258 CURRENT MxmosrkLoGY Vol 45 (2(012)
D. melanogasier AUB
D, simulans Coff
100 B.dorsalis  sp. A Medl
N B azcita sp.B
B. diverza
Ae. albopictus A AlbA
G. morsitans
L. . .
"Zﬂ' N. vitripennis Mors |A
G. centralis
D. simulans Haw
_m_{ Haw
| | 100 E cautells A
91 P. papatasi |Plp
— G. austeni |Aus
D. destillatoria
_.I.ID___1 ) Des
B.ascita sp.B
— M. uniraptor | Uni
D. simulans  Riv |R-iV
L siriatellus Con
B. asicta sp.B
’t T. deion | Dei
B. cucurbitae
B. dorsalis  sp. Al Cue
0| B- pyrifoliae
” B. ascita sp. B
T. confusum Con |B Fig 1. Maximum likehhood uee
100 — T. orizicolus Ori pmscd on u-:f:) gcn.c sequences show-
L & cautella B ing the relationships among anhro-
) . pod hosts and Wolbachia. Tree gen-
LA Cx. quinquefasciaius erated by step-wise addivon method
2| B. modica Pip using HKY modcl with consides-
B. candata ation of gamma-disthbuled rate het-
B. diversa crogencily 3CTOSss s1les and was
D. simulans Noumea midpoint rooted. Bootstrap values
14 ) . (500 repheates) are labeled above
Ac. dboPum_ B B branches. The frust fiy hosts, Wol-
B. ascita  sp- Asc bachia strains, and new Wolbachia

= 0.0] substitutiona/site

cloned wsp fragments indicated that nearly all of these
inconsistencies could be explained by cross-reacting
primers used in PCR typing. The only case that could not
be explained this way was B. pyrifoliae, where PCR
typing indicated the presence of a Dei group infection,
but sequence analysis of cloned fragments could not
detect a Dei group infection, and Dei group PCR primers
did not cross-react with plasmids containing the only wsp
fragment found in this species. It is possible in this case
that another infection may exist in this species, but we
could not detect it in the sequence analysis we did.

Discussion

In this study, we found 1S Wolbachia strains infecting
ninc fruit flies species. Five Wolbachia infections were

subgroups are represented i bold.

found to simultaneously infect B. ascita sp. B, and two
infected hosts (B. diversa and B. dorsalis sp. Al) each
harbored two Wolbachia strains. Examination of the
phylogenetic tree in Fig. 1 shows that the five infections
of B. ascita sp. B are all divergent, implying that each
strain was indcpendently acquired. This is in contrast to
a recent report suggesting seven Wolbachia ftsZ gene
scquences 1n the beede Byturus tomemrosus [9]. In this
case the different sequences constituted a monophyletic
clade that would suggest a radiation from a single infec-
tion evenL It is also not clear to what extent these latier
sequences represent within-strain variation or actually
represent distinct strains. Laboratory studics had indi-
cated that Drosophila hosts could maintain three infec-
tons with no competitive effects between individual
strains  [11), suggesting that higher-order infections
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5le 3. Group typing Wolbachia sirains with quciﬁc wsp primers [20]
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PCR }yping of
total DNA from

Strain typing by

PCR typing of plasmids carrying individual

No. of clones clones used from previous sequence

1it fly species insect hosts® sequence analysis sequenced analysis {no. of positive clones)
frrocera cucurbitae Con Cuc 3 Con (3)
candata Pip Pip 3 Pip (3)
dorsalis sp. A® Dei, Pip Mel 3 Mel (3), Dei (3), Pip (0)
 diversd No amplification Pip 3 Pip (3), Mel (0)
; Mel 3 Pip (0), Mel (3)
modica Pip Fip 3 Pip (3)
pyrifoliae® Dei, Pip Cuc 3 Con (3), Dei (0), Pip (0)
ascita $p. B No amplification Mel 3 Mel (3), Con (1), Pip (0), Aus (0)
Des -3 Mel (0), Con (3), Pip (0), Aus (3)
Con 3 Mel (0), Con (3), Pip (0), Aus (0)
] Cuc 3 Mel (0), Con (3}, Pip (0), Aus (0)
- Asc 3 Mel (0), Con (2), Pip (0}, Aus (0)
dorsalis sp. Al* No amplification Mel s Mel (5), Con (5)
Cuc 3 Mel (0), Con (3)
acus desntlatoria Aus, Dei Des 3 Aus (3), Dei (3)

Ihla from Kittayapong et al. [8).
Jember of the B. dorsalis complex [1, 4].
VYolbachia multiply infected tephritid fruit fly specics.

wuld be possible. In this case, the presence of five
dependently acquired infections in field-caught tephrit-
s suggests that at least five independent infections must
: abe to coexist without detrimental competitive effects
:tween strains. It is not clear if this represents an upper
undary for Wolbachia superinfections or if other cases
il be found in which even higher order of superinfec-
ans with distinct strains exist. Future studies are needed
-al assess the transmission efficiency of these strains
“tween generations as well as the relative densities of
ich strain in different strain backgrounds so as to pro-
de evidence for possible competitive effects.

The high level of multiple infections found in some
phritid species could be explained by several hypoth-
¢S, For example, it may be possible that certain te-
fritid species are predisposed to invasion of new Wol-
jichia strains through a combination of their habitats
'd susceptibility to parasitoids or their ability to phys-
logically support diverse Wolbachia strains. Al the
fesent time, only limited data exist indicating how Wol-
ichia invade new species, but parasitic Hymenoptera
€.one incriminated vector [19]. Alternatively, insects
@y cycle Wolbachia infections through time, as has
*en theoretically proposed [5], with new infections be-
g gained and old infections lost. It may be possible that
“rtain insect hosts maintain higher levels of superinfec-
o0 by a steady accumulation of strains over time with-
It any subsequent loss of strains. Alternatively, some
'“i_.t fly species may be predisposed to environmental
iring of strains through exposure to naturally occurring
tibiotics.

It has been proposed that Wolbachia might act as a
speciation agent by generating reproductive isolation
[18]. Our observations found different Wolbachia strains
infecting B. dorsalis species complex fruit flies collected
from the same host fruit. As such it may be possible that
Wolbachia has contributed to the generation of reproduc-
tive isolation in this complex.

The use of group-specific wsp primers was proposed
as a fast method for typing Wolbachia infections without
the need to clone and sequence wsp genes from individ-
ual hosts [20]. Our data clearly show that the PCR-based
typing system cannot adequately predict Wolbachia in-
fections in new hosts, We found that some of these
primers cross-reacted with other groups with our mate-
rals. In fruit fly hosts that had more than one strain of
Wolbachia, group primers gave no amplification,
whereas in single infected hosts, more than one primer
set gave PCR amplification (Table 3). For preliminary
identification of Welbachia, wsp group primers might be
used, but they cannot be reliably used without supporting
sequence data of wsp gene fragments.
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Abstract

Wolbachia are a group of intracellular bacteria that cause reproductive alterations in their
f arthropod hosts. Widely discordant host and Wolbachia phylogenies indicate that horizontal
transmission of these bacteria among species sometimes occurs. A likely means of horizontal
transfer is through the feeding relations of organisms within communities. Feeding inter-
actions among insects within the rice-field insect community have been well documented
' in the past. Here, we present the results of a polymerase chain reaction-based survey and
phylogenetic analysis of Wolbachia strains in the rice-field insect community of Thailand.
Our field survey indicated that 49 of 209 (23.4%) rice-field insect species were infected
with Wolbachia. Of the 49 infected species, 27 were members of two feeding complexes:
(i) a group of 13 hoppers preyed on by 2 mirid species and parasitized by a fly species,
and (i) 2 lepidopteran pests parasitized by 9 wasp species. Wolbachia strains found in
three hoppers, Recilia dorsalis, Nephotettix malayanus and Nisia nervosa, the two mirid
predators, Cyrtorhinus lividipennis and Tytthus chinensis, and the fly parasitoid, Tomosvar-
yella subvirescens, were all in the same Wolbachia clade. In the second complex, the two
lepidopteran pests, Cnaphalocrocis medinalis and Scirpophaga incertulas, were both
infected with Wolbachia from the same clade, as was the parasitoid Tropobracon schoenobii.
However, none of the other infected parasitoid species in this feeding complex was infected
by Wolbachia from this clade. Mean (+ SD) genetic distance of Wolbachia wsp sequences
among interacting species pairs of the hopper feeding complex (0.118 + 0.091 nucleotide
sequence differences), but not for the other two complexes, was significantly smalier than
that between noninteracting species pairs (0.162 + 0.079 nucleotide sequence differences).
Ourresulis suggest that some feeding complexes, such as the hopper complex described here,
could be an important means by which Wolbachia spreads among species within arthropod
communities.

Keywords: endosymbiont, horizontal transfer, natural enemies, rice pests, Wolbachia
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mosquitoes (Kittayapong et al. 2000a), 28.3% of tephritid

frizoduction fruit flies (Kittayapong ef al. 2000b) and 19.3% of temper-

Endosymbiotic bacteria of the genus Wolbachia are wide-
spread in insect species. Recent polymerase chain reac-
tion (PCR)-based surveys for Wolbachia using a standard
PCR approach have detected these bacteria in 16.9%
of neotropical insects (Werren et al. 1995a), 50% of Indo-
Australian ants (Wenseleers et al. 1998), 53.6% of Cynipid
gall wasps (Plantard et al. 1999), 28.1% of southeast Asian

Correspondence: Dr P. Kittayapong. Tel. +66 22015935; Fax:
+66 220 15923; E-mail: grpkt@mahidol.ac.th

© 2003 Blackwell Publishing Ltd .

ate North American insects (Werren & Windsor 2000),
although Wolbachia has not been detected in some sur-
veyed insect groups, for example, aphids and aphid
parasitoids (West efal. 1998), and thelytokous social
Hymenoptera (Wenseleers & Billen 2000). Using a long
PCR approach, i.e. one in which two polymerase enzymes
were used, 76% of tested insect species were found to be
infected with Wolbachia (Jeyaprakash & Hoy 2000). Long
PCR is more sensitive than standard PCR for amplifying
Wolbachia sequences (Jeyaprakash & Hoy 2000), probably
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resulting in the high proportion of Woibachia-infected
, species detected. \

Sequencing of Wolbachia genes from different host species
has revealed patterns of closely related Wolbachia strains
distributed across widely divergent hosts (O'Neill et al.

1 1992; Rousset et al. 1992; Werren ef al. 1995b; Schilthuizen
& Stouthamer 1997). Horizontal transmission between

. insect species has been hypothesized to explain this lack of
concordance between host and Wolbachia phylogenies.

For Wolbachia transmission between species, an ecolo-
gical interaction between the two species is necessary to
provide the means of transfer (Hurst et al. 1992). The types of
interaction that have received the most research attention
as a potential means of Wolbachia horizontal transmission
are those between parasitoids and their hosts. Wolbachia
has, indeed, been found to infect both hosts and parasi-
toids. Thus, West et al. (1998) detected Wolbachia in 38.1% of
leaf-mining Gracillarid moths and 27.8% of their associated
wasp parasitoids, whereas Schilthuizen & Stouthamer
(1997) found Wolbachia in four of the seven wasp parasi-
toids associated with the galls of the Cynipid wasp,
Diplolepis rosae. However, no close relationships were
detected using phylogenetic analysis between Wolbachia
strains in the hosts and parasitoids of either study. In con-
trast, Vavre etal. (1999) determined close relationships
between several Wolbachia strains infecting Drosophila spe-
cies and their wasp parasitoids. Werren et al. (1995b), and
Van Meer ef al. (1999) each reported a close phylogenetic
relationship between a parasitoid and its host. In only one
case, reported in Heath et al. (1999), has horizontal trans-
mission between a host and its parasitoid been shown in
the laboratory.

Feeding interactions other than that of parasitoid-host
relationships may potentially result in Wolbachia transmis-
sion between species and remain to be explored. The insect
community of a rice field is perhaps one of the best studied
insect communities with numerous feeding interactions
among insect species that have been well documented (e.g.
Yasumatsu et al. 1982; Heong et al. 1991; Ooi & Shepard
1994). Here, we present the results of a PCR-based sur-
vey and phylogenetic analysis of Wolbachia among the
rice-field insects of Thailand. In particular, we identify
participant species in interactions within the rice insect
community, which are infected with closely related
Wolbachia strains. Such interactions may have been in the
past, or may still be, important for the horizontal transmis-
sion of these bacteria within the rice-field insect community.

Materials and methods

Collection of rice insects

Insects were collected from rice fields in 29 provinces
in different regions of Thailand between June 1997 and

October 2000 using simple sweep nets and aspirators. All
specimens were frozen in dry ice and transported to the
laboratory in Bangkok where adults were identified using
morphological keys (Barrion & Litsinger 1994; Roffey 1979;
Reissig et al. 1985; Shepard et al. 1987; Wilson & Claridge 1991).
Only adult specimens were tested for Wolbachia. Some
specimens were stored at —70 °C before they were tested.

DNA extraction

Individual insect specimens were dissected for ovaries or
testes in distilled water using sterile dissecting equipment.
For very small insects, whole bodies were used for DNA
extraction. The DNA extraction method followed O'Neill
et al. (1992). Whole bodies or gonads of each insect were
ground using a hand-held polypropylene homogenizer in
a 1.5-mL microcentrifuge tube filled with 100 pL of STE
buffer (100 mm NaCl, T mm EDTA, pH 8.0, 10 mm Tris-HCI,
pH 8.0). The homogenate was heated at 95 °C for 10 min
and then centrifuged at 1400 g for 1 min. One microlitre of
the supernatant was used to PCR screen for Wolbachia.

Polymerase chain reaction

PCRs were performed in 20 pL reaction volumes: 50 mm
Tris (pH 9.2), 16 mM ammonium sulfate, 1.75 mm MgCl,,
350 um dNTPs, 0.5pL of 20 um forward and reverse
primers (Jeyaprakash & Hoy 2000), 1 unit of Pwo and
5 units of Tag DNA polymerase. The ftsZ primers for long
PCR were used to screen for Woelbachia infection and
primers based on the mitochondrial 125 rDNA gene of
host insects were used to check for the quality of DNA
extraction. Samples negative for 125 rRNA were dis-
carded. The thermal profile for DNA amplification was
according to Jeyaprakash & Hoy (2000). Ten microlitres
of each PCR product were run on a 1% agarose gel stained
with ethidium bromide and visualized under a UV
transilluminator to determine the presence and size of
amplified DNA. One specimen of each species that was
Wolbachia-negative using the standard PCR method
described above but positive for 125 rRNA when tested
again for Wolbachia using long PCR (Jeyaprakash & Hoy
2000). DNA extracts of Wolbachia-infected Aedes albopictus
were used as positive controls. Negative controls con-
taining only double-distilled water were also included to
check for contamination.

Cloning and sequencing

Insect samples that were positive using ftsZ primers were
reamplified with wsp primers using long PCR with the
PCR conditions described above (Jeyaprakash & Hoy
2000). PCR products were cloned into a plasmid (pGEM-T
vector; Promega) and transformed into Escherichia coli cells.

© 2003 Blackwell Publishing Lid, Molecular Ecology, 12, 1049-1060



'asmids with inserts were then purified using QlAprep
in Miniprep Kit (Qiagen) and sequenced on an ABI
stomated sequencer. At least three independent clones
sere sequenced from each Wolbachia strain in order to
Iienﬁfy polymerase errors. Both strands of the plasmids
sere sequenced using T7 and SP6 primers. Consensus
>quences from each Wolbachia strain were constructed
nd used for subsequent analyses.

]’hyl’agenetic analysis

‘he wsp sequences from this study as well as sequences
lescribed previously (Zhou et al. 1998} were used in this
lnalysis. All wsp sequences were aligned using the
LusTAL algorithm followed by manual modification
hased on amino acid translation of the different genes. The
hird hypervariable region of the gene (positions 519-559)
|Braig et al. 1998) was excluded from the analysis because
|t could not be aligned with confidence. The wsp sequences
;rom this study have been deposited in GenBank under
wcession number AF481160-AF481202.

Phylogenies were generated using both maximum par-
simony and distance (neighbour-joining; Saitou & Nei 1987)

‘methods using pauP* 4.0 (Swofford 2000). In the maximum

parsimony analysis, heuristic searches were performed, gaps

‘were freated as missing data and bootstrap analysis was
‘carried out with 1000 replications. A neighbour-joining

tree was generated using a HKY distance model with con-
sideration of the proportion of invariable sites and of the
gamma shape parameter which was chosen using the
MODELTEST program (Posada & Crandall 1998). The neighbour-
joining tree was assessed using 1000 bootstrap replicates.

Feeding relationships of Wolbachia-infected insects

The feeding relations of those insect species on rice plants
infected with Wolbachia were determined from Yasumatsu
etal. (1982) and Qoi & Shepard (1994). Although only
adults were tested for Wolbachia, it is often the larval stage

| that is the important feeding stage on rice. Where appro-

priate, therefore, the larval stage was used to indicate the
feeding relations of an insect species within the rice-field
community. Insect species were classified as rice herbivores,
generalist predators, spedialist predators or specialist para-
sitoids. Specialist predators/parasitoids were linked with
their prey/hosts.

Results

A total of 2585 insects from tropical rice fields comprising
209 species were testéd for Wolbachia (Table 1). Forty-nine
species (23.4%) were found to be infected. These infected
species represented the seven orders, Coleoptera (7.1%
of species infected), Diptera (30.8%), Hemiptera (11.6%),

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 1049-1060
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Homoptera (54.2%), Hymenoptera (31.0%), Lepidoptera
(40.0%) and Orthoptera (18.2%). Most insects that were
collected were from these orders. Few insects (< 4) were
collected from each of the other five orders, Blattaria,
Dermaptera, Ephemeroptera, Mantodea and Thysan-
optera, and none of these insects was infected.

Twenty-five of the 49 insect species (51.0%) infected with
Wolbachia were rice herbivores and 17 (34.7%) were pred-
ators or parasitoids (Fig. 2}. The feeding relations of seven
species were unknown. Of the predator species, four were
generalists {Fig. 2B), whereas two (mirid bugs, Fig. 2A)
were specialists that fed on planthopper and leafthopper
eggs. Most (9/11) parasitoid species parasitized larvae of
two pest Lepidoptera, i.e. the leaffclder and the rice yeliow
stem borer. One of these parasitoids, i.e. Trichomalopsis
apanteloctena, is also a secondary parasitoid of the wasp,
Goniozus sp., which in tum parasitizes leaffolder larvae.
However, two parasitoids, the pipunculid fly, Tomosvar-
yella subvirescens, and the wasp, Opius sp., parasitize non-
lepidopteran hosts, i.e. Nephotettix spp. and Hydrellia spp.,
respectively. In total, 29 of the 49 infected species (59.2%)
are participants in known feeding interactions between
species (Fig. 2A). The remaining infected species (Fig. 2B)
may be involved in feeding interactions with other infected
species, e.g. as predator or prey, but information concern-
ing the feeding relations of these species was unavailable.

Partial sequences of the 43 wsp genes amplified from
each of the insect host species together with 16 sequences
described previously (Zhou et al. 1998) were analysed
using both maximum parsimony and distance methods.
Phylogenetic trees generated using both phylogenetic
methods produced similar tree topologies. There were 200
most parsimonious trees with 944 steps. The tree calculated
using the neighbour-joining method is shown in Fig. 1,
which also shows neighbour-joining and maximurm parsi-
mony bootstrap support for the different clades.

Of 43 Wolbachia strains found in insects in the rice-field
community, 29 were in the B supergroup and the remain-
ing 14 were in the A supergroup (Fig. 1). The black bug,
Scotinophara coarctata was found to be infected with three
Wolbachia strains, each from a different clade.

Most Wolbachia strains found in planthoppers and leaf-
hoppers as well as their mirid predators and the hopper
parasitoid, Tomosvaryella subvirescens (Fig. 2A) were in the
B supergroup. The leafhopper, Recilia dorsalis, however,
was doubly infected with both A and B supergroups. Iden-
tical wsp sequences were found in two planthopper spedies,
Laodelphax striatellus and Sogatella furcifera.

A close relationship among Wolbachia strains was also
found for the wasp parasitoid, Tropobracon schoenobii and
its two lepidopteran rice pest hosts, Cnaphalocrosis medinalis
and Scirpophaga incertulus. All three strains were in the
same clade with sequence differences of 0.37 and 0.56%,
respectively (Fig. 1). Wolbachia strains were found in both
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Table 1 PCR-based distnbution of Widlsicha in insects collected from rice fields in Thailand {rom January 1998 to November 2000

Total no. No. Wolbachia Accession
« Order arsd speaes Cammon name tested positive strain no.
Blattana
! Blattells prrreemaca (Linnacus) Cerman cockroach 3 0
- Coleoptera
| Adorctus sp Scarab beetle 4 4]
Arloder=a Frach=u=a (Candeze) Chick beetle 2 0
| Anceals bumerali (Hunneister) “warab bevtle 3 0
I Apalochrus rufolecasrus P Soft-winped flower beetle 2 0
Beronn sp. Water scavenger bectle 5 0
| Prumesdes lmearus (Weise) Lady bestle 2 0
Brumssdes suturals (Fabnous) Lady bectle 1 0
Chlarmes crrovemdatus (Rrulle) Griund beetls 1 0
Chlarmss guadricolr Fabricius Ground bectle 6 0
Chlaemmux sp 1 Cround bevtle 3 0
Charvews sp. 2 Cround beetle ) B (1) - -
| Chlsrming sp. 3 Ground beetle 3 0
Chlarrras sp. 4 Cround tevtie 1 0
Chlarrius sp 5 Cronrd bertle 3 0
Cicndele sp Tiger bevtle 1 0
Cocormella repancda Thuntwry Lady bectle 2 0
Dctadiopw ar=iigera (Oliver) Misjua beetle 12 B whhc AF481160
Drypta mpostca (Rated Coround beetic 1 0
Echrmocmermis oryzae Marshall Wernl 2 0
Frtormsocre s brguttalu: Stal Ground beetle 1 0
Fermurru bra=rinun La Forte Senaxctere Anthioud bertle t Q
Formacorrus ap Arakiod beetie 1 ]
Harrsomia octomaculets (Fabriciusd Lady bertle ) 0
Hudremermud i moditer Fausd Padidv root weemnl 1 A1t whiol AF48116]
Hydrophalus scwmrrurten Motschulshy Water savenger bevtle 7 0
Lasorhoptrs oryaaphilay Kuschel Wieevil 2 0
Micrarps drsender (Fabricius) Lady bevtie 131 0
Muraipss svwtd (Gorham) Lady beetle 5 0
Morolrpta sipnsta Olivier Leal bevtle a3 0
Oyfones mulica (Thunberg) Gorrrund beetle 15 ]
Ophuomes phn handn Habu Coroundd beetle 1 g
Ordomes tuhn obi Halbea Groumd beetle 2 A
Ophicnes nrprofascusta Schradt-Corbwel Crimind beetle 4 0
Ol sp Leaf bevtle i 0
Paederus fuscpes Curtis Rove bretle 17 )]
Parderus tamulus Enchaon Rirve bectle 2 0
Pacderus sp Rove bectte 4 0
Prtsgomice sp Ground bettle 5 o
Pheropophus sp Ground bectle 1 0
Propylasa prpomucs (Thunberg) Lady bevtie 1 4]
Seanites sp Ground beetle k! 0
Submers Latrfrons (Deyean) Ground beetle 7 0
Dermapters
FLuboredlw philippinmnss Snivastava Earwig 1 0
. Diptera
Agromyis oryzae (Murakata) Leaf-miner Ny 2 B 2)t wAory AF481201
Argvrephylax rigrotibuahis Baranov Tachinid fly 8 o
Argyrophylax phorda Townsend Tachinid fly 6 0
Argyrophylax sp Tachirud fly 7 0
Carcrlu sp. Tachinid Ny 1 0
Crrara sp. Tachinid fly 1 0
Ceratilss sp. Fruit fly 3 Q
Chironomus dorsalis Meigen Midge 1 0
Chirgnomus Kiensis Tokunaga Midge 7 0
Chironomus feppert Skuse Midge 3 [}
Chirgnomus sp. 1 Midge 6 AQ) ~ -

© 2003 Blackwell Publishing Ltd, Melecular Ecology, 12, 1049-1060
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der and species

Chrpromus $p. 2

Cheoremus sp. 3

Chsrprawnus 3. 4

.LTE""‘F" oryzar Matsumura
Doy apscalss Dalman

Drapetss 5p

Hydrelfiza sp 1
' Hdrefls ap 2

Hlrella sp. 3

Hypdrellse ip. 4

Nodrpele sp

Ochthers breoatibulie de Menere
Orwodia omyzar (Wood -Mason)
Balexoruita sp

Pyumoulus pranmiss de Menere
Pirsnculu enemtaln (Kocrumi)
Prumculus sp

Pocciltrapharrs tacnuts (Macquart)
Prilope o
| Tuds arm Adexanader
Tomomuryella iudorrmcrms (Loew)
phemeroptera

Ephrmere ap
Hemiptera
Arthus indirws (Wesbwonsd)
Andrallus spamaders (Fabrcies)
Annops srdes (Herr-Schalt)
tu Bripomict (Thunberg)

Cyrtorkinun lendipennss Reurer
Drsdevens 3p
Eysarcorms pentraliy Dastant
Grrdomua pyvemzcas (Dallas)
Gf'.‘ﬂ'm&l lr‘
Hdrommetra mittais Stal
Leptocori acuta (Thunhberg)
Leptocorssa oratorius (Fabniciund
Limmoporus fosssrum (Fabricius)
Lommogemus miudus (Mayr)
Lygerus himpes Fabriczus
Memids formoa (Watwood )
Mesovelus sp
Micronerta gradrmtripate Breddin
Momomyx sp

Nats sp. 1

Nabis sp. 2

Nrzara mindula (Linnaecus)
Nerus imsignis Saal
Pachybrachius pacsficus Stal
Pachybrachiug sobrinue (Distant)
Parsrucosmetus paliworns (Dallas)

Polytoxus sp. 1
Polytorus sp. 2

—

Polytoxus sp. 3

Pygomemda sp. 1
Pygomenida sp. 2
Pygemenida sp. 3

Rhinocoris sp.

Riptortus linearis (Fabricus)

Commaon name
Midge

Midge

Midge
Chloropid fly
Stalk.eyed borer
Humphacked Ny
Whor! magot
Whorl mapgo
Whaor] maggot
Whorl maggm
Fphydnd fly
Ephydrud Ay
Call mudge
Tachunid fly
Pipanculd Hy
Pipunculadl ily
Pipanculad Ny
Pature-waingeid fiy
Ephydnd fly
Crane [y
Pipanculid fiy

ANavily

Burronwer bug
Sunk bug
ad b AW ITITHT
Corend bug
Aind bug
Rl bug
St brug
Burmreer bug
Burmmower bug
Marah treader
Rice stink bug
Rice stink bug
Water stnder
Water stnder
Lypaeid bug
Sank bug
Water treader
Water boatman
Toad bug
Damascl bug
Damsel bug
Green stink bug
Lygoaeid bug
Lygacud tug
Lygacd bug
Lygaeid bug,
Assassin bug
Assassin bug
Asaassin bug
Stunk bug
Stink bug
Stink bug
Assassin bug
Squash bug,

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 1049 -1060

Total no. No. Walbachia Accession
tested positive strain no.
12 0
10 0
4 0
15 AQ)y - —
R A wApI AT4B1162
] 0
7 At wHyd AF481163
9 0
12 0
3 0
2 0
5 0
38 B8 wOry AF481164
2 0
4 0
1 0
10 4]
7 0
1 0
17 Bt wAIn AF481165
1 B(1® whlyr AF481166
1 0
B 0
1 0
16 0
1 0
221 B(51)t wliv AF481167
1 0
6 0
H 0
1 0
4 v
1 0
49 0
3 0
2 0
2 0
2 0
2 Q
8 a
1 0
3 0
prs 0
3 Q0
1 TOH - -
1 0
1 0
B A By - -
5 ¢]
2 0
10 Q
1 0
1 0
4 0
1 0
2 0
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Table 1 Continued

Order and spiraes
i Reptortus padestris (Fabnious)
Sabdula sp.

Scotmicphara coarctata (Fabnous)

Seetimoplura rrermioep= (Breddind
Scotinophars o Horvath
Soutellrra modslin Fabincius
Tetrads kisteroades Fabricius
Tetreada tramipersalis Westwood
Tytthua chirnemszs Sal

Homoptera
Balcluthe sp
Crcaduliu bpunctata (WMelichar)
Cofeny spwetra (Dhatant)
Cotana unimaculats Sugnaoret!
Empoesmngra alami (Ahmed)
Exttssmus sp
Hecalus sp
Hutorencure setarse (Thomas)
Laodeiptaay atrwteilss (Fallen)
Macrouteles strifroms Anulniev
Nephofettor mulnaemus Ishihars & Kawawe
Nephotettex rrgropsctus (Stal
Nephotetton teresorm (Thstant)

Milspurrwta badem (Muir)
Nibpwrrota fugpens (Seal)

Niws merposa (NMotachulshy)
Qlurss sp

Poophalus contalon Walker
Pyrils perpusila (Walkers
Recla dorsal (Motschulaby)

Sopateils furcifrra (Hovath)
Skerellus sp

Tagosoddes proiarras (Dhstant)
Thaw oryzora Ghaun

Hymenoptera

Amguremoiu sp

Brackymera excarinata Gahan
Brackymena losus (Walker)
Brachymers megasmila Camaron
Campenotus sp.

Campaomerss sp

Chareps bractypterum (Cameron)
Charops sp

Copdosomopnn namolear {Eady)
Cotesw angustidars (Gahan)
Cotesar cypreis Nixon

Cotesa flatnpes Cameryon
Diacamma sp

Elasmus philippinensis Ashonead
Gambrus sp.

Goninzus n. trangulifer Kaeffer
Coniozus sp.

Macrocentrus philippmensis Ashmead
Macrocentrus sp

Common name

Squash bug,
Shore bug,

Black bug

Black bug
Black bug
Shucld-backed bug
Stink bug
Suank bug
AMind bug

Leafopyper
Leafbojpeer
Leathopper
Leathopper
Leafhopyer
Planthopper
Lealhoppet
Aphid
Planthapper
l..raﬂ'.l'i"ivr
Green leafhopper
Green lealwrgger
Green leafthopper

Brown planthopper
Rrown planthopper
Manthopper
IManthopper
Leathopper
Manthogper
Lig-rag leafhopper

White backed phanthopyer

Green leathopyp=r
Leathopper

Crange beaded leafhopper

Parasatic wasp
Chalowhid wasp
Chaladisd wasp
Chaladd wasp
Ant

Paramtic wasp
Parasitic wasp
Parasitic wasp
Parasitic wasp
Parasitic wasp
Parasitic wasp
Parasitc wasp
Ant

Parasitic wasp
Paraxitic wasp
Parasitic wasp
Parasitic wasp
Parasitic wasp
Parasitic wasp

Total no.
tested

—
W O5 et e —a s

el =l

ot
LR R

=S
RO O b D

[
L

o= un

—
=

27
a3

1
15

da A A B RS e G L) e e et ome B e U e 0 e s

No. Wolbachio Accession

positive strain no.

0

0

A, B (5t wCoaR AF481168
wCoaA ATF481169
wCoaC AF481170

0 0

0 0

0 0

i} 1]

0 0

Bt whi AF481171

B (MOt wBal AF481172

0 —-

Bt wShpe AF481173

0

BOn wAla AF481174

0

0

0

B(l)t wSin AF481175

V]

Bt wMal AF481176

B (3t whNig AF481177

n(3A5)t wiVul? AF481178
wVir AF481179

B (A1t whak AF481180

B (39)4 wlug AF181181

B (73t wiNer AF481182

0

1]

0]

A, D&t wRech AF481183
wRecC AT481184

B (w0t wFur AF48118%

? 23 - -

0

0

0

AN wEac AF481186

0

0

0

0

0

0

0

Q

244 - -

A1)t wFla AF481187

0

o

0

0

B (1)t wGon AF481188

At wMph AF481189

0

© 2003 Blackwell Publishing Ltd, Molecular Ecology. 12, 1049-1060
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der and species
Neanestafus sp.
Cecopirylls sraregding Fabricus
Ot 0.
\Plafypester oryzac Cameron
Podyrachs sp
Polyrachzs sp.
Polynackss sp
! Pedyraches sp
Prosevena sp
Fopulatu cwathiformis (Fabniaus)
Fopalda sp

i P2 -

Sy 1p
| Telemeorrus rowwnt (Gahan)

|
i

|

Tomducha philippenenes [Ashomead |
Tomrlucha stargls (Ashmcad)
| Tetrmitchun schornodn Femicae

Trxchopramma sp
Trchogrammatouies sp

Y Trchormalognn spunickctoss (Crawiond)

Trickges=a crsplalocromaes Uchida

Tropedraces wohoescdn (Vierech)

Xamthopimpda Lol Canseron
ApiOptera

Chalo suprrrvsala (Walkor )

Crasphglocrocts medmaln (Cuenec)

Muargeera o

Melrnito sp

Mythamma sepuras (Walker)

Nymphuls depuncalo (Guenee)

Priopadas mathass (Fabncius)

Polysreme peilucids OMurray)

Sarpoptape moertule (Walker)

Searmu inferems (Walker)
Mantodea
Hxrodula sp
Orthopeera
Acruds wallemrin Dhinh
Araxrph lomtprpenmn Servialle)
Ceracria fasnuata (Brunmer)
Comocrphalus lomgrpesni (de Haan!
Esscyrtus comcmnus (Flaan)
Grylictalpa orimtals Burmeister
Heerogluphius bhamsan (Fabricius)
Metwche tattaticols (Seal)
Ory pponua jagerica (Thunberg)
Teleogryllus sp
Tettigidea sp
Thysanoptera
Stenchaetothrips biforms (Bagnall)

Sorlepborom madraspatarwn cempwcrilatam (Comta)

Common name
Eupelmid wasp
Ant

Parasitic wasp
Parasitic wasp
Anit

Ant

Ant

Ant

I'.Ih-ign \&'af‘p
Yellow okt
Yellow podaet
5[‘}‘-("nl \n'.\-]‘
Ant

Parasiutic wasp
Parasitic wasp
TFarasitic wasp
Parasific wasp
Parasitic wasp
Parasing wasp
IParasitic wasp
Parasitic wasp

Parasihe wasp
Parasitse wasp

Rice stem byorer

Rice affolder

Grass mudh
Green-hormed carerpatlar
Ear-cutting caterpillar
Crass maoth

Shipper

Shipper

Riwe yelline stern barer

IMink stemn borer
Proving mannd

Crasshopper
Ot
Crasshopper
Cramshopper
Crcket

Mole cncket
Crasshopper
th hﬂ
Grasshopper
Cricket
Pypmy grasshopper

Ruce thnps

Total no. No. Wolbachia Accession
tested posilive slrain no.
1 ¢
4 4]
13 B wDveP AF481190
2 0
1 0
1 714 - -
1 0
3 0
1 A1)t wlro AF481202
4 0
1 0
1 0
2 A(l)” - -
1 0
13 A4t wl’hi AF481196
1 0
2 Q
3 o
1 0
2 B (It wApa AF481191
15 B (2t wCnalM AF481192
wnaC AF481193
4 B(l)t wSch AF481194
7 0
1 0
R D {425t wiled AF481195
1 ALl — —
2 0
] 0
[ B - —
1 0
H 0
0 B2t winsO AFR51197
wlnsl” AF451198
4 ¢
] a
5 0
6 A4 wlon AFIB1199
1 Q
53 0
27 4]
1 0
1 Q
5 0
44 (8]
1 Al wTel AF481200
2 0
1 Q

*Wilbachia group described by A-B group specific pnmers {Zhou f al, 1998).

t Wolkachia group described by sequence typing.

tUnidentified Wolbachia group.

© 2003 Blackwell Publishing Ltd, Malccular Ecology, 12, 1049-1060
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D. melanogaster Fig. 1 Phylogenetic relationships of Wol-
:‘: T;:ﬂphaafism;mmh bachia strains found in insects of the rice
ey field community. The figure shows the

T. phillipinensis ©

\ MFW{;W“*" neighbour-joining tree based on wsp gene

1 B. excarinata s
" —————————— Ac. albopicrus A sequences. Bootstrap values (1000 replic-
T M. unirap : .
o0 o Hydreliz 59,1 4 ?t.es? for nodes are shown for both nEIg}}bou:
%0 WI‘MM sp.€ joining (above the branch) and maximum
& o =—T i;h;;s'z A A parsimony (below the branch) analyses.
) v D. simulans Riv Wolbachia strains are named according to
- _|., tor Diopsts sp. S, coarciatn ® theirinsect host and are represented in bold.

Superscript letters: a represents Wolbachia

. 20 D. simulans Haw
2 V00 E. cautella A R .
os T'“_"—rmu . strains from the hoRper fc.eedmg complex,
% Teleogrylius sp. © b represents Wolbachia strains from the leaf-

a7

= " G. austeni F-papatasi folder feeding complex, ¢ represents Wolbachia
strains from the yellow stem borer feeding
complex, d represents Wolbachia strains

.
5 L7e I H. ! <
[ 5. coarctata ©

98 ¢ L striafettus
iz 1§ i a :
.I:' Tﬁ;::){fsr:m from the whorl maggot fegdmg .complex,
T. craphalocrosis ® and e represents Wolbachiz strains from

ADL:Z?:M € rice-field insects with uncertain feeding
i b relationships.

R dorsalis &

C lividipennis 2

T. subvirescens ¥
T. chinensis ®

I3

LAl 58
31| a2

$. coarclaia ©
N. nervosa ®
82 N. malgyanus @
T. deion
84 1] E. alami @
T. gino ®
0. oryrae ® B
Cx quinguefasciarus
N. virescens ®
70 T. schoenobii ©
S. incertulas ©
C. medinatis ©
Opius sp. d
100 N. nigropicnus ¥
) we D simulans Noumea
@:;: Ae. atbopictus B

58/ 5
[}

N, virescens @

5 T. onzicolus
oz [e0 Le7 E cawella B
—~ 5. incertulas ©
79 Balclutha sp.®
1] 100 — M. lugens®
58 100 L— N bakeri ®
C. spectra®

=-——— 001 changes

and within the lepidopteran complex was each statistically
compared with the mean genetic distance among all pairs
that did not interact within a complex. The whorl maggot
complex had too few interactions (n = 1) for statistical ana-
lysis. For the hopper complex comparison, variances were
not homogeneous, so a t-test assuming unequal variances
(SPSS 1997) was used to analyse the data. Mean (+ SD)
genetic distance among interacting pairs of the hopper
complex (0.118 £ 0.091 nucleotide sequence differences)
was found to be significantly smaller than that of all
noninteracting pairs (0.162 +0.079 nucleotide sequence
differences) (f = 2.905, d.f. = 38.5, P = 0.006). For the
lepidopteran complex comparison, variances were homo-
geneous, so a i-test assuming equal variances (SP5S 1997)

A and B supergroups for both hosts and parasitoids. Iden-
tical wsp sequences were found in Temelucha philippinensis
and Macrocentrus philippinensis, although they parasitize
different hosts, i.e. S. incertulas and C. medinalis, respect-
ively. No relationship was found between the Wolbachia
strains in the whorl maggot, Hydrellia sp., and its parasi-
toid, Opius sp. (Fig. 1).

A total of 29 Wolbachia-infected insect species were
grouped into three feeding complexes based on their
known feeding relations (Fig. 2A): a hopper feeding com-
plex, a lepidopteran feeding complex based on the rice
leaffolder, C.medinalis, and the rice yellow stem borer,
S. incertulas, and a whorl maggot feeding complex. The

feeding relations of the remaining 20 infected species
(Fig. 2B) were too poorly known for the species to be was used. Mean genetic distance among interacting pairs

grouped. The mean wsp genetic distance among species within this complex (0.159 + 0.080 nucleotide sequence
pairs that interacted within the hopper feeding complex differences) was not significantly different to that among

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 1049-1060
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Specialist Predators/ Parasitoids

(A)

Laodelphax striatellus
Nilaparvata bakeri

Nilaparvata lugens
Nista nenosa

Sogatella furcifera

Leathoppers
Balclutha sp. ]
Cofana spectra
Empoascanara alami
Nephotettix malayanus
Nephotertix nigropictus
Nephotettix virescence
Recilia dorsalis
Stirellus sp.

| AE

>‘\

- feed on hopper eggs
Cyrtorhinus lividipennis
Tytthus chinensis

P 40 sitoid
-parasitis¢ hopper adults, nymphs

Tomosvaryella subvirescens

Cotesia cypris

Wasp parasitoids

Brachymeria excaninata

II: tj
Y -
Cnaphalocrosis medinalis Goniozus sp. —=i
Macrocenirus philippinensis

LTn'chomlopsis apanleloctena

Trichomma cnaphalocrosis

Tropobracon schoenobii

Wasp parasitods
Cotesia flavipes
Scu-pophaga tncertulas Temelicha philippinensis

insects for which feeding interactions were uncertain or unknown.

noninteracting pairs (0.16¢ £ 0.070 nucleotide sequence
differences) (t = -0.12, d.f. = 905, P = 0.991).

Discussion

Our field survey has indicated that 23.4% of tropical rice-
' field insect species are infected with Wolbachia, although
this percentage would undoubtedly increase if more sped-

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 1049-1060

H)fdrelha sp.l = { Opius sp.

Fig. 2 Wolbachiz-infected rice insects classified by their feeding relations. Insects were caught as adults. For many species, however, the
larval stape is the important feeding stage on rice. For such spedes, the larval stage is indicated. (A) Interactions between herbivores and
specialist predators and parasitoids. The arrow begins at the predator/parasitoid and ends at the prey/host. (B) Wolbachia-infected rice

mens were tested per species or different methods of DNA
extraction or PCR were used. Previous field surveys
(Werren et al. 1995a; Wenseleers ¢t al. 1998; Plantard et al.
1999; Kittayapong et al. 2000a,b; Werren & Windsor 2000)
detected Wolbachia in insects from 16.9%(Werren et al.
1995a) to 53.6% (Plantard et al. 1999) of spedes.

Among rice-field insects, the order Homoptera had
the highest proportion of species (54.2%) infected with
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Herbivores Generalist Predators Others-feeding relations on
rice unknown
B8)
Black bue

Scotinophora coarcrata

Ants

Solenopsis sp.

ly larva

Agromyza oryiae

Chiorops oryzae Polyrachis sp. 2
Chaphalocrocis medinalis

. Ground beetle
Orseolia oryzae -
Chlaenius sp. 2

Beetle larva

Dicladispa armigera Crickey

Flies

Chironomus sp. |
Diopsis apicalis
Tipula aino

Moths

Nymphula depunctalis

True bugs

Anaxipha longipennis

Moth larva

Marasmia sp.

Paddy-root weevil

Hydronomidius molitor

Cricket
Teleogryllus sp.

Fig. 2 Continued

Wolbachia. Although Wolbachia infection has been reported
before for natural populations of the two homopteran spe-
cies, Sogatella furcifera and Laodelphax striatellus (Noda ¢t al.
2001}, extensive surveys for these bacteria in popula-
tions of many homopteran species have not been reported
previously for this insect order. Werren et al. (1995a),
West et al. (1998} and Werren & Windsor (2000) tested two
(F. Cicadidae), four (F. Aphidae) and three (F. Aphidae,
F. Cicadellidae, F. Membracidae} homopteran species,
respectively, and none of them were positive. Using a long
PCR method, Jeyaprakash & Hoy (2000) detected Wolbachia
in three of seven homopteran species during a survey of
mainly laboratory colonies. Therefore, long PCR might
improve Wolbachia DNA amplification.

The next three orders, in order of species infection rates,
were Lepidoptera (40.0%), Hymenoptera (31.0%) and
Diptera (30.8%). These sarne three orders had the highest
species infection rates in the survey of Werrenet al. (1995a),
but only Hymenoptera and Orthoptera had species infec-
tion rates > 20% in the survey conducted by Werren &
Windsor (2000). Hymenoptera are also reported to have
high species infection rates in other published surveys.
Thus Wolbachia has been found in 62.5% of wasp species

Ninus insignis

Parageucosmetus pallicornis

Wasp
Prosevania sp.

inhabiting Diplolepis rosae galls (Schilthuizen & Stouthamer
1998}, 50% of Indo- Australian ant species (Wenseleers et al.
1998), 27 8% of leaf-miner parasitoids (West ef al. 1998} and
59.3% of Cymnipid gallwasps (Plantard e al. 1999).

The widespread distribution of Wolbachia in some
orders compared with others may be because species of
some orders are more favoured for Wolbachia horizontal
transmission and establishment of Wolbachin infections
within new species. A lack of concordance is commonly
observed between host and Wolbachia phylogenies, which
is explained most parsimoniously by extensive horizontal
transmission among species (e.g. O'Netll ef al. 1992; Werren
et al. 1995b; Zhou et al. 1998).

An ecological interaction between an infected and un-
infected species is considered necessary for horizontal trans-
mission to occur. A possible route for Wolbachia horizontal
transmission is through one insect becoming infected
when it feeds on another infected insect. In particular, the
relatedness of Wolbachia between parasitoids and their
hosts has been targeted in recent studies. Several phylo-
genies, in which closely related Wolbachia strains occur in
both the host and parasitoid species, have been published
(e.g. Werren et al. 1995b; Van Meer et al. 1999; Vavre et al.

© 2003 Blackwell Publishing Ltd, Molecular Ecolagy, 12, 1049-1060



1%99). In addition, a laboratory study (2 eath ef of 19993 has
recently demenstrated that YWolbadiia transter trom host o
~rasitoid 15 possibk‘, althouph the infection rate eventu-
.;U\' decreased to zero with subscquent penerations Based
on phylogeneti(‘ relations amony Welluclie stragns, vuar
results suggest several such host parasitond interactions
a the fce insect community throuyh wlhieh horsontal
mansmission may have occurred m the past or snll oceur
1. 2A). In addition, we tound o new possible route of
IWolhachia transfer bobween specialist predators re purnd
pugs, and their prev, e leat- and planthoppers, which
may be important for horizontal transmission between
predator and prey. This hyvpothesized route could beerther
way, Le. from prov to prodator or from predator to prev
Th!:lS, a mind bug could ;‘UH.\IN\' avanre AWaedbacin Iy
feeding on infected hopper eops Alternativelv prolang
< of hopper eggs by an anfected nurnd buy mapeht fead o
injection of Wolhuc/u-contanunated thod mtoan epy
Within the nice-field msedct commuomity 1t secins that
infected species tended to proup tegether such that feeding:
complexes” of Welluc o antected <peaies were apparent
Planthopper and leafhapper speaes vere all anterion
pected through the two purd spevies, Cyrtorinnes Lo
panis and Tytthus chenenises which teed on hopper ey
(Fig. 2A). A highly speaiahzed parasitod, the pipuncuelid
flv, Tomesvaruclly sudrirescens, s alao part of tHus hoppor
feeding comples by means of parasitizing feathoppers o
the genus, Neplhiefertin, wluch are amaong the rive hopper
assemblage infected wath Welbuckas brom our phvto-
genetic analysis, Wolkacina strams tound i the hoppers,
Reclia dorsalis, Nephotettin mulavniie ond Nisne nerios,
their ege prt‘damrs, Curterhorus bowinpen and Tuttne
chinensis, and the Nephotettan parasitond Joniescaruetla
subpirescens. are all in the same Woliacbie clade dbye D
Furthermore, the average goenctic distance Petween imter:
scting pairs in this feedung compleyseas sipnitcantiy smaller
than for nontnh:rad’mg pairs, which suppests st Wl
bachia horizontal transfer among members of Uis comples
Another feeding ‘campley’ g centred on two lepid-
Opteran larval pests of rice, i ¢. larvac of the feattalder,
Craphalocrocis medinalis, and the nee vellow stem borer,
Sarpophaga incertulas (Fig 2A) Lamac of cadh species are
parasitized by several Wolluchaantedted parasitond <pe
des, thus indicating possible routes of honzontal Wellchi
transfer. The leaffolder and the stem horer were both
infected with Wolbachia from the same ¢lade, as was the
parasitoid, Tropobracon schoenobn, swhich parasitizes larvac
of the rice yellow stem borer However, none of the other
infected parasitoid species were infected by Wolbachia
of this clade. Another parasitoid specics, Trichomuiopsis
apanteloctena, parasitizes not only leatfolder larvae, but also
larvae of another parasitoid species, Grmozus sp., which
In turn parasitizes leaffolder larvac. The two parasitoid
species have Wolbachia strains of the same clade. However,

© 2003 Blackwell Publishing Ltd, Molecuiar Lootogy, 12, 1049 - 1060
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statistical support for this feeding complex being import-
ant for Welbaclia horizontal transfer was not found.

Althouph these results point to potential Wolbachia
horrzontal lransmission routes, they can, however, only
be regarded as speculative for at leasl three reasons, First,
the insect samples were collected from not just one rice
ticld but from 29 rice ficlds throughout Thailand and, so,
indevted species may not be directly linked in one area. Sec-
ond, muny insedt species would not have becn sampled
usmy, aur methods and, so, key feeding interactions that
may be important for horizontal transmission have prob-
ably been overlooked. Foresample, there 1s good evidence
that the stresipteran endoparasite, Flennchus japonicus, may
mediate Walbuclua transfer between two of the rice plan-
thopperssampled in Uus study, [ sthiatellus and S furcifera
(Noda et wl 20010, bat our sampling methods never picked
up this parasite. Third, cven though rice-held insect com-
munities have been much studied, there are probahly still
many species whose exact feeding relations are unknown.
Forevample woe recorded seven Wolbachia-infected species
whese leeding relations m tropical rice fields have not been
determined Anunderstanding of these species place in the
nee tood web may aghbght other potential horizontal
ransmis=s1on roules,

We have dassaitied anteractions amonz Wolbachia-
mtected species from the rice-ficld insect community into
two major feeding compleves When relationships among
Wollbucina strains were compared, we tound that some
stramns were closely related within each feeding complex.
The teedimg anteractions of the specics having closelv
related Wolhaclia strains may therefore be of potential
importance to Wolbace honzontal transmission. Of par-
ticular interest is the hopper feeding complex in which
Wollueiua sequences in three hopper species occurred in the
samu clade as their mind predators as well as a Nephotettix
leathopper parasitoid However, many insect species with
Wolladhia strams in the same clade were not ecologically
connedted by any known feeding interaction, thus high-
[phting the ditheulty in unravelling the evolutionary his-
tory of Wolluch relations with their hosts.
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COl sequences

Molecular phylogeny of tephritid fruit flies in the
Bactrocera tau complex using the mitochondrial

Wanwisa Jamnongluk, Visut Baimai, and Pattamaporn Kittayapong

Abstract: We compared sequences of the mitochondrial cytochrome oxidase I gene of eight species of the Bucrrocera
tau complex using Bactrocera dorsalls, Buctrocera pyrifolice, Ceratitiy capitata, Anopheles gambiue, and Locusia
migratorie as outgroups. A 639-bp variable region was sequenced. The seguence divergence between species in the

' B. tou complex ranged from 0.06 to 28%, and up w0 29% between the complex and its tephritid outgroups, B. dorsalis
and C. capitata. According to the phylogenetic relationships, these members of the B. taux complex could be classified
into four clades. Thus, species A and D form clades 1 and 3, respectively, while species C and 1 belong to clade 4.
However, species B, E, and F form a distinct group, clade 2, and infested the fruits of non-cucurbit hosts. Host-plant
shifts resulting in adaptive radiation and premating isolation among species might play an important role in species

differentiation of the B. rau complex.

Key words: Bactrocera, cylochraome oxidase I, species complex, mitochondrial DNA, phylogeny.

Résumé : Les auteurs ont comparé les séquences du géne codant pour la cytochrome oxydase I mitockondriale chez
huit espéces du complexe Bactrocera 1gu, en utilisant Bactrocera dorsalis, Buctrocera pyrifolive, Ceratiris capilata,
Anopheles gambive et Locusta migratoria comme groupes externes. Une région variable de 639 bp a €€ séquencée. La
divergence nucléotidique au sein des espéces du complexe B. zau variait entre 0,06 et 28 % ; elle atteignait jusgu’a

29 % entre le complexe et les tephrétidés B. dorsalis et C: capitata, utilisées comme groupe externe. Selon les rela-
tions phylogénétiques, les membres du complexe B. 7ar forment guaue clades. Les espéces A et C forment les clades 1
et 3, respectivement, tandis que les espéces C et | appartiennent au clade 4. Cependant, les espéces B, E et F forment
un groupe distinet, le clade 2. Des changements dans les espéces hdtes auraient résulté en une radiation adaptative et
un isolement précédant la reproduction pourraient jouer un réle important au njveau de la différenciation des especes

at sein du complexe B. rau.
Mors cléx :

[Traduit par la Rédaction]

Introduction

The fruit flies of the family Tephritidae are one of the
most diverse families comprising some 4000 species distrib-
uted throughout the world. Some of these fruit flies are im-
portant agricultural pests (Foote et al. 1993). In Thailand
and other Southeast Asian countries, fruit {lies of the genus
Bactrocera (Tribe Dacinae, Family Tephritidae), particularly
" the Bactrocera dorsalis species of the subgenus Bactrocera,
are known to be ope of the major pests of tropical fruits
(Drew and Romig 1997). Hence, this genus of tephritid fruit
flies is an excellent candidate for study of species diversity
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and evolutionary processes. Recently, it has been demon-
strated that the taxon Bactrocera dorsalis s.]. is a species
complex comprising at least 40 species (Drew 1989; Baimai
et al. 1995, 1999, 19995, 2000a). Moreover, Bactrocera
tau s.1. of the subgenus Zeugodacus is another taxon consid-
ered to consist of closely related species or sibling species
(Drew and Romig 1997). These fruit flies have a strong
preference for attacking plamts in the Cucurbitacae family,
e.g.., cucumber, luffa, and young melon fruit, throughout
Thailand (Tigvattananont 1986; Meksongsee et al. 1991) and
other regions in the Far East (White and Elson-Harris 1992},

Although B. rau is a major cucurbit pest, little work has
been done on the genetic relationships among members of
this species complex. Morphologically, members of the
8. tau complex show differences in the three yellow stripes
on the thorax and the size and shape of dark bands on the
dorsal abdomen (S. Tigvattapanont, Department of Plant
Production Technology, Faculty of Agricultural Technology,
King Mongkut's University of Techonology, Bangkol, Thai-
iand, personal communication). However, some species of
the B. raqu complex could not be easily distinguished mor-
phologically. Recently, mitotic karyotype and electrophore-
sis analyses of the B. 1au complex have been demonstrated

© 2003 NRC Canada
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Table 1. List of eight species of the Buctracere tuu complex used in this stady.

Species Host plant species (Family) Locaton™ Accession No.
A Cucurbita moschata (Cucurbitaceac) KB AF400067
B Siphonodosu celasinnens (Celastraceae) KEH AF400068
, C Maomurrdica cochinchinensis (Cucurbitaceae) KB AF400069
D Trichoyanthes 1ricuspidata (Cucurbitaceae ) RN AF400070
E Strvohnos thorelil (Strychnaceae) KB AF400071
F Hydnocarpus anthelminthicur (Flacouriaceae) RN AF400072
G Hydnocarpux anthelminthicus (Flacourtaceac) KB AYI151138
1 Trichosunthes tricuspiduta (Cucurbllaccae) 50 AF400073

"Abbrevialed name of locations where frwt flicy have been collected” KB, Kanchanaburi Province
{western Thaslundr, KN, Rinong Province (southern Thaland), and SO. Songkhls Province (southern

Thaland)

10 be useful tools for separavon ef these ¢losely related spe-
cles, although the methods are some what tedious and Ume
consuming (Saelee 1999 Baimai et al. 20005).

In this study, we used the vanabie region of the mitochon:
drial cytochrome oxidase subunu [ (COIy gene 1@ obtan
better estumates of divergence for cach species among the
eight members of the B. rauw complex. The phylegenetic rela-
tooships among these species and betwcen the outgroups
were determined.

Materials and methods

Insect samples

Tephriud fruit fly larvae were collected from fruits and
flowers in different parts of Thailand. Dutalls of specimen
collections and storage procedures are given in Kittavapong
et al. (2000). The identification of collected tephritid fruit
flies was done by S. Tigvattananon! based on the band pat-
tern of the adult's dorsal thorax and abdomen. the size and
shape of their ovipositors, and thc flics’ preferred host
planis. The voucher specimens of each species were kept by
S. Tigvattananont at the Department of Plant Production
Technology, Faculty of Agricultural Technology, King
Mongkut’s University of Techonology. Bangkok. Thailand.
A single fruit fly of each species was randomly sampled.
Species and sample Jocalities for sequenced specimens are
listed in Table 1.

DNA extraction

Total DNA was extracted fromm the ovaries or testes of in-
dividual fruit fly adults using the c¢rude boiling methods
(O’Neill et al. 1992). The ovaries or testes were homaoge-
nized with a sterilized pestle in a 1.5-ml. microcentrifuge
tube filied with 100 ul. of STE buffer (100 mM NaCl,
10 mM Tris-HC1 (pH 8.0), 1 mM EDTA (pH 8.0)}. The
homogenate was heated at 95°C for 10 min before being
centrifuged at 14 000 rpm for | min at room lemperature.
Two microlitres of supernatant was used as the DNA tem-
plate for the polymerase chain reaction (PCR).

PCR amplification and sequencing

A 639-bp-long COI fragment was polymerized by using
the sease primer UEA 7 and the antisense pnimer UEA 10,
both of which were developed by Lunt et al. (1996).
PCR amplification was done in 20-ul reaction volumes:
12.5 uL ddH2Q, 2 pl. 10x PCR buffer (Promega, Madison,

Wis.), 2 L. of 25 mM MgCl,, 0.5 uL dNTP (10 mM each),
0.5 pL of 20 uM forward and reverse prmers, and 1 U Tag
DNA polymerase (Promega). PCR amplificaticn was done
with initial denaturation at 94°C for 3 min, followed by
335 cycles of 94°C for 1 mun, 50°C for I min, and 72°C for
1 min, and final extension step at 72°C for 30 mun. Ten
microlitres of PCR product was run on a 1% w/v agarose gel
to determune the presence and size of amplified DNA.

One microliter of the PCR product was directly ligated
into a pGEM-T vector (Promega) in a 10-uL reaction by in-
cubaticn at 4°C for twe nights. Plasmids were isrlated using
the Qiaprep plasmid miniprep kit (Qiagen, Vaiencia, Calif.)
and sequenced on an ABI Prism automated sequencer
{Appilied Biosystems, Foster City, Calif.). At least three in-
dependent clones were sequenced from each tephritid fruit
fly specimen. Both strands of the plasmids were sequenced
using T7 and SP6 prumers. Consensus sequences of COI
fragments from each fruit fly specimen were constructed and
used for later analvses. Sequences of all eight tephrnd frat
fly species have been deposited in GenBank under accession
Noas. AF400067-AF400073 and AY]151138.

Data analysis

The alignment was done manually: however, there were
no gaps in any of the analyzed sequences. Using MEGA
software version 2.0 (Kumar et al. 2001), oucleotide and
amino acid sequence differences among the eight tephriud
spceies of the B. tau complex were calculated. The Kimura
two-parameler distance method (Kimura 1980) was used to
calculate oucleotide sequence differences and the p distance
method was used 1o calculatle amino acid sequence differ-
ences. The overall transition—transversion ratio was calcu-
lated bv the general time reversible method (Yang 1994)
chosen by the Modeltest program (Posada and Crandall
199%). A syponymous substitution rate was determined by
the MEGA program version 2.0 (Kumar et al. 2001), which
employed Nei and Gojobori calculation methods (Nei and
Gojoborni 1986).

Maximum parsimony, maximum likelihood, and neighbor-
joining methods were used 1n phylogeny recogstruction
using PAUP version 4.0 b2 (Swofford 1999). Bactrocera
dorsalis (Jamoongluk 2001), B. pyrifoliae (Jamnongluk
2001}, C. capitata (Spanos et al. 2000), An. gambiae (Beard
et al. 1993), and L. migratoria (IFlook et al. 1995) were used
as outgroups in all apalyses. A maximum parsimony analy-
sis was performed using a heuristic search procedure with
1000 bootstrap replications. Characters were weighted

© 2003 NRC Canada
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Table 2. Proporuen of substitutions represented by transition—transversion ratio (above diagonal} and nucleo-

; Ude sequence differences (below diagonal) of the cytochrome oxidase 1 gene of the tephriud fruir flies
Bactrocera spp. and Ceratins capitata using the Kimura two-parameter distance method.

Species ! 2 3 4 5 6 7 8 9 10 11
) (1} B rou sp. A 4704 5119 5033 6335 4772 1685 4208 1790 . 2353 1.142
(MY B musp B 0136 4.68 S980 4168 3.053 2727 6414 2003 23871 1223
(N B rauw sp. D204 0167 4410 4656 4776 2.825 9483 2558 3.659 1.625
(4B tawsp. D 0122 066 0180 5212 5448 1637 4313 2085 2282 1169
(5) B. 1w sp. © G135 0084 0178 (4137 4167 2540 5585 1796 2.40] 1.571
(&) B ruwsp. F 0148 0006 0181 0166 (0.068 2847 6526 2002 2861 1.222
(MY B tauwsp. &G 016t 0162 0225 0161 162 0176 2408 1.154 1425 (.885
(8) B 1uu sp 1 0205 0262 0193 0209 0216 0281 0.258 1.794 2174 1.479
(N B. dorsalis 0211 227 0243 0189 (233 0235 0247 (0.226 G138 1.255
(A0) B. pynfolice 0245 0283 0285 0193 0275 0212 0278 0212 0051 1.337
(11 C. cupitatu (205 (23] O2R¢ 0223 0239 0239 0290 0311 0.220 0240

equally. For maximum lLikelthood analvsis, we used step
wise addition using a general me reversihle model chosen
by the above calculauon with consideration of ganumu
distributed rate across sites. Bootstrap analvsis was done
with 100 replications. In the neighbor-joining analysis, a
phylogenetic tree was produced based on the above calcu-
lated Kimura two-parameter distance method with gamma
correcion. Bootstrap analysis was performed with 1000
replications.

Results and discussion

We observed 145 svoonyvimous and 25 pon-synonvimous
substitutions totaling 180 sites scattered across the entire
639-bp downstream region of COI among the § species of
the B. tau complex. The average Tansition-transversion ratio
was 4.4590 (range from 1.631-9.483, Table 2). Except for
B. rau sp. G, strong transition bias was alse found. High
wransition bias was found among 5. rau spp. C and 1. These
two tephriid species were morphologically identical, but
were found in different host plant specics and feeding habi-
tats (Fig. 1). A strong transition biax for nucleotide substtu-
tions of mtDNA sequences hetween closely related taxa has
been repeatedly observed (Brown ¢t al. 1982; DeSalle ¢t al.
1987, Beckenbach et al. 1993; Beckenbach et al. (1993)
proposed that transitions are involved in scquence diver
gence among closely related specics because transinons at
silent sites reached saturation more quickly than deo silen
twansversions. The majority of transitions (72%) were
thymine—cytosine substitutions. The bias in A+ T content of
the 639-bp downstream segment of COI in the £, rau com-
plex was 65% (ranged from 63—68%); it is relatively similar
to the B. dorsalis complex (66%). However, it is Jower than
that of other outgroup species along the same segment
(69-71%). The biases were much stronger for third-base po-
sitions (80%) than for second- (61%) and first-base positons
(57%). An A+T bias has been found in most insect mIDNA
genes (Lunt et al. 1996; Han and McPheron 1997; Langor
and Sperling 1997) and it has been suppested that Tegions
with high A+T content might be useful for studying phyle-
penetic relationships among insect species in a species com-
plex (Lunt et al. 1996).

Using the Kimura two-parameter method, the mean
sequence divergence among the eight spacies of the B. tau
complex ranged from 06 to 28% and between the

Fig. 1. Map of Thaland showing the collection localites for
cach of the cight forims of the B, rau complex. The symbols rep-
resenung each locality are as follows: @, B rau sp A; BB jau
sp B: ¢, B tuu sp. G B, B tau sp. Dy, Boraw sp B Y,
B.oruw sp Fo ¢ B rew sp. G, and 0 B reu sp. [
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Gg. L AA) Maximum parsiinony tee hised an COL pene sequences showing the reiatonships briween cight membess of the

Jacirocera e commplex The tree was penerated by o hearisne
‘;ongps'mg branches with bootstrap values <500 Numibers above

ethod and was rooted a1 L migratoria (B) Same tree wopology afier
ansl below the branches are hootstrap values calculated by neighbor
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B. dorsalis and B. tau complenes it ranged from 19 e 29%
(Table 2). Therefore, the saturation of nucleonde seguence
might occur, Interspecific sequence diverpences for the
B. 1au complex are mmuch higher than for ather insects stud-
ied thus far (reviewed in langor and Sperling 1997 High
sequence divergence in the £ tau complex is in accordance
with the results of gel clectrophoresis based on 12 loci
(Saelee 1999). Moreover, the gel electrophoresis data sug-
gested a low gene flow value (N < 1) among members af
the B. tau complex.

Previous studies on the phylogenctic relationships among
Tephritidae using the 165 tRNA gene showed no significant

£ aoralts comples

- B pvidahae

O ocapiala
== An gambat

Lomugalca -2 Qulgroup

staustcal support in the higher c¢lassification (Han and
McPheron 1997)  Based on studies of 1nsect miDNA,
Brower t1994) sugpested that the motlecular clock could be
calibrated 10 2.3% pwirwise sequence divergence per million
vears. Using this value. the £ rau complex cculd have
arisen sone 5 million vears age. wihich is apparently older
than ather species complexes that have been snidied (Langor
and Sperhing 1997). Using the same ratio, the possible time
that the A. rau complex diverged from the closely related
tephritid species, B, dorsalis complex, and the divergence
time between Bartrocera and their sister tephritid species,
C. capitata, could also be estimated. The £ rau complex
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2 g X (A Maximum- Likelthood tree hared an CO! gene sequeaces showing the relationships among eight members of the Bactrocera
<a complex. The uec was genaerated by the step-wise addivon method uting a general ime revenible model with consideration of
azma-distributed rale beterogencity across sies (~Iol = 3721213, gamna shape parameter = 0.3482). Trees were rooted
1 L migratoria. (B) Same tree wpslopy afler collapsing branches with bootstmp values <50. Bootsuap values were calculated by
caveman Lkelihood (100 replhicates) Twa Bactrocera dorsalis complex species (8. donalis, AY033507; B. pyrifolice, AY053514;
Im;lui 2001\ Ceraning capitats (AJIA2E72; Spanas ct al. 20000, Anapheles pambiar (L20934; Beard o al. 1993), and Locusa

=pratoria (XBEI245; Flook et al. 1995) ware uted ax aatgroups.

(A
V0

I - B otawsp O

might have diverped from the B. diergalis complex approxi-
mately 10,6 milboo years ago. The phylopenctc uee
showed that B. tau and 8. dorsalis shared a commen ances-
tor and might have diverged from C. capuara apptuximately
&7 000 years ago. On the other hand, the mtDNA genome of
the 8. tsu complex could have evolved at a mmuch faster rale
than for other insects. Rapid adaptive radiation of tephntd
fruit flies has been propored by Han and McPheron (1997).
Mareover, selective forces like genetic drift might also be
iovolved in the evolutionary divergeace of the fruit fly spe-
cics in the B. rau complex

Phylogenetic wees of the B. rau complex gencrated by
maximum likelihood, maximum parsimony, and neighbor-
Joining analyses showed similar tee topologics. Qur data
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showed that all cight specics of the 8. rau complex formed a
monophyletic grouping with support of at least 70% of 1000
bootstrap replicates, 75% of 1000 bootstrap replicates, and
75% of 100 bootstuzp replicates when calculated using the
distance and (or) ncighbor-jowning, maximum parsimony,
and maximum likelihood methods, respectively, (Figs. 2 and
3). Phylogenctic relationships among the eight species of the
B. rau complex clearly exhibited four clades (Figs. 2 and 3).
Thus clades | and 3 containing species A and D, respec-
uvely, form somewha! remote groups among the cight
specics of the complex. These results are similar to the pre-
viously reported cytological data and are identical to the
phylogenctic tree calculated from allozyme data of the
8. tau species complex (Baumai et al. 200086; Saclee 1999).
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Abstract

Fruit fhies of the genus Bacrrocera {Diptera: Tephritidae) are one of the major economically important insects
in Asia and Australia. Little aitention has been given to analyses of molecular phylogenetic relationships among
Bactrocera subgenera. By using mitochondrial cytochrome oxidase 1 gene (COl) sequences, the phylogenetic
relationships among four subgenera, Asiadacus, Bactrocera, Hemigymnodacus, and Zeugodacus, were investi-
pated. Nucleotide diversity within subgenera ranged from 11.7 10 12.4%, and the net divergence among subgenera
ranged from 11.2 to 15.7%. Phylogenetic trees calculated from both maximum parsimony and neighbor-joining
phylogenetic analysis methods were highly congruent in terms of tree topologies. Phylogenetic analysis of milo-
chondrial COI sequences suggests that tephritid fruit iy species, which atlack cucurbit plants, that is, Asiadacus,
Hemigymnodacus and Zeugodacus, were more closely related 1o each other than to fruit fly species of the subgenus-
Bactrocera, which attack plants of numerous families. Our data supports previous classification of Bactrocera
based on morphological characlers. However, the phylogenetic tree showed the polyphyletic of fruit flies in
subgenus Zeugodacus. Possible causes of speciation among fruit flies species in this genus was also discussed.

Introduction fruit Ries in the Bactrocera group infest more diverse

p correct and
this marked proof
wer Academic Publishers,

Tephritid fruit flies in the genus Bacrrocera (Diplera:
Tephritidae) are widespread in Asia and Austraha.
Several Bacirocera species are serious pests of fruits
and vegelables (Allwood et al, 1999). The genus
Bactrocera is highly diverse and is a large genus with
many species still to be described (Drew & Hancock,
2000). At least 28 Bactrocera subgenera have been de-
scribed and these are divided into four groups. namnely
Bacirocera, Melanodacus. Queenstandacus, and
Zeugodacus (Drew, 1989). In Southeast Asia, tephritid
fruit flies from the Bactrocera and Zengodacus groups
are dominant groups in terms of the number of species
(Allwood et al., 1999) and cause serious reductions in
yields and quality of fruits and vegetables in this re-
gion (Hardy, 1973). At teast 50% of ail known species
in the Zeugodacus group are cucurbil feeders whereas

artuurinn Nonarémant

Ihepoan e

host plants (Allwood et al., 1999). Therefore, host
plants might be one of the factors thal cause species
diversity in Baclrocera fruit flies.

Four subgenera of Bacirocera fruit flies from
two groups, namely the subgenus Bactrocera
from the Bactrocera group and the subgenera,
Asiadacus, Hemigymnodacus and Zeugodacus. from
the Zengodacus group were used in the study. These
taxa have been defined on the basis of morphological
characters and ecological data. However, genetic data
in relation to phylogenetic relationships among these
groups are poorly known. Preliminary work on mitotic
karyotypes of some species of the genus Bactiocera
was reported by Hunwattanaku} and Baimai (1994).
Recently, cytological and allozyme studies of the
Bacirocera dorsalis and the Bacrrocera tan complexes
have been conducted (Baimai et al.. 1995. 2000a.b:
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Baimai. Phinchongsakuldit & Trinacharivani. 19499:
Baimai. Sumrandee & Tigvanananont. 1999, Suelec.
1999}.

Mitochondrial DNA has become the commaon mo-
lecular marker in phylogenetic analysis and population
senetic studies in anipals {Boyce. Zwick & Aquadrao.
1994, Langor & Sperhing. 1997). The advantage of
using mitochondrial genes in evolutionary study is
that mutations that create new haplolypes are rare.
Therefore. two individuals that share the same haplo-
type are likely 10 have a common ancestor (Li, 1997).
Mitochondrial DNA has also been used in phylo-
genetic relationship among tephritid fruit fly species
but the relationship among higher 1axa could not be
resolved (Han & McPheron. 1997; Han. 2000). Re-
cently, by using 1.6kb sequences of mitochondnal
DNA., the more resolved phylogenetic relzationship
among higher laxa of genus Bacirocera has been
reported (Muraji & Nakahara, 2001).

In this study, we used shorter nucleotide sequence,
the 639 bp variable region of the mitochondrial cyto-
chrome oxidase 1 gene (COI) (Lunt et al., 1996)
for construction phylogenetic relationships among the
four subgenera of Bacirocera fruit flies. Thus, 1t could
reduce calculation ume for phylogenetic relationship
among higher taxa of the genus Bactrocera.

Materials and methods

Fruit fly collection and handling

Fruits and flowers infested with 1ephritid larvae were
collected from nine host plant species in different parts
of Thatiand (Table 1). The -larval specimens were
reared to adult in the laboratory at Mahidel Univer-
sity, Bangkok. The adulis were allowed to mature,
identified and then stored at —70°C until required for
molecular analysis.

Template prepararion and DNA manipiulation

Total DNA was exiracled from the ovaries or lesles
of individual adult flies using the STE boiling method
(O'Neili et al., 1992). The ovaries or lestes were Lthen
homogenized with a sierilized polypropylene pestie
ina 1.5 1 microcentrifuge tube fitled with 100l of
STE buffer (100mM NaCl, 10mM Tris—Cl pH 8.0,
I mM EDTA). The homogenate was heated wt 95°C
for 10min before being centrifuged at 14,.000rpm for
I min at room temperature.

~wvplumes:

Partial scquences of the mitochondrial COJ genc
was amphitied from all genomic DNA samples by
polymerase chain reaction (PCR) using the forward
primer (UEA7) and reverse primer (UEA 10) de-
veloped by Lunt et al. (1996).

PCR amplification was done 1n 201 reaction
12,511 dd H-O. 2t 10x PCR buffer
(Promega). 21l 25 mM MgCl>. 0.5 il dNTPs {10 mM
cach), 0.5 11 20 1M forward and reverse primers and
Junit of Tag DNA polymerase {Promega). Two mi-
croliters of supernatant were used as DNA template
for the PCR. Thermal cycling consisted of an miual
denaturation period of 3 min a1 94°C. followed by 35
cycles of 94°C for I min, 50°C for | minand 72°C for

_I'min and a2 final extension step a1t 72°C for 30 min.

Ten microhiters of each PCR product was run on a
1% agarose gel to determine the presence and size of
amphified DNA.

One microliter of the PCR product was directly
iigated into a pGEM-T vector (Promega) in a [0l
reaction and incubated at 4°C for two nights. Plasmids
were isolated using a Qiaprep Plasmid miniprep kit
(Qiagen) according 1o the manufacturer’srecommenda-
tuons. Three independent clones were sequenced from
individual tephritid fruit fly specimens. The sequenc-
ing of inserts in both directions was carried out on an
ABI 377 auvtomated sequencer of a commercial labo-
ratory (Bioservice Unit, NSTDA, Bangkok, Thailand)
using T7 and SP6 primers.

Dara analysis

A consensus sequence of COI fragments from one
specimen of each fruit fly species was constructed
by using the SeqMan program (DNAstar, Lasergene).
The sequences of the 13 species of Bactrocera have
been deposited 1n GenBank. Accession numbers are
listed in Table |.

In addition to mitochondrial COI gene sequences
of the 13 Bacrrocera species, COlsequencesof the
same region for Ceraritis capitata. Anopheles gani-
biae, and Locusta migraroria were used in the analysis
as oulgroups. The sequences were iniiaily aligned us-
ing the Crustal algorihm of the MegAlign program
{DNAstar, Lasergene) and then adjusied by eye.

Nucleotide and amino acid sequence differences
among the 13 species of Bacrrocera were cakculated
using MEGA software 2.1 (Kumar et al.,, 2001).
The overall transition—transversion ratio was calcu-
lated by the general time reversible method (Yang.
1994) chosen using the modeliest program (Posada &
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The data set was alse anaiy zed by masimum pars
mony method using PAUP. version 4 0 b2 (Swofford,
1999). The maximum parsimony lree was recon
structed by heunstic search procedure with TBR swap
ping and 100 maxtree opiians We first performed
unweighted parsimony search. only one most parsi-
monious (ree was oblained from the snalvsis Then we
performed character weighting using the REWEIGHT
command with an index = RC eption of PAUT® treat
tng the consensus tree of the unwerghted parsymony
analysix as the slarting tree Baotstrap support was
performed with 1000 replicalinns

Results and discussion
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sses The oncrddl mean sequence divergence amaong
the 18 species ol Bacrrocere was 13 0% Between
diffcrent subgencra. the highest nucleonde sequence
divergence  wus lound  between Bacrigecra  and
Asiadacns (15 7%y and the lowest between Henugyini-
nodacus and Zengodacus (11 25,

Among the 203% vanable sites Tound in thas study,
only 19 were non-synonymous substitutions while
[84 were svnonvmous substitutions The overall tran-
shion o ransversion ruho was 2.037. The nucleotide
sebsitubons were biased toward thymine—cylosine
transittons {62 593 From the analvses, parsimony
urmnformatine and infermative characters were 104
and 190, respectvely. Like other tnsects {(Langor &
Sperling, 1997, the COI genen Bacirocera was mosl
vanable 21 the third position 1in a codon and least
vatiable v the second position. In the subgenus Zengo-
dacus, only six non-synonymous substitubions out of a
1otal of 122 vanable sites were found, whereas 13 non-
synonymous subsihtutions from a total of 149 variable
sites were encounleredan the subgenus Bacrrocera,

The A 4 T content of the 639 bp downstream seg-
ment of COlan species of the genus Buctrocera was
shehily lenwer (63-68%) than those found in other in-
sects over the same segment, for example, 71% n
Lomegratore tFlook, Rowell & Gelhissen. 1995) 9%
i An gambuoe (Beard, Hamm & Collins, 1993) and
0% O capriaia (Spanos et al . 2000).

Arming aaids vaned at 18 locations across the 213
wnimo acid sequences of the downstream seament
of COI among the 13 Bactiacera species (Table 2
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Vanalien sites (S SHesY) were wilhin the
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A phylogenetic wree of the 13 tephnind fron iy
species representing four subgenera of Sacrrocesa wos
reconstrucied by both neighbor yomming method based
on Jukes—Cantor distances and maxsmum parsimicns
methed Tree topolegies caleulaied from beth meth
ods were 1dentical and revealed the exisience of 1w
disunct mitochondrial DNA lineages The
eage clade consisted of the subcenera Zevgodacus,
Hemigvmnedacus and Asiadacus This clade wall be
defined here as the Zengodacus group The second
lineage clade consisted of the subgenus Bacrrocere
Figure | shows weighted passimonious tree wiih tice
length: 244 9.Cl' 0 842, RI* 0 73¢, RC 0.020

The divergences of both nucleonde and aming aaid
sequences within the Bacrrocera group were higher
than those of the Zeugodacus group  The nucle
otide and amino auid sequence divercences within the
Bactrocera clude were 124 and 2 044 respecinely In
Zengodacus. the nucleonde and amino so1d wwquene
divergences were |1 7 and |.5%. respeciinely

From the phyiogenetic analyvses. 0w data supp
the morphological group classification. Bacriogera
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Anophelex gambiae (L2934 Beard. Hamm & Collins. 1993) and Locusta migraioria (X80245: Flook, Rowell & G_cl]isen. 1995) were used as

oulgroups.
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highly specific 10 both host plant and location. It was
found only in Siphonadon celustrinens fruit in the
southern part of Thailand. Although this insect has not
been deseribed as a new species. our data reveuled that
this species is a member of the subpenus Bactracera,

We have observed associations between plant spe-
cies und milochondgial haplotypes of the lephond
fruit Aies that infest their fruis and flowers. In the
Zeugodacis clade. B. cucurbitae and B. e werc
closely related with 100% bootstrap support and they
often share lhe same host plamt species. The find-
ings of a c¢lose refationship belween these two species
are supported by both cylological and allozyme dats
(Baimai et al., 1995; Saclee, 1999). Likewise, close
phylogenelic relationships of the two sibling species,
B. ascita sp. A and B. ascita sp. B, scem to be closely
associaled with host plant species. B. ascita sp. A has
been-found infesting several species of the host plan
family Cucurbilaceae, such as Lagenaria siceraria and
Luffa cylindrica, while B. ascita sp. B. infests only in
flowers of Trichosanthes tricuspidaia which is also in
the family Cucurbitaceae (Kittayapong el al.. 2000).
However, il is not known if these two fruit flies are
reproductively isolated.

Adaptation 1o host plants might accelerate spe-
ciation in Bactrocera. The classic example of ge-
netic change caused by host plant adaptation is that
of another tephritid species, the apple maggot fly,
Rhagoletis pomonella (Bush, 1969). It has been de-
termined that sympatric host races of Rhagoletis are
penetically differentialed (Feder, Chilcote & Bush,
1988; McPheren, Smith & Berlocher, 1988).

Reproductive isolaticn may sometimes be caused
by inherited elements that are not conventional genes
(Hurst & Pomiankowski, 1991). In this regard,
il is interesting 1o note thal one of these inher-
ited elements, namely the bacteria Wolbachia, has
been recently found in several Bacrrocera species
(Kittayapong et al., 2000). These bacteria are known
to cause hybrid inviability in many insect species.
Wolbachia bacteria occur at least in five orders of in-
sects (O'Neill et al., 1992, Werren, Zhang & Guo,
1995). Infection of a single population produces in-
viability in only one direction of a cross. but differ-
ent infections in geographically isolated populations
can cause partial or complete reproduciive isolation
(Hoffmann & Turelli, 1997).

Wolbachia, by causing reproductive isolalion
between populations, might be a possible speciation
agenlt or accelerate speciation rates among sibling spe-
cies of the tephritid fruit flies. For example, Wolbachia

inlcction has been reported in B, ascia sp. B whereas
no infection has been found in B ascila sp. A
(Kittayapong et al.. 2000). Simitarly. Wolbachia might
also be involved in the speciation process ol the
lwer sibling within the B. correcta complex. The
B. correcta sp. A {roit flies have been found infecied
with Wolbachia whereas no Wolhachia miection have
been found in its sibling species. B. correcia sp.
B. These two species have been Tound infesting the
same host plant in certain populations (V. Baimai.
unpubliished dala).

In the present siudy, only 13 species of leph-
ritid frunt flies genus Bactrocera were included in
the phylogenelic analyses. However, our resulls can
resolve the Bactrocera relationships at various taxo-

- nomic levels, which might be useful information for

further taxonomic classification of genus Bacirocera.
We also found associations between hosl plant spe-
cies and the tephritid flies that infest them. Tephrilid
fruit flies thal infested the same host plant species
and lived sympatrically were more closely related than
the ones that infested different host plants. There-
fore, our data suggests thal adaptation (o the environ-
mental conditions produced by the host planis might
play a role in speciation of 1ephritid fruit flies in the
genus Bactrocera. Moreover, infection of tephritid
flies by Wolbachia bacteria, which can cause eyto-
plasmic incompatibility, might accelerale speciation
rales among Bactrocera sibling species as evidenced
from the present study. It has been demonstrated that
studies on the population biology of tephritids have
contributed to a better understanding of speciation and
evolutionary processes (Bush, 1975; Feder, Chilcote
& Bush, 1988). Thus, the existence of sibling species
and closely related taxa of the Bactrocera in Thailand
and Southeast Asia warrants further molecular study
of this group of tephritid fruit flies in this region.
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ABSTRACT

Wolbachia are endosymbiotic bacteria that cause reproductive alterations in numerous arthropod
species. Using a PCR-based method, we found that, out of 33 odonate species, four species were infected
with Wolbachia. This finding represents the first record of Wolbachia infection in tropical odonates.
Identical wsp gene sequences were found in the Wolbachia-infected common odonate species, Agriocnemis
f. femina, collected from different locations in Thailand. The infection frequencies in several natural

populations suggest that replacement of uninfected populations by Wolbachia-infected ones has recently

occurred in this damselfly species.



Introduction

Wolbachia comprise a group of a-proteobacteria that infect reproductive tissues of numerous
arthropod species. Wolbachia are transmitted through the egg cytoplasm and are the cause of several types
of reproductive alterations in their arthropod hosts. Welbachia have been associated with post-zygotic
cytoplasmic incompatibility (Cl) in a wide range of insects [6, 20], parthenogenesis induction (PI) in wasps
[23], and feminization in an isopod [22].

By using polymerase chain reaction (PCR) amplification and sequencing of the bacterial 16S
rDNA genes [6, 20, 22, 23] and fisZ genes [28], it has been found that cytoplasmic incompatibility,
parthenogenesis and feminizing bacteria form a closely related group in Wolbachia phylogeny. Wolbachia
bacteria have been divided into two major groups (designated A and B groups) by fisZ gene sequence
dii.’ferences [28]. Both groups are widespread in insects, based upon synonymous substitution rates.
Bacterial 16S rDNA sequence divergence is estimate to be 1-2 % per 50 million years [17, 18].

Wolbachia have been found in over 500 arthropod species [16, 20, 23, 28-31]. Even though most

of these hosts are insects, Wolbachia have also been found in 88 crustaceans [3, 22, 30], 17 arachnids [5,
29, 30], 2 Chilopoda and 1 Diplopoda [30]. Among insects, Wolbachia have been found in all major
otders, including Coleoptera, Diptera, Hemiptera, Homoptera, Hymenoptera, Lepidoptera and Orthoptera
[29].

Odonates are common insects of paddy fields in Thailand. They usually have two or three
generations per year and their larval stage is found in stagnant water in and around rice fields [2]. They are
important predators of rice pests such as leafhoppers, planthoppers [8], and rice stem borers [17]. In
addition, [27] reported 7 species of Odonata larvae found in a paddy as predators of mosquito larvae.
Using a normal PCR method, three neotropical dragonflies were tested for Wolbachia infection; however,
none of them were found positive [29, 30]. Recently, the long PCR method has been used to improve the
detection of Wolbachia infection [15]. Based on the long PCR method, a single odonate species,
Perithemis tenera, has been found positive with Wolbachia. However, there has been no published report

of a systematic survey for Wolbachia in the order Odonata collected from a tropical region.



The purpose of our study is to investigate the presence and distribution of Wolbachia among the
tropical odonates collected from rice fields in Thailand using a polymerase chain reaction (PCR)
amplification of the Wolbachia wsp protein-coding gene. Relationships of Wolbachia strains found in

tropical odonates were also determined based on wsp nucleotide sequence data.

Materials and Methods
Specimen collection and handling

Adult odonates were collected using a simple sweep net from rice fields in 36 provinces
representing the four major regions of Thailand. Collections were carmied out duning the month of October
in 1998, 1999 and 2000. Live odonates were fixed at -78°C in a foam box filled with dry ice and
transported to the laboratory at Mahidol University in Bangkok for further analysis. Odonate specimens
were identified to species by using morphological keys [T, 7,9, 10, 11]. After identification, the specimens
were temporanly kept in a -20°C freezer until DNA was extracted.

DNA extraction and polymerase chain reaction

Individual insect specimens were dissected for ovaries or testes using a sterile technigue. The
DNA extraction method followed O'Neill et al. [20], insect gonads were ground in 100 pl of STE buffer
(100 mM NaCl; ImM EDTA, pH 8.0, 10mM Tris-HCI, pH 8.0). The homogenate was heated at 95°C for
10 minutes. One microliter of supermnatant was used in polymerase chain reactions.

Polymerase chain reactions were performed in 20 plreaction v olumes c ontaining 2 plof | 0X
buffer (Promega), 2 pl of 25 mM MgCl,, 0.5 ul of dNTPs (10mM each), 0.5 pl of forward and reverse wsp
primers [32] and 1 unit of Tag DNA polymerase. The thermal profile for DNA amplification was: 95°C for
1 min., 55°C for 1 min., and 72°C for | min. per cycle for a total of 35 cycles. [fthe samples were negative
with wsp primers, DNA was then amplified using a long PCR procedure with wspL primers following the
methods of Jeyaprakash and Hoy [15]. DNA samples that failed to amplify using both methods were then
amplified again using 128 DNA primer [20] to check for the quality of DNA extraction. Ten microliters of
each PCR product was run on a 1% agarose gel stained with ethidium bromide and visualized under a UV

transilluminator. DNA extracts of Wolbachia-infected Aedes albopictus were used as positive controls.



Cloning and sequencing

For cloning, RCR products were incubated for an additional time of 90 minutes at 72°C after 35
cycles of amplification. One microliter of PCR product was then directly ligated into a pGEM-T vector
(Promega) in a 10 pl reaction for 2 nights at 4°C. Three independent clones were sequenced for each of
three Welbachia strains in order to make sure that there was no polymerase error. Plasmids were purified
using a High Pure Plasmid Isolation Kit {Boerhinger Mannheim). Sequencing was carried out on an ABI
automated sequencer. Both strands of the plasmids were fully sequenced using T7 and SP6 primers.
Sequence alignment and phylogenetic analysis

Wolbachia DNA sequences from A. f. femina were aligned together with 22 previously published
Wolbachia strains [32] using a clustal algorithm followed by manual modifications based on the amino acid
translation of different genes. The third hypervariable region of the gene (position 519-559) [4] was
excluded because no accurate alignment could be made. Wolbachia wsp sequences from tropical odonates
are deposited under the accession numbers XXXX-XXXX (please add). The data set was analyzed by
maximum p arsimony, maximum likelihood and neighbor-joining methods using PAUP4.0b1 [24] and
Modeltest 2.0 [21]. For maximum parsimony analysis, heuristic searches were done, gaps were treated as
missing data and bootstrap analysis was done with 1,000 replications. For maximum likelihood analysis,
we performed step-wise addition using a general time reversible model with consideration of a gamma-
distributed rate of heterogeneity across sites. Bootstrap analysis was conducted with 100 replications. A
neighbor-joining tree was generated using a general time-reversible DNA/RNA distance approach and

bootstrap analysis was done with 1,000 replications. Trees were unrooted. Nucleotide substitution rates

were determined using Kimura two-parameter distances (K) in PAUP 4.0 bl [24].



Results and Discussion
\

A total of 427 odonate individuals from 19 genera and 33 species (17 species of Zygoptera and 16
species of Anisoptera)} were screened for Wolbachia by both regular and long PCR assay using Welbachia-
specific wsp gene primers. The infection status of each odonate species tested and the number of
individuals screened are listed in Table 1. Four odonate species, Agriocnemis f. femina, Pseudagrion
pruinosum (Zygoptera), Brachythemis contaminata, Neurothemis 1. tullia (Anisoptera), were found to be
infected with Wolbachia. The percentage of Wolbachia infection among species of the Order Odonata was
12.12 % (4/33) which is very low. Based on the data presented here, it appears that Wolbachia is not
widespread in the Odonate species that we tested. Only four odonate species, i.e., two zygopteran and two
anisopteran species, were found infected with Wolbachia. In the common odonate species, Agriocnemis f.
femina, a total of 69 individuals of this infected species were tested and six samples (8.7%) from three
provinces were found positive (Table 2). Infection rates were 100% (2/2) in Chaiyaphum, 25% (1/4) in
Nakomratsima and 21.4% (3/14) in Suphanburi. In the common odonate species, 4. f. femina, low infection
rate was also found. Only 8.7% of tested individuals were infected. However, when only infected
populations are considered, more than 20% of individuals were found infected. Of the other three infected

species, only a single individual from each species was infected with Wolbachia.

Low Wolbachia densities in insect individuals may have caused false negatives and have led to
low Wolbachia infection frequencies being recorded for Odonate species. A survey of Wolbachia using the
long PCR method indicated that 76% of 62 tested arthropod species were infected [15], which is
considerably higher than that previously reported using the standard PCR technique [28]. From our study,
long PCR method was found to be more sensitive for amplifying Wolbachia DNA in odonates and could
give positive amplification in insect samples originally found negative for Wolbachia using standard PCR.

A phylogenetic analysis of Wolbachia strains found in infected odonates with nine, including the
strain from the odonate, Perithemis tenera, and two previously published A group Wolbachia strains [15,
32] was conducted. All procedures used for phylogenetic reconstruction (maximum parsimony, maximum
likelihood and neighbor-joining methods) place all odonate Wolbachia strains in a monophyletic group

with those of B group Wolbachia with bootstrap values of 100 (from maximum likelihood and neighbor-



joining analysis). Figure 1 shows the phylogenetic tree obtained using the neighbor-joining method with
1,000 bootstrap replicates. The Wolbachia strains found in the four rice field odonate species were in the
Con and Pip subgroups. T he wsp gene sequences of 4. f. femina and B. c ontaminata were in the Pip
subgroup with 100% of sequences similar to those of Cx. quinquefasciatus while the wsp gene sequences of
N. t. tullia and P. pruinosum were identical and in the same subgroup as those of Perithemis tenera, i.e.,
Con, with bootstrap support of 97% for the maximum likelihood and 94% for the neighbor-joining analyses

(Figure 1).

The low Welbachia infection frequencies and identical wsp gene sequences in related odonate
species that are not closely related suggest that Wolbachia might have recently invaded rice field odonate
populations through some means of horizontal transmission. Several studies have shown that Wolbachia
may have transferred from a single host species to unrelated uninfected host species [12, 26, 29]. Identical
wsp gene sequences were found from all three positive populations of 4. f. femina collected from different
regions of Thailand. This finding supports the hypothesis that Wolbachia-infected damselflies spread into
uninfected populations. Further study should be done to investigate the rates at which Wolbachia-infected
damselflies could spread into uninfected populations. Because damselflies are one of the major predators
of rice pests, an understanding of the spreading mechanism of Wolbachia-infected damselfties might be

useful for future use of infected damselflies as a biological control agent of rice pests.
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Table 1. Results of PCR-screening for Wolbachia using specific wsp primers in Odonates sampled from
\

different regions of Thailand.

i

- e———

Taxon No. Standard Long PCR Infection
tested PCR status
Zygoptera
Aciagrion occidentale Laidlaw 2 - - -
Agriocnemis clauseni Fraser 1 - - -
Agriocnemis f. femina (Brauer) 69 6 6(B) 6 (B)
Agriocnemis minima Selys 5 - -
Agriocnemis nana (Laidlaw) 1 - - -
Agriocnemis pygmaea (Rambur) 235 - - -
Ceriagrion a. auranticum Fraser 3 - - -
Ceriagrion azureum (Selys) 3 - - -
Ceriagrion cerinorubellum (Brauer) 6 - - -
Ceriagrion indochinense Asahina 9 - - -
Ceriagrion o. olivaceum Laidlaw 2 - - -
Enallagma cyathigerum 3 - - -
(Charpentier)
Enallagma parvum Selys 4 - - -
Ischnura a. aurora (Brauer) 10 - - -
Ischnura senegalensis (Rambur) 2 - - -
Pseudagrion microcephalum 2 - - -
(Rambur)
Pseudagrion pruinosum (Burmeister) 3 - 1(B) 1 (B)
Anisoptera
Acisoma p. panorpoides Rambur 2 - - -
Aethriamanta aethra Ris 4 - - -
Brachydiplax c. chalybea Brauer 2 - - -
Brachythemis contaminata 4 - 1(B) 1 (B)
(Fabricius)
Crocothemis s. servilia (Drury) 7 - - -
Diplacodes nebulosa (Fabricius) 2 - - -
Diplacodes trivialis (Rambur) 14 - - -
Neurothemis fluctuans (Fabricius) 1 - - -
Neurothemis intermedia atalanta Ris 1 - - -
Neurothemis t. tullia (Drury) 16 - 1 (B) 1 (B)
Orthetrum s. sabina (Drury) 2 - - -
Pantala flavescens (Fabricius) 1 - - -
Rhyothemis p. phyllis (Sulzer) 2 - - -
Tholymis tillarga (Fabricius) 1 - - -
Trithemis aurora (Burmeister) 3 - - -
Urothemis s. signata (Rambur) 5 - - -
L " "———"""—"""""""—""—""—




Table 2. Infection rates of Wolbachia in different infected populations of 4. f. femina.

A

[ ————

e ———

Province (Region) No. tested No. PCR-positive Infection rate
North

Chiangmai 4 0 0
Phayao 2 0 0
Phrae 2 0 0
Northeast

Chaiyaphum 2 2 100%
Nakhonratchasima 4 1 25%
Roi-et 6 0 0
Surin 7 0 0
Ubonratchathani 3 0 0
Yasothon | 0 0
Central

Chainat 2 0 0
Pathumthani B 0 0
Suphanburi 14 3 21.4%
Scuth

Chumpheon 2 0 0
Nakhonsrithammarat 5 0 0
Pattani 5 0 0
Suratthani 2 0 0
Total 69 6 3.7

e  — ——— —— — ————  ——— ———————— —___—___________——



Figure 1. A phylogenetic tree of Wolbachia based on wsp gene sequences that includes Wolbachia strains
from odonates. The tree was generated using the neighbor-joining method. The tree was midpoint rooted.
Bootstrap values of 1,000 replicates are presented above the branch (bootstrap scores less than 50 are not

shown). Sequences a identified by the host species from which they were isolated.
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Abstract

The Bactrocera (Bactrocera) dorsalis complex consists of more than 50
species whose evolutionary relationships are poorly known. We analyzed 638§ coding
nucleotides downstream from the mitochondnal gene encoding subumit 1 of
cytochrome oxidase (COI) in ten spectes of the B. dorsalis complex and five
outgroups, B. (Zeugodacus) rau, Ceratitis capitata, Anopheles gambiae.
Compsomyiops callipes, and Locusta migratoria. Based on Kimura-2 parameter
method, sequence divergence between the fruit flies of this species complex ranged
from0.6to 16.2%. A sinotherinsects, A+T content and transition biasinthe 5.
dorsalis complex were high. However, amino acid sequence divergence within the
species complex was low. According to the phylogenetic relationships, these
members of the B. dorsalis complex could be classified into three clades. Except for
B. dorsalis sp. A, B. dorsalis sp. O and B. carambolae, the phylogenetic relationships
among fruit fly species in the B. dorsalis complex are concordance with mitotic
chromosome data. Possible causes of speciation among fruit flies species n this

species complex was also discussed.
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Introduction

The fruit flies of the genus Bactrocera belonging to the subfamily Dacinae
(Diptera: Tephritidae) are widely distributed in subtropical and tropical forests of
Southeast Asia, Australia, and the Pacific region. A total of 234 species have been
recognized and formally described in this genus (Hardy and Adachi, 1954, Hardy,
1973, Drew 1989, Drew and Hancock, 1994). Among the fruit flies of Southeast Asia
and Australia, the B. dorsalis group has received close attention because of its species
diversity, cryptic species problems and the economic importance of several member
species (White and Elson-Harris, 1992). Based on morphological and geographical
distributions, the B. dorsalis complex consists of at least 40 fruit flies species (Drew,
1989). Cytologically, Baimai and coworkers have described mitotic karyotypes of 27
species of the B. dorsalis complex (Baimai et al., 1995, 1999 a, b, 2000).

Mitochondnal DNA (mtDNA) has become the common molecular marker in
phylogenetic and population genetic studies in animals. The advantage of using
mitochondrial genes in evolutionary studies is that their DNA represents a lineage of
historical events that can reflect species differences since mitochondria are vertically
transmitted without recombination (Strickberger, 2000). In this regard, the region of
COI gene was a good candidate for constructing the phylogenetic relationships in
species complex or sibling species (Lunt et al., 1996).

The appearance and radiation of the angiosperms has been hypothesized to
accelerate the evolution of several herbivorous insect orders including Diptera (Strong
et al., 1984). From previous phylogenetic study of tephritid fruit flies, rapid evolution
of this fruit fly group was suggested (Han and McPheron, 1997). In the present study,
the mtDNA was used to determine the phylogenetic relationships of ten species of the

B. dorsalis complex using the variable region (638 bp) of the mitochondrial gene
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encoding subunit I of cytochrome oxidase (COI). The effect of host plant on the B.
dorsalis fruit fly species diversity has also been investigated.
Materials and methods

The specimens

The ten species of the B. dorsalis complex were collected from naturally
infested fruits from different parts of Thailand (Table 1). The larval specimens were
reared to adult in the laboratory at Mahidol University, Bangkok. The adults were
allowed to mature, identified and then stored at —70°C until required for molecular
analysis.

Template preparation and DNA manipulations

Total DNA was extracted from the ovaries or testes of individual adult flies
using the STE boiling method (O’Neill et al., 1992). The ovaries or testes were then
homogenized with a sterilized polypropylene pestle in a 1.5 pl microcentrifuge tube
filled with 100 pl of STE buffer (100 mM NaCl, 10 mM TrisCl pH 8.0, | mM
EDTA). The homogenate was heated at 95°C for 10 min before being centrifuged at
14,000 rpm for 1 min at room temperature.

Partial sequences of mitochondrial COI gene were amplified from all genomic
DNA samples by polymerase chain reaction using sense primer (UEA 7; 5’-TAC
AGT TGG AAT AGA CGT TGA TAC-3") and antisense primer (UEA 10; 5’-TCC
AAT GCA CTA ATC TGC CAT ATT A-3’) developed by Lunt et al. (1996). PCR
amplification was done in 20 pl reaction volumes: 12.5 ul dd H,O, 2 ul 10X PCR
buffer (Promega), 2 pl 25 mM MgCL,, 0.5 ul dNTPs (10 mM each), 0.5 u! 20 uM of
both primers and 1 units of Taq DNA polymerase (Promega). Thermal cycling used
an initial denaturation period of 3 min at 94 °C, followed by 35 cycles of 94 °C for 1

min., 50 °C for 1 min. and 72 °C for 1 min. and final extension step at 72 °C for 30
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min. Ten microliters of PCR product was run on a 1% agarose gel to determine the
presence and size of amplified DNA.

One microliter of the PCR product was directly ligated into pGEM-T vector
(Promega) in a 10 pl reaction and incubated at 4 °C for 2 nights. Plasmids were
isolated using Qiaprep Plasmid miniprep kit (Qiagen) according to the manufacturer’s
recommendation. At least three independent clones were sequenced from each
tephritid fruit fly specimens. The sequencing of inserts in both directions was carried
out using T7 and SP6 primers on an ABI 377 automated sequencer (Bioservice Unit,
NSTDA). Concensus sequences of COI fragments from each fruit fly specimens were
constructed and used for later analyses. The sequences for the ten species of the B.
dorsalis complex were deposited in GenBank. The accession numbers are listed in
Table 1.

Data analysis

The nucleotide sequence differences among ten species of the B. dorsalis
complex were calculated using MEGA software version 2.0 (Kumar et al., 2001).
Kimura-2-parameter distance methods (Kimura, 1980) were used to calculate
nucleotide sequence differences. The overall transition-transversion ratio was
calculated by general time reversible method (Yang, 1994) chosen by Modeltest
program (Posada and Crandall, 1998). Synonymous substitution rate was determined
by the MEGA program version 2.0 (Kumar et al., 2001), which employed Modified
Nei and Gojobori (Nei and Gojobori, 1986).

In addition to the ten species of the B. dorsalis complex, mitochondrial COI
gene sequence of the same region from B. tau s.s., Ceratitis capitata, Anopheles
gambiae, Compsomyiops callipes and Locusta migratoria were used in the analysis as

outgroups. The sequences were initially aligned using the clustal algorithm and then
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adjusted by eye. The data set was analyzed by maximum parsimony (Fitch, 1971),
neighbor-joining (Saitou and Nei, 1987) and maximum likelihood (Felsenstein, 1981)
using PAUP 4.0 bl (Swofford, 2000). The maximum parsimony trees were
reconstructed by heuristic search and bootstrap test was performed with 1,000
replicates. The characters were weighted equally. The neighbor-joining tree was
reconstructed by heuristic search using the Kimura-2-parameters model (Kimura,
1980) and bootstrap analyses were performed with 1,000 replicates. For maximum
likelihood tree, the initial tree searching and model fitting were calculated using
Modeltest 2.0 (Posada and Crandall, 1998). The estimated rates for six nucleotide
substitution types, nucleotide frequencies and the proportion of invariable sites were
used in the later analyses. Rates of substitution at variable sites were assumed to
follow a gamma distribution of four rate categories, with the average rate for each
category represented by the mean. The shape parameter of gamma distnibution was
set to 0.4396 from the previous calculation. The likelihood model is a general time-
reversible (Yang, 1994) with rate heterogeneity. Heuristic search was conducted with
step-wise addition method using the model parameters mentioned previously.
Bootstrap test was performed with 500 replicates.
Results

From 638 bp, downstream region of COI gene, the average nucleotide
divergence in the B. dorsalis complex ranged from 0.6% to 16.2%. Among 90
variable sites found in the B. dorsalis complex, 15 were Non-synonymous
substitutions and 75 were synonymous substitutions. Transition to transversion ratios
ranged frorr} 0 to 9.56. The majority (67.14 %) of transitions were thymine-cytosine

substitutions, while most of transversions were adenine-thymine (41.94 %) and
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adenine-cytosine (45.16 %). The third and second codon positions were biased
towards adenine and thymine (81.3 % and 80.3 %, respectively).

There was variation in amino acids at 15 locations across the 213 COI amino
acid sequences downstream (Table 2). From the total 15 locations of amino acid
variation, B. arecae and B. dorsalis sp. L had the highest amino acid divergence
complex with ten amino acid differences compared with other species of the B.
dorsalis complex used in this study.

We reconstructed a phylogenetic tree for ten species of the B. dorsalis
complex together with five outgroup species including B. tau s.s. Tree topologies
calculated from three phylogenetic analysis methods, neighbor-joining, maximum
likelihood and maximum parsimony were similar. Figure 1 shows the maximum
likelihood tree based on General time reversible model with gamma shape parameter
= 0.44. Its reliability was assessed with 500 replications of the bootstrap algornthm.
The fruit flies of the B. dorsalis complex clustered together with 99% bootstrap
support when calculated using maximum likelihood and neighbor-joining methods
and 100% bootstrap support when calculated using maximum parsimony method.
Within the B. dorsalis complex, the phylogenetic tree represents three distinct clades.
First, the clade consisting of B. pyrifoliae and B. dorsalis sp. L showed bootstrap

support of 100% when calculated using all three methods. The sequence divergence
between these two species was 1.1% (7 bp difference). Second, the clade consists of
seven species, B. dorsalis s.s. (sp. A), B. dorsalis sp. D, B. dorsalis sp. 1, B. dorsalis
sp- O, B. kanchanaburi, B. carambolae, and B. raiensis, with bootstrap support of at
least 82%. In this clade, the sequence divergences were ranged from 0.6 % (4 bp

difference) to 1.8% (11 bp difference). The third clade has only one species in this
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study, i.e., B. arecae, which represents the oldest lineage within this species complex,
with 12.7% - 16.2% divergence from the other species.

Using the same model, the neighbor-joining trees were also reconstructed
based on either transition or transversion sites. Some branching orders in the
neighbor-joining tree using only transition sites (Ti-NJ) were not compatible with
those using only transversion sites (Tv-NJ). In the Ti-NJ tree, B. dorsalis sp. L and B.
pyrifoliae formed a monophyletic clade, but it is not so in the Tv-NJ tree (tree not
shown).

Discussion

Tephritid fruit flies of the genus Bactrocera have been considered a large
group of species diversity with economical importance (Drew, 1989, Hardy, 1973,
Hardy and Adachi, 1954). Of these, the B. dorsalis complex represents a good
candidate for study of species complexity. Morphological identification of the fruit
flies belonging to the B. dorsalis complex has been problematic for taxonomists
(White and Elson-Harris, 1994). We used 638 bp of the downstream COI gene to
infer the phylogenetic relationships among ten species of the B. dorsalis complex.
According to our p hylogenetic tree, the ten species o fthe B. d orsalis complex are
monophyletic and it is related to B. fau s.s. more than other outgroups. High
nucleotide sequence divergence was found among members of the B. dorsalis
complex similar to those in the B. tau complex (Jamnongluk et al, 2002).

Like other closely related species groups, the nucleotide sequence substitution
of COI gene in the B. dorsalis complex was transition bias. Beckenbach et al. (1993)
suggested that transition substitutions might involve in sequence divergence among
closely related species because transitions at silent.sites reach saturation more quickly

than do silent transversions. Phylogenetic tree reconstructed from only transitional
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sites showed similar tree topology to phylogenetic tree reconstructed from all sites.
However, the bootstrap supporting for all branches of Ti-NJ tree was less than the tree
constructed from:all sites.

Based on mitotic chromosome evidence, 27 species of the B. dorsalis group in
Thailand were roughly classified into six cytological groups (Baimai et al., 1995,
1999 a, b, 2000). Based on partial mitochondrial COI gene in this study, we could
arrange the ten species of the B. dorsalis complex into three groups (Figure 1). The
phylogenetic analyses of tephritid fruit fly species in the B. dorsalis complex revealed
the concordance of mitotic chromosome and mitochondrial COI sequence data
(Figure 1).

The simplest model of speciation process leading to geographical isolation and
subsequently reproductive isolation between populations as a by-product of
adaptation to alternative selection process could possibly apply to some members of
the B. dorsalis complex. Several species of the B. dorsalis complex were host-plant
specific and found only in certain areas. For example, the two closely related species,
B. dorsalis sp. Dand B. dorsalis sp. J, were found infested different host plantsin
different locations in Thailand (Baimai, unpublished data). A true specialist, B.
arecae attacks only palm nuts of the Arecaceae family (Allwood et al., 1999).
Adaptation to specific host-plant species could have led to genetic differentiation and

subsequently reproductive isolation between B. arecae and its ancestor.

The cytoplasmic incompatible-inducing bacteria, Wolbachia might also be one
of the speciation agents involving in the Bactrocera species complex by means of
cytoplasmic incompatibility mechanism. The cytoplasmic incompatibility phenomena
has been found in several insect species (Hoffmann and Turelli, 1997) and suggested

to be possible cause of reproductive isolation (Werren, 1997). The bidirectional



cytoplasmic incompatibility phenomenon has been found when insect hosts were
infected with different Wolbachia strains (Hoffmann and Turelli, 1997). Therefore,
Wolbachia have been suggested to be possible agent causing reproductive isolation
and speciation in their host (Bordenstein ef al., 2001). The phylogenetic evidences
showed a non-concordance of Wolbachia strains in two sympatric species of B.
dorsalis complex, B. dorsalis sp. A and B. pyrifoliae (Jamnongluk et al., 2001). Thus,
through bidirectional incompatibility mechanism, Wolbachia might cause speciation
between these two B. dorsalis complex species.

As in other phytophagous insects, i.e. the apple maggot fly, Rhagoletis
pomonella (Bush, 1969) and the pea aphids, Acyrthosiphon pisumon (Via, 1999),
speciation adaptation to different host p lant species in tephritid fruit flies in the B.
dorsalis complex is indicated in our results. Moreover, reproductive isolation caused
by Wolbachia via the bidirectional cytoplasmic incompatibility phenomenon might
lead to speciation between two sibling species, which infected with two different

Wolbachia strains.

10
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Table 1. Taxa examined

Taxon name Accession  Plant Host (Family) Reference
. number
Diptera: Tephritidae
Bactrocera arecae AYO053508 Areca catechu (Palmae) This study
Bactrocera carambolae AYO053509 Psidium guajava (Myttaceae) This study
Bactrocera dorsalis s.s. (RN-SK) AY053507 Sandoricum koetjape (Meliaceae) Jamnongluk et al. 2002 .
Bactrocera dorsalis 5.5, (RN-MA) Musa acuminata (Musaceae) This study
Bactrocera dorsalis s.s. (KB-PQG) Psidium guajava {Myttaceae) This study
Bactrocera dorsalis sp. D Solanum erianthum This study
Bactrocera dorsalis sp. J Syzygium claviflora This study
Bactrocera dorsalis sp. L AYO053511 Platea sp. (Icacinaceae) This study
Bactrocera dorsalis sp. O AY053512 Willughbeia firma (Apocynaceae) This study
Bactrocera kanchanaburi Artabotrys siamensis This study
Bactrocera pyrifoliae AY053514  Psidium guajava (Myrtaceae) This study
Bactrocera raiensis AYO053515 Sandoricum koetjape (Mcliaceae) This study
Bactrocera tau s.s. AF400067 Cucurbita moschata (Cucurbitaceae) Jamnongluk et al. 2002 b
Ceratitis capitata AJ242872 Many species (Mediterranean fruit fly)  Spanos et al., 2000
Diptera: Culicidae
Anopheles gambiae L20934 - Beard et al., 1993
Diptera: Calliphoridae
Compsomyiops callipes AF295549 - Wells and Sperling, 2001
Orthoptera: Acrididae
Locusta migratoria X80245 Sorghum Flook et al., 1995
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Table 2. Amino acid variation among ten species of the B. dorsalis complex within a
638 bp segment of mtDNA. Vertical numbers at top of columns represent the

nucleotide site that varies. T he nucleotide 1ocations w ere according to D rosophila
\

melanogaster mitochondrial DNA (Lewis et al., 1995)

Species 516166 |8 |8 |8|8|9]|9]9][9]|9]9]|0

B.dorsalissp.A1 |[F |F|V|K|V|V|V|T|Q|I |L|{N|L|L|N

B. dorsalis sp. A 2

B. dorsalissp. A3

B. dorsalis sp. D A I I O O e e

B. dorsalis sp. J

B. dorsalis sp. O

B. kanchanaburi

B. carambolae I T I

B. raiensis . |8

B. pyrifoliace S I P T e e I A A S A N A
B. dorsalis sp. L. el |G- P V. [DIM[.]T
B. arecae el TN |, IVIF]. .11
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