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ABSTRACT Prior studies have identiÞed a complicated pattern of interspeciÞc hybridization be-
tween members of the Aedes (Stegomyia) scutellaris (Walker) mosquito group, which includes
medically important vectors of bancroftian Þlariasis and dengue. Here, we report that two members
of the group, Aedes polynesiensis Marks and Aedes riversi Bohart & Ingram, are both infected with
intracellular Wolbachia bacteria. Sequencing of the Wolbachia wsp gene demonstrates that the
infections differ from each other and from Wolbachia infections previously reported in mosquitoes.
Aedes polynesiensis is the Þrst mosquito identiÞed with a wMel Wolbachia type. IntraspeciÞc crosses
of infected and aposymbiotic lines generated via antibiotic treatment show that the Wolbachia
infections in both species cause high levels of cytoplasmic incompatibility. InterspeciÞc crosses show
that the two species are reproductively isolated. However, repeating the interspeciÞc crosses with
aposymbiotic mosquito strains demonstrates that the Wolbachia infections play a role in preventing
hybrid offspring. We discuss Wolbachia infections in relation to better deÞning the evolutionary
relationships and causes of speciation within the group, understanding the basis for the observed
east-to-west gradient in Þlarial refractoriness, and developing novel genetic control measures.
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THE Aedes (Stegomyia) scutellaris (Walker) complex
of mosquitoes is comprised of �30 morphologically
similar species spread throughout the Malaysian and
Australasian zones, eastward through Polynesia, and
northward to Japan (Macdonald 1976). Members are
largely allopatric and include important vectors of
bancroftian Þlariasis and dengue. Morphological sim-
ilarities suggest that the group has a common ancestor
and that they have been isolated relatively recently,
perhapswith thedevelopmentof theFijiBasinand the
destruction of the Outer Melanesian Arc 5Ð10 million
years ago (Karig 1972, Trpis et al. 1981, McLain et al.
1985).

Geographic separation onto single islands or island
groups separatedby large stretchesofwater combined
with limited dispersal abilities (Belkin 1962) is the
most strikingmechanism of reproductive isolation be-
tween species of this group. However, subtle pre- and
postmating isolation mechanisms also have been doc-
umented within the group, including ethological iso-
lation (Ali and Rozeboom 1973, McLain et al. 1985).
Members of the group can be colonized relatively
easily, allowing the artiÞcial production of hybrids.
Nonreciprocal fertility was Þrst reported in the Ae.
scutellaris group in crosses between Ae. scutellaris
scutellaris Walker and Aedes scutellaris katherinensis
Woodhill (Woodhill 1949). Subsequently, numerous
studies have examined interspeciÞc hybridization be-

tween members of the Ae. scutellaris group with in-
terest in better deÞning the evolutionary relationships
and the causes of speciation within the group, in un-
derstanding the basis for the observed east-to-west
gradient in Þlarial refractoriness, and in the hope of
developing novel genetic control measures (summa-
rized in Macdonald 1976).

Rickettsia-like infections of Wolbachia bacteria are
known to affect hybridization success between mem-
bers of the Ae. scutellaris complex. Maternally inher-
ited Wolbachia endosymbionts have been observed
infecting the cytoplasm of several members of the Ae.
scutellaris group (Beckett et al. 1978; Wright and Barr
1980, 1981;Wright andWang1980;Meek1984).Cross-
ing studies have shown that Wolbachia infections
within the Ae. scutellaris complex can cause cytoplas-
mic incompatibility (CI),which results in reducedegg
hatch from crosses between individuals that differ in
their Wolbachia infection type (Dobson 2003a).
Among mosquitoes, Wolbachia-induced CI is best
known in Culex pipiens L. The original description of
Wolbachia pipientis was in Cx. pipiens (Hertig 1936).
The CI phenotype also was originally described in Cx.
pipiens (Laven 1951),which later became thebasis for
Þeld trials by usingCI to reduce amedically important
Culex population (Laven 1967a). Furthermore, it was
experiments with Cx. pipiens in which Wolbachia was
demonstrated to be the etiological agent of CI (Yen
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andBarr 1971).Wolbachia-inducedCI in theAe. scute-
llaris group has attracted signiÞcant research effort to
deÞne the role of Wolbachia in the reproductive iso-
lation between species of the group (Trpis et al. 1981,
Sherron and Rai 1983, Meek and Macdonald 1984).
Studies have demonstrated that the removal of Wol-
bachia infections (generating aposymbiotic strains)
can increaseegghatch incrosses ofAedespolynesiensis
Markswithmembersof theAe. scutellarisgroup(Trpis
et al. 1981, Sherron and Rai 1983, Meek 1984).

Here, we examine the role of Wolbachia in pre-
venting hybridization between Ae. polynesiensis and
Aedes riversi Bohart & Ingram. Ae. polynesiensis has a
wide distribution, ranging from Fiji to the Tuamotu
archipelago, and is an important vector of bancroftian
Þlariasis (Rosen et al. 1976). Due to its broad distri-
bution (naturally overlapping with other species
within the Ae. scutellaris group) and medical impor-
tance,muchof thecrossingexperimentswithin theAe.
scutellarisgrouphave includedAe. polynesiensis(Mac-
donald 1976). In contrast, there has been relatively
little research examining the speciÞc relationships of
Ae. riversi (TomaandMiyagi 1989). This likely reßects
its relatively limited distribution and medical impor-
tance. Ae. riversi is known from a relatively small set
of islands of southern Japan (Ryukyu archipelago and
islands north and west of Kyushu) (Mogi 1976). Al-
though a biting pest, Ae. riversi is not reported to be
an important disease vector.

Our results demonstrate that both Ae. polynesiensis
and Ae. riversi are infected with Wolbachia. Sequenc-
ingof thewspgene showthat theWolbachia infections
differ from each other and previously reported Wol-
bachia types. Crossing studies demonstrate that the
reproductive isolation between the two species is
complete. However, upon removing the Wolbachia
infections, crosses of the aposymbiotic strains result in
hybrid offspring.

Materials and Methods

Mosquito Maintenance and Crosses. Three strains
of Ae. polynesiensis obtained from Unité dÕEnto-
mologieMédicale, InstitutLouisMalardéwereused in
this study: Rangiora (APA), Raiatea (API), and
Maupiti (APM). An Ae. riversi strain (AR) was ob-
tained fromMotoyoshiMogi, SagaMedical School. All
mosquito colonies had been maintained in laboratory
conditions for �50 generations. For rearing and all
experiments, standard conditions of 28 � 2�C, 75 �
10% RH, and a photoperiod of 18:6 (L:D) h were
maintained. Larvae were fed ad libitum with a liver
powder solution until pupation. Crosses consisted of
10 virgin females and 10 virgin males (2Ð3 d old). A
constant supply of a 10% sucrose solution was made
available for adult mosquitoes. Mosquitoes were pro-
vided weekly with a mouse for blood feeding. After
blood feeding, oviposition cups lined with paper were
placed into cages. Eggs were collected for three con-
secutive days. Aftermaturation, eggs were submerged
in deoxygenated water and given 4 d to hatch. Egg
hatch rates were determined through visual inspec-

tion of eggs by using a dissecting microscope. Statis-
tical comparisonsof fecundity andegghatch ratewere
accomplished via KruskalÐWallace and MannÐWhit-
ney by using StatView 5.0.1 (SAS Institute, Cary, NC).

Tetracycline Treatment. Initial attempts to remove
Wolbachia infection from Ae. polynesiensis (APM and
APA) and Ae. riversi (AR) by using a technique de-
veloped for Ae. albopictus (Otsuka and Takaoka 1997)
were unsuccessful due to larval mortality. Therefore,
a second technique previously developed for tetracy-
cline treating Ae. albopictus adults was used (Dobson
and Rattanadechakul 2001). The tetracycline concen-
tration previously used for Ae. albopictus (1 mg/ml)
was found to result in highmortality. Therefore, lower
concentrations of tetracycline were tested: 0.2, 0.5, or
0.75 mg/ml tetracycline dissolved in a 10% sucrose
solution andbuffered topH7byusingunbufferedTris
(pH 11). Females treated with 0.2 mg/ml tetracycline
were the only individuals to produce viable offspring.
The resulting adults (G2) were again treated with the
0.2 mg/ml tetracycline sucrose solution. The resulting
strains (APMT, APAT, and ART, respectively) were
demonstrated to be aposymbiotic by using the poly-
merase chain reaction (PCR) technique (described
below) and were maintained as described above.

PCR Amplification and Sequencing. Initial detec-
tion of Wolbachia infections used primers 81F and
691R (Braig et al. 1998). The PCR conditions were as
described previously (Dobson et al. 2002b). Ovaries
and testes were dissected from individual mosquitoes
andhomogenized in100�l of STE(0.1MNaCl, 10mM
Tris HCl, and 1 mM EDTA, pH 8.0). Proteinase K was
added to a concentration of 0.4 mg/ml. The mixture
was incubated at 56�C for 1 h followed by 95�C for 15
min. One microliter of sample was then ampliÞed in a
solution of 50 mM KCl, 20 mM Tris HCl, pH 8.4, 0.25
mM dNTPs, 1.5 mM MgCl, 0.5 �M primers, and 1 U of
TaqDNA polymerase (Invitrogen, Carlsbad, CA). Us-
ing a PTC-200 thermal cycler (MJ Research, Water-
town,MA), sampleswere denatured for 3min at 94�C,
cycled 35 times at 94, 55, and 72�C for 1 min each,
followed by a 10-min extension period at 72�C. Ten
microliters of sample was loaded into 1% agarose gels
and electrophoresed. Samples were then stained with
ethidium bromide and visualized under UV illumina-
tion. Subsequent Wolbachia clade type was deter-
mined using diagnostic primers wAlbA (primers 328F
and691R)andwAlbB(primers 183Fand691R)(Zhou
et al. 1998). For samples failing to amplify using Wol-
bachia-speciÞc primers (e.g., the aposymbiotic
strains), 12S primers were used to amplify mitochon-
dria DNA as a positive control for template DNA
quality (OÕNeill et al. 1992). For direct sequencing of
PCR products, ampliÞcation products were puriÞed
using a Qia-Quick kit (QIAGEN, Valencia, CA). Sam-
pleswere then sequencedusing aCEQautosequencer
(Beckman Coulter Inc., Los Angeles, CA). The se-
quences obtained in this study have been deposited in
GenBank under the accession numbers Ae. polyne-
siensis, AY535013, and Ae. riversi, AY535014.

Phylogenetic comparisons were accomplished fol-
lowing Zhou et al. (1998). SpeciÞcally, a 3� region
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corresponding to the third hypervariable region of the
wsp gene was deleted. An �40-bp region also was
deleted from the 5� end, because this region was not
obtained from all taxa. Sequences were aligned using
the ClustalW program (Thompson et al. 1994) and
checked manually. Phylogenetic trees were con-
structed based upon wsp DNA sequences by using
maximum-parsimony analysis in PAUP 4.0 (Swofford
2002). Bootstrap values were generated using a heu-
ristic search with 1000 replicates. Due to the absence
of an outgroup and to allow comparison with pub-
lished phylogenies, the phylogenetic tree was mid-
point rooted (Zhou et al. 1998).

Results

Wolbachia Infection Type. PCR ampliÞcation dem-
onstrated all three Ae. polynesiensis strains (APM,
APA, and API) and the Ae. riversi strain (AR) to be
Wolbachia infected (Fig. 1). By using primers diag-
nostic for different Wolbachia clades (Zhou et al.
1998), theAe. polynesiensis andAe. riversi strains were
showntoharborWolbachia types fromtheAcladeand
B clade, respectively. Sequencing of the wsp gene
from the Ae. polynesiensis strains revealed that all
three mosquito strains harbored an identical Wolba-
chia type (Fig. 2). Based upon previously deÞned
criteria (Zhou et al. 1998), the Ae. polynesiensis infec-
tion fallswithin thewMel groupof theAclade (�2.5%
divergence). The Ae. riversi infection is similar to
members of the wCon group within the Wolbachia B
clade.

PCR ampliÞcation of tetracycline-treated lines
(APMT,APAT, andART)demonstrated that theWol-
bachia infections had been successfully removed (Fig.
1). The DNA quality of the mosquito preparations
were veriÞed using 12S mitochondrial primers. The
DNA extractions from the APMT, APAT, and ART
strains resulted ina12Sampliconbutnowsp amplicon.
Thus, cytoplasmic DNA was present in the prepara-
tions but did not include Wolbachia DNA (OÕNeill et
al. 1992).

Intraspecific Crosses. Crosses were conducted be-
tween the Ae. polynesiensis strains to determine com-
patibility levels.As shown inTable1, 56 to77%average
egg hatch was observed in the nine cross types. No
difference was observed in egg hatch rates (P � 0.59,

df � 8; KruskalÐWallis) or total egg number (P � 0.12,
df � 8; KruskalÐWallis). Intrastrain crosses between
infected males and aposymbiotic females (generated
by tetracycline treatment) demonstrated that the
Wolbachia infection in the APM and APA strains in-
duced almost perfect CI (�0.1% egg hatch; Table 1).
To conÞrm that the reduced egg hatch was due to CI
and not reduced fertility of aposymbiotic males, apo-
symbiotic males were also crossed with aposymbiotic
females(Table1).Highegghatchresulted in the latter
crosses (72%hatch), similar to thatobserved incrosses
of the corresponding infected strains. Thus, the Wol-
bachia infection in Ae. polynesiensis induces strong
unidirectionalCI, resulting in a signiÞcantly lower egg
hatch relative to compatible crosses (P � 0.0001;MannÐ
Whitney).

A 45% egg hatch rate was observed with the Ae.
riversi strain (AR; Table 1). Egg hatch (P � 0.21, df �
9; KruskalÐWallis) and fecundity (P � 0.13, df � 9;
KruskalÐWallis)werenotdifferent fromthatobserved
in the Ae. polynesiensis strains. Crosses between apo-
symbiotic ART females and infected AR males were
conducted to examine CI levels induced by the AR
Wolbachia infection. As shown in Table 1, the result-
ing egg hatch (1%)was signiÞcantly lower (P � 0.012;
MannÐWhitney) than compatible crosses in which
both the female and male were uninfected (59%
hatch).

Interspecific Crosses. Crosses between Wolbachia-
infected Ae. polynesiensis and Ae. riversi did not result
in any egg hatch (Table 1), conÞrming that the two
species were reproductively isolated. To determine
the role of Wolbachia in preventing hybridization,
aposymbiotic strains of Ae. polynesiensis (APAT and
APMT) andAe. riversi (ART)were crossed (Table 1).
InterspeciÞc crosses of the aposymbiotic strains did
result in hybrid offspring, demonstrating that Wolba-
chia infections are at least partially responsible for the
reproductive isolation.As shown inTable 1,matings of
uninfected Ae. polynesiensis females and Ae. riversi
males resulted in �2% egg hatch. The reciprocal
crosses resulted in similar fecundity levels, but a sig-
niÞcantly higher egg hatch rate (P � 0.0011; MannÐ
Whitney). Female and male hybrids survived to adult
and were maintained for four generations.

Fig. 1. PCR results using Wolbachia group-speciÞc wsp primers (AlbA and AlbB). The mosquito strain abbreviations are
as described in the text. As a positive control, anAe. albopictusmosquito (HOU;Houston strain) is included. TheAe. albopictus
Houston strain is superinfected with Wolbachia types from both the A and B clades (Sinkins et al. 1995). STD indicates a
molecular weight marker (123 ladder; Invitrogen).
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Discussion

Here, we have identiÞed and characterized the
Wolbachia types present in Ae. polynesiensis and Ae.
riversi. In addition to demonstrating that the Wolba-
chia infections can cause unidirectional cytoplasmic
incompatibility within each of the mosquito species,
we have observed that the Wolbachia infections can

prevent hybridization between the two species. By
removing the Wolbachia infection, egg hatch was in-
creased from 0% egg hatch in interspeciÞc crosses of
naturally infected strains to �47% egg hatch in inter-
speciÞc crosses of aposymbiotic strains. The latter
results are similar toprior studies inwhich tetracycline
clearing of Wolbachia from Ae. polynesiensis was

Fig. 2. Phylogenetic tree of Wolbachia infections in mosquitoes. For comparison, the Ae. polynesiensis and Ae. riversi
infections are shown with other Wolbachia infections previously reported in Southeast Asian mosquitoes (brackets indicate
the GenBank accession number) (Ruang Areerate et al. 2003). The Wolbachia groups and clades are indicated on the right.
The tree is midpoint rooted. Branch lengths are scaled according to the number of substitutions (scale shown in lower left).
Bootstrap values �50 are labeled on the branches. Tree length, 359; consistency index, 0.7521; retention index, 0.9102. See
the text for additional description.
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shown to increase interspeciÞchybridizationbetween
aposymbiotic Ae. polynesiensis with Aedes kesseli
HuangandHitchcock,AedescookiBelkin,Aedes scutel-
laris malayensis, or Aedes scutellaris katherinensis
Woodhill (Trpis et al. 1981). Research with Ae. riversi
is more limited, but one study has demonstrated the
ability of Ae. riversi to hybridize with Aedes alcasidi
Huang and Ae. scutellaris (Toma and Miyagi 1989).
Although Wolbachia infection was not examined in
the prior study, their observed hybridization pattern
is consistent with a CI-inducing Wolbachia infection
in Ae. riversi.

Based upon sequencing the wsp gene, the Wolba-
chia infection in Ae. riversi is indistinguishable from
that of Mansonia indiana Edwards (GenBank
#AF317492), and falls within the wCon group of the
WolbachiaB clade (Zhou et al. 1998). The infection in
Ae. polynesiensis falls within the wMel group (Wu et
al. 2004) of the Wolbachia A clade, which was origi-
nally described in Drosophila melanogaster (Meigen).
This is the Þrst report of a wMel group infection in
mosquitoes.

Comparison of our results with prior intraspeciÞc
crossing results with Ae. polynesiensis shows a similar
egg hatch resulting from crosses of Ae. polynesiensis
strains (Sherron and Rai 1983, Meek and Macdonald
1984). However, the CI level previously reported in
crosses of aposymbiotic Ae. polynesiensis females and
Wolbachia-infected males is higher (8%) than that
observed in this study (�0.1%). The difference in
observed CI levels may be due to an incomplete elim-
ination of Wolbachia in the prior study. The larval

tetracycline treatment technique used in the prior
studies has been shown to result in an incomplete or
transient removal of Wolbachia from Ae. albopictus
(Dobson and Rattanadechakul 2001). As stated in the
prior studies, the reliance upon direct microscopic
observation as an indication of Wolbachia infection
may fail to detect a weak Wolbachia infection (Sher-
ron and Rai 1983, Meek 1984). The PCR technique
used here provides a more sensitive Wolbachia detec-
tion assay.Weemphasize that the fecundity andhatch
rates reported here do not necessarily reßect the rates
occurring in the Þeld. For example, we have not ex-
amined insemination of all females used in crosses.
Insemination failure would result in an underestima-
tion of egg hatch rate.

It is unclear what role Wolbachia has played in the
evolution and speciation of Ae. polynesiensis and Ae.
riversi and the role that Wolbachia currently plays in
restricting natural gene ßow between the groups.
There is currently much debate about the role of
Wolbachia-induced cytoplasmic incompatibility in
speciation events (Turelli 1994, Hurst and Schilthui-
zen 1998). Potential examples of Wolbachia involve-
ment in speciation events include Culex (Rozeboom
and Kitzmiller 1958, Laven 1967b), Nasonia (Breeu-
wer andWerren 1995,Werren 1998, Bordenstein et al.
2001, Wade 2001), and Drosophila (Shoemaker et al.
1999, Rokas 2000). The current geographic isolation
makes it unlikely that Wolbachia plays an important
role in restricting natural gene ßow between the Ae.
polynesiensis andAe. riversi.AlthoughAe. polynesiensis
is relatively widespread throughout Polynesia, the

Table 1. Crossing results

Intra- and InterspeciÞc crosses of Wolbachia-infected strains

Male type

% Egg hatcha APA APM API AR
Female type

APA 70.0 � 5.4; n � 8 56.6 � 17.6; n � 4 71.1 � 8.7; n � 6 0.0 � 0.0; n � 3
APM 62.8 � 6.8; n � 7 62.2 � 8.4; n � 6 66.9 � 5.6; n � 7 0.0 � 0.0%; n � 4
API 63.7 � 6.5; n � 5 77.3 � 4.3; n � 5 76.8 � 6.0; n � 7 0.0 � 0.0; n � 4
AR 0.0 � 0.0; n � 3 0.0 � 0.0; n � 3 0.0 � 0.0; n � 5 45.3 � 1.2; n � 4

Fecundityb

Female type
APA 328.6 � 52.1; n � 8 67.0 � 20.7; n � 4 279.7 � 127.9; n � 6 182.3 � 100.7; n � 3
APM 264.9 � 62.3; n � 7 461.0 � 95.8; n � 6 316.3 � 71.1; n � 7 199.8 � 125.7; n � 4
API 210.6 � 61.0; n � 5 250.4 � 69.8; n � 5 417.9 � 117.3; n � 7 251.5 � 144.8; n � 4
AR 167.0 � 83.9; n � 3 83.7 � 10.5; n � 3 147.0 � 17.5; n � 5 237.8 � 31.2; n � 4

Aposymbiotic crosses % Egg hatcha Fecundityb

APAT � APAT* 72.1 � 11.3; n � 4 261.5 � 83.3; n � 4
APAT � APA 0.0 � 0.0; n � 4 350.5 � 40.7; n � 4
APMT � APMT 72.5 � 3.0; n � 4 184.8 � 32.9; n � 4
APMT � APM 0.1 � 0.1; n � 5 298.2 � 94.9; n � 5
ART � ART 59.8 � 6.5; n � 6 227.5 � 28.3; n � 6
ART � AR 1.0 � 0.6; n � 3 117.7 � 17.4; n � 3

InterspeciÞc crosses
APAT � ART* 0.4 � 0.4; n � 3 164.3 � 54.9; n � 3
APMT � ART 2.4 � 2.0; n � 3 130.0 � 74.7; n � 3
ART � APMT 28.1 � 6.4; n � 3 220.7 � 73.2; n � 3
ART � APAT 47.2 � 6.8; n � 7 157.1 � 19.0; n � 7

* female � male.
a % hatch � SE; number of crosses.
b Egg number � SE; number of crosses.
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closest its range approaches that of Ae. riversi (south-
ern Japan) isFiji and theEllice Islands. Thus, naturally
occurring opportunities for hybridization are likely to
be rare. To better address the role of Wolbachia in the
speciation of the Ae. scutellaris group, future studies
should include examining for additional types of pre-
and postmating isolation between Ae. polynesiensis
and Ae. riversi, including the genetic compatibility of
the hybrid offspring. Although the hybrids were de-
termined to survive to adult and were fertile, back-
crossing experiments are needed to examine for F2
hybrid breakdown. Future experiments should also
examine for additional premating or postmating iso-
lation mechanism(s) responsible for the reduced egg
hatch that is observed in interspeciÞc crosses of Wol-
bachia-uninfected strains relative to intraspeciÞc
crosses.

The results presented here are useful for applied
studies that propose manipulating Wolbachia infec-
tions with the goal of suppressing or modifying med-
ically important vector populations. SpeciÞcally, pro-
posed Wolbachia strategies targeting both population
replacement and population suppression rely on re-
leases of individuals with Wolbachia infections that
differ from that which naturally occurs in the targeted
Þeld population (Sinkins and OÕNeill 2000; Dobson et
al. 2002a, Dobson 2003b). At present, much effort is
focused on developing Wolbachia transfection tech-
niques, primarily using embryonic microinjection to
generate novelWolbachiaÐhost associations (Boyle et
al. 1993, Braig et al. 1994,Rousset et al. 1999, Sasaki and
Ishikawa 2000, Poinsot and Mercot 2001, Hartmann et
al. 2003). The results presentedhere suggest a possible
alternative to microinjection. Crosses of infected Ae.
riversiwith aposymbioticAe. polynesiensismales could
potentially be used to introgress the Ae. polynesiensis
genotype with the Ae. riversi Wolbachia infection
type. This approach would be similar to prior vector
control strategies usedwithCx. pipiens (Laven1967a).
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