bootstrap
confidence levels higher than 75% in the analyses using various phylogenetic methods and data sets.
Branches drawn with shaded lines were supported di#erently among di#erent methods. Arrows indicate
alternative positions of nodes in such cases. Pairs of taxa denoted by asterisks were not clearly separated in
at least several cases of phylogenetic analyses.
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ever, this clade also included the banana fly B. musae, which has never been considered a
member of the species complex. Bactrocera musae was more closely related to the former five spe-
cies than was B. kandiensis to the other five species (Fig. 3). Bactrocera kandiensis was separated
by a longer branch from other B. dorsalis complex species than those between di#erent species
such as B. zonata and B. frauenfeldi, and B. tau and B. cucumis (Fig. 3). In addition, monophyly of
B. kandiensis and other B. dorsalis complex species was not always supported by high bootstrap
confidence limits (Fig. 4).

The genus Bactrocera is currently divided into 30 subgenera. DREW and HANCOCK (2000)
suggested that the present definition of these subgenera is likely to be changed, to some extent,
as analyses on many undescribed species proceed. In this study, several subgenera did not form
monophyletic groups. Of 17 species of the subgenus Bactrocera included in the analyses, 14 spe-
cies formed a stable monophyletic clade supported by both Neighbor�Joining and maximum parsi-
mony analyses. Although positions of the remaining three species, B. diospyri, B. hyalina, and B.
umbrosa, were rather ambiguous (Fig. 5), these species were frequently placed between the sub-
genera Bactrocera and Zeugodacus. Of them, B. diospyri was sometimes placed at higher levels as a
sister group to all other species of the genus Bactrocera, depending on methods and data sets
used in the analyses. Bactrocera umbrosa and B. hyalina were frequently placed in clades with B.
(Gymnodacus) calophylli and with a group containing B. (Tetradacus) tsuneonis and B.
(Paratridacus) expandens, respectively. These results suggest that the subgenus Bactrocera may con-
tain evolutionary heterogeneous species. Additional data are needed to precisely determine the po-
sition of the three species within the genus Bactrocera.

In both Neighbor�Joining and maximum parsimony analyses, B. (G.) calophylli was always in-
cluded in a clade containing B. (Bactrocera) species. Bootstrap analyses highly supported the group-
ing of this species and the subgenus Bactrocera except for B. diospyri and B. hyalina. Gymnodacus
as currently defined is comprised of species endemic to either the Afrotropic or Australasian
regions. DREW and HANCOCK (2000) suggested that the Southeast Asian and Pacific species
have no relationship to the true Gymnodacus of the Afrotropics, and that the former group
should be placed in a new subgenus. However, our results indicated a peculiar positioning of B.
(G.) calophylli within the subgenus Bactrocera. In order to confirm the phylogenetic status of the sub-
genus Gymnodacus precisely, nucleotide sequences must be analyzed from many other species be-
longing to the subgenus.

In the case of the subgenus Zeugodacus, all the species were included in the same clade, where-
as the clade also included the cucumber fly B. (Austrodacus) cucumis of the monotypic subgenus
Austrodacus. The positioning of this species within Zeugodacus was highly stable irrespective of
methods and data sets used, and was supported strongly by bootstrap analyses with confidence
levels higher than 99�. This result raises the question of whether Austrodacus should be
recognized as a distinct subgenus or not. To further confirm the relationship between the sub-
genera, analyses of nuclear DNA sequences should be performed.

According to the definition of Bactrocera subgenera (DREW, 1989), Austrodacus and
Zeugodacus can be clearly discriminated on the basis of three diagnostic characters: presence or ab-
sence of prescutellar and supra-alar bristles, and pecten on abdominal tergum III in males. The sub-
genus Gymnodacus is discriminated from Bactrocera by the absence of pecten of cilia on male abdom-
inal tergum III. As well as several other morphological diagnostic characters, these characters are
considered the most important ones in classifying a number of subgenera belonging to the genus
Bactrocera. However, the present study indicates that these characters did not always change in con-
cordance with molecular evolution of the mtDNA. A similar situation was recognized by DREW
and HANCOCK (2000) in the subgenera Afrodacus and Gymnodacus, in which evolutionarily dis-
tant species groups were currently placed together in a single subgenus because reliable distinc-
tive morphological criteria were not available. DREW (1989) noted that some species of the subge-
nus Bactrocera show variation in the form of presence of prescutellar bristles, which is the most im-
portant character for discriminating between the subgenera Paratridacus and Hemiparatridacus.
These results suggest that, in several cases at least, some of the currently used diagnostic charac-
ters could evolve independently in evolutionarily separated lineages. In order to obtain reliable di-

Res. Bull. Pl. Prot. Japan No. 4410



agnostic characters that are stable among di#erent groups, information on morphology and
evolutionary biology, including molecular phylogeny, must be accumulated for a wide variety of
fruit flies.
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和 文 摘 要

ミトコンドリア DNA COIと COII領域の塩基配列に基づく
Bactrocera属ミバエの系統学的解析

中原重仁�村路雅彦1)

横浜植物防疫所調査研究部�1) 独立行政法人 農業生物資源研究所

Bactrocera属ミバエの分子学的手法による分類を試
みた� 27種の Bactrocera 属ミバエ 70個体及び Ana-

strepha ludensのミトコンドリア DNAから� tRNAを
含む COIと COIIの DNA塩基配列およそ 1.3 kbを決
定し� これらの塩基配列を比較したところ� COI�COII

領域では塩基置換がコドンの第 3ポジションに偏って
いること� T�Cトランジションが高次の分類群間で飽
和していることが明らかとなった� 最大節約法による解
析では� T�Cトランジションのあるコドンの第 3ポジ

ションのウェイトを落としたとき� 系統樹の分岐度は顕
著に上昇した� 距離行列法と最大節約法による解析で
は� 基本的に同じようなトポロジ� �樹形� を示した
が� それらは現在受け入れられている形態学的な分類群
とは一致せず� Bactrocera亜属と Zeugodacus亜属の各
単系統はそれぞれ Gymnodacus亜属と Austrodacus亜
属を包括する結果となった� また� Bactrocera dorsalis

complexはこれまで考えられてきた種以外の異なる種
も含んでいることが明らかとなった�
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