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ABSTRACT Australian mosquitoes were evaluated for their ability to become infected with and
transmit a Torres Strait strain of Japanese encephalitis virus. Mosquitoes, which were obtained from
either laboratory colonies and collected using Centers for Disease Control and Prevention light traps
baited with CO2 and octenol or reared from larvae, were infected by feeding on a blood/sucrose
solution containing 104.5�0.1 porcine stable-equine kidney (PS-EK) tissue culture infectious dose50/
mosquito of the TS3306 virus strain. After 14 d, infection and transmission rates of 100% and 81%,
respectively, were obtained for a southeast Queensland strain of Culex annulirostris Skuse, and 93%
and 61%, respectively, for a far north Queensland strain. After 13 or more days, infection and
transmission rates of �90% and �50%, respectively, were obtained for southeast Queensland strains
ofCulex sitiensWiedemann andCulex quinquefasciatus Say, and a far northQueensland strain ofCulex
gelidus Theobald. Although infection rates were �55%, only 17% of Ochlerotatus vigilax (Skuse) and
no Cx. quinquefasciatus, collected from far north Queensland, transmitted virus. North Queensland
strains of Aedes aegypti L., Ochlerotatus kochi (Dönitz), and Verrallina funerea (Theobald) were
relatively refractory to infection. Vertical transmission was not detected among 673 F1 progeny ofOc.
vigilax. Results of the current vector competence study, coupled with high Þeld isolation rates, host
feedingpatterns andwidespreaddistribution, conÞrmthe status ofCx. annulirostris as themajor vector
of Japanese encephalitis virus in northern Australia. The relative roles of other species in potential
Japanese encephalitis virus transmission cycles in northern Australia are discussed.
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JAPANESE ENCEPHALITIS (JE) VIRUS is considered to be
the leading cause of viral encephalitis in Southeast
Asia, with more than 50,000 cases reported annually,
particularly in young children (Burke andLeake 1988,
Vaughn andHoke 1992, Solomon 1997). However, the
actual number of cases is estimated to bemuchhigher,
because many cases are misdiagnosed or not ofÞcially
notiÞed (Tsai 2000). Although the virus has a high
case-fatality rate (25%) in unvaccinated populations,
permanent neurological sequelae occur in a further
50% of cases (Solomon et al. 2000). In addition to the
disease burden in humans, JE causes fatal encephalitis
in horses and fetal abortion in infected sows (Burke
and Leake 1988). Of particular concern has been the
continued geographical spread of JE into new areas of
Asia, such as Pakistan (Igarashi et al. 1994) and parts

of India (Victor et al. 2000). This expansion has been
linked to deforestation and construction of dams and
irrigation schemes, which have expanded vector hab-
itats and increased exposure to humans (Tsai 1997).
Discrete outbreaks of JE have also occurred on the
PaciÞc islands of Guam (Hammon et al. 1958) and
Saipan (Paul et al. 1993).
The geographical distribution of JE recently has

expanded into the Australasian region, after an out-
break in the Torres Strait, northern Australia, in 1995
(Hanna et al. 1996). To date, Þve human cases with
two deaths have been recorded (Hanna et al. 1996,
Hanna et al. 1999). The emergence of JE in Australia
was unexpected, because the previous closest foci was
in Bali, Indonesia, 3,000 km west of the Torres Strait
(Mackenzie 1999). In Southeast Asia, JE ismaintained
in a natural cycle between rice Þeld mosquitoes and
wading birds and/or domestic pigs (Burke and Leake
1988, Vaughn and Hoke 1992). Although JE can be
maintained in a natural bird-mosquito cycle, pigs are
considered essential for preepidemic viral ampliÞca-
tion (Tsai 1997). Indeed, the Torres Strait outbreaks
have been attributed to the high domestic pig popu-
lation on many of the island communities (Hanna et
al. 1996, Ritchie et al. 1997b).
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The major vectors of JE are Culex mosquitoes, of
which Culex tritaeniorhynchus Giles is considered to
be the primary vector throughout much of Southeast
Asia (Burke and Leake 1988, Vaughn andHoke 1992).
Other species, such as Culex vishnui Theobald, Culex
fuscocephala Theobald, and Culex gelidus Theobald
are considered to be important secondary vectors in
certain areas (Rosen 1986, Vaughn and Hoke 1992).
Virus isolations in the Torres Strait and the Western
Province of Papua New Guinea have indicated that
Culex annulirostris Skuse is themost likely vector of JE
in northernAustralia (Ritchie et al. 1997a, Johansen et
al. 2000, Johansen et al. 2001). Single isolates from Cx.
gelidus and Ochlerotatus vigilax (Skuse) collected
from Badu Island indicate that they could play a sec-
ondary role in JE transmission (Johansen et al. 2001,
van den Hurk et al. 2001).
To conÞrm its status as the major vector of JE in

Australia, we undertook vector competence experi-
ments to assess the ability of Cx. annulirostris to be-
come infected with and transmit a Torres Strait strain
of JE. Numerous other mosquito species, obtained
from southeast and northern Queensland also were
evaluated as potential laboratory vectors.

Materials and Methods

Mosquitoes. Mosquitoes used for the infection ex-
periments originated from either established labora-
tory colonies orwere collected as adults or larvae from
various locations in far north Queensland.

Colony Mosquitoes. Mosquitoes were obtained
from laboratory colonies housed at the Queensland
InstituteofMedicalResearchand theAustralianArmy
Malaria Research Unit. The origins of the colonies
were:Cx. annulirostris fromadults collected fromBris-
bane, Queensland; Culex sitiens Wiedemann from lar-
vae collected from Coomera Island, Queensland;
Culex quinquefasciatus Say from larvae collected from
theGoldCoast, Queensland;Ochlerotatus notoscriptus
(Skuse) from Closeburn, Queensland and supple-
mented with Brisbane Þeld material; Oc. vigilax from
larvae collected from Redlands Shire, Queensland;
and Aedes aegypti L. from eggs collected from Towns-
ville, north Queensland. Newly emerged mosquitoes
were maintained on 10% sucrose at 28�C and 70%
humidity, with a 12:12 (L:D) photoperiod.

Field-Collected Mosquitoes. With the exception of
Cx quinquefasciatus, wild-caught mosquitoes used in
the infection experiments were collected as adults
using Centers for Disease Control and Prevention
light traps (JohnW. Hock Company, Gainesville, FL)
baited with CO2 (1 kg dry ice) and 1-octen-3-ol (re-
lease rate: 4.5mg/h)andoperated for 12h(1800Ð0600
hours) (Ritchie and Kline 1995). Adult mosquitoes
were collected from Bamaga, Cairns and Normanton
in far north Queensland in 2001. It was expected that
these mosquitoes would be free from natural infec-
tion, because JE activity has not been detected on
mainland Australia since 1998. Adult mosquitoes were
sealed in a polystyrene cooler and transported to Bris-
bane for the vector competence experiments. Culex

quinquefasciatus fourth instar larvae were collected
from settling ponds at Mareeba, far north Queensland
and shipped to Brisbane where they were reared to
adults.

Virus. An isolate of JE (TS3306) obtained from Oc.
vigilaxcollected fromBaduIsland in1998,wasused for
all mosquito infections. This isolate shared between
99.1% and 100% sequence homology with 1995 Badu
Island isolates and PNG isolates from 1997 and 1998
(Johansen et al. 2001). The virus was passaged once in
C6Ð36 (Aedes albopictus (Skuse)) cells and twice in
porcine stable-equine kidney (PS-EK) cells (Gorman
et al. 1975) and had a Þnal titer of 108 PS-EK CCID50

(cell culture infectious dose50)/ml.
Vector Competence Experiments. Because JE is

considered an exotic virus in Australia, all infection
and transmission experiments were undertaken at the
Pathogen Containment Level Three Insectary at
Queensland Health ScientiÞc Services, Brisbane.
Upon emergence, all colony mosquitoes and the Ma-
reeba strain of Cx. quinquefasciatus were held for 2Ð3
d before being exposed to the virus. No attempts were
made to age-grade the Þeld-collected adult mosqui-
toes. Mosquitoes were starved for 24 h before being
allowed to feed for 2Ð4 h on a virus suspension using
a glassmembrane feeder andpig intestine as themem-
brane. The virus suspension contained JE stock virus
diluted in heparinized rabbit blood and 1% sucrose,
and was maintained at 37 � 1.0�C during feeding. To
determine the virus titer of the blood at the time of
feeding and if there was a reduction in virus titer, a
sampleof theblood/virus suspensionwas takenbefore
and after feeding, diluted 1:20 in tissue culture media
(RPMI 1640, with 10% fetal bovine serum, antibiotics,
and fungizone) and stored at Ð70�C for later titration.
After 18 h, blood-engorgedmosquitoes were sorted

by species and placed into 1-liter containers within an
environmental growth cabinet (Sanyo Electric,
Gunma, Japan). Mosquitoes were maintained at 28�C,
70%Ð75% RH, and 12:12 (L:D) with 45-min crepuscu-
lar periods, and offered 10% honey water.
The majority of mosquitoes collected from Bamaga

and Normanton died within 2Ð3 d of being exposed to
the virus, and few survived the extrinsic incubation
period of 14Ð15 d, when transmission was attempted.
Similarly, survival of Mansonia septempunctata
Theobald collected from Cairns declined rapidly, so
mosquitoes were killed at 9 d postvirus exposure, and
stored at Ð70�C to await virus assay.

Transmission. Transmission of JE was determined
by allowing individual mosquitoes to feed on Quack-
enbush suckling mice. For the colony strains of Cx.
annulirostris and Cx. sitiens, transmission was at-
tempted at 7, 10, and 14 d after virus exposure. For all
other mosquitoes, transmission was attempted 13 or
more days after virus exposure. Individual mosquitoes
were placed in 150-ml plastic containers with 0.5-mm
gauze covering one end. A single suckling mouse was
held against the gauze until the mosquito had probed
or fed on the mouse. Mice then were marked and
returned to their mother. After the transmission at-
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tempt, mosquitoes were killed and frozen at Ð70�C to
await virus assay.
Suckling mice then were examined twice daily for

neurological symptoms, including hunching, twitch-
ing of limbs, ßaccid paralysis, and ataxia. Symptoms
usually appeared at 3Ð4 d postinfection. Symptomatic
mice were euthanized and their brains removed and
stored at Ð70�C to await virus assay. Mice that did not
develop symptoms were monitored for 21 d, after
which they were euthanized and their sera tested for
JE-speciÞc antibodies using an indirect ßuorescent
antibody test (Herrmann 1988). Brießy, 15 �l of se-
rum, diluted 1:5 in phosphate-buffered saline (PBS)
pH 7.4, was placed on Þxed JE infected cells on an
18-well slide. The slides were then incubated for 30
min at 37�C before being washed for 10 min in PBS.
Slides were air dried, then a drop of ßuorescein-la-
beled anti-mouse conjugate was added to each well.
After 30 min incubation, slides were again rinsed in
PBS for 10 min, air dried, and a coverslip was added
using two drops of ßuorescentmountingmedia (Dako
Corporation, Carpintaria, CA). The stained antigen/
antibody slides were examined using a ßuorescent
microscope, and positive samples were identiÞed as a
green or yellow-green ßuorescence within infected
cells.

VirusAssay.Theblood/virusmixturewas titrated as
10-fold dilutions in a 96-well microtiter plate contain-
ing conßuent PS-EK cell monolayers. Plates were in-
cubated at 37�C with 5% CO2 and checked daily for
any cytopathic effect. After 7 d, plates were Þxed in
PBS/acetone and stored at Ð20�C.The amount of virus
ingested by individual mosquitoes was based on an
average bloodmeal volume of �3 �l (Turell and Kay
1998).
The body and legs of the colony mosquitoes were

assayed separately, because the recovery of virus from
the legs demonstrates that the mosquito possesses an
infection where the virus has escaped through the
midgut and disseminated throughout the hemocoel
(Turell et al. 1984). Similarly, the body, legs, and head
plus salivary glands of the species for which transmis-
sion was not attempted were removed and assayed
separately. Field-collectedmosquitoes that were used
in the transmission attempts were not tested for dis-
seminated infection.
To determine whether individual mosquitoes were

infected or possessed a disseminated infection, either
whole mosquitoes, or the body, legs, and head plus
salivaryglandswerehomogenized separately in600-�l
tissue culture media using a SPEX 8000 mixer/mill
(Spex Industries, Edison, NJ). Homogenates were
transferred toa1.5-mlMicrofuge tubeandcentrifuged
at 2,290 g for 10 min, after which 50 �l of supernatant
were transferred to duplicate wells of a 96-well mi-
crotiter plate containing conßuent PS-EK cell mono-
layers. Plateswere incubated at 37�Cwith 5%CO2 and
checked daily for signs of cytopathic effect. After 7 d,
plates were Þxed in PBS/acetone and stored at Ð20�C.
Mouse brain aspirates were homogenized in 1ml of

tissue culture media using the SPEX 8000/mixer mill
and centrifuged at 2,290 g for 10 min. Fifty microliters

of the supernatant was inoculated onto PS-EK cells
and incubated and Þxed as described above. Infection
in the mosquitoes and mouse brains and the results of
the blood/virus titration were conÞrmed using the
JE-speciÞc monoclonal antibody 995 in a cell culture
enzyme immunoassay (CCEIA) (Gould 1991, Broom
et al. 1998). Any contaminated samples were Þltered
through a 0.2-�m Þlter before being re-assayed.
Infection rates were expressed as the percentage of

infected mosquitoes of the total tested. Transmission
rates were expressed as the percentage of mice from
which virus was recovered from brain aspirates, in
addition to animals positive for JE antibodies, of the
total number ofmice that were probed or fed upon by
mosquitoes. For the colony mosquitoes and the mos-
quito species that did not feed on recipient mice,
dissemination rates were calculated separately for the
legs andheadplus salivary glands, andexpressed as the
number of mosquitoes with virus recovered from the
legs or head plus salivary glands per total number of
mosquitoes tested.

Growth of JE in Mosquitoes.A separate experiment
was undertaken to examine the growth of JE in the
colony strains of Cx. annulirostris and Cx. sitiens at
selected times postvirus exposure. Five individual Cx.
sitienswere sampled daily from day 0Ð15 d after being
exposed to the virus and frozen at Ð70�C. Because
limited feeding on the blood/virus mixture was
achieved withCx. annulirostris, only eight mosquitoes
were tested for viral titer at 10 d after being exposed
to the virus.
To determine viral titers, whole individual mosqui-

toeswere homogenized in 1ml of diluent, centrifuged
at 2,290� g for 10min, before being titrated as 10-fold
dilutions on conßuent PS-EK cell monolayers. Inoc-
ulated cells then were processed using the CCEIA as
described above. Only infected mosquitoes were in-
cluded in the JE growth analysis.

Vertical Transmission by Oc. vigilax. To assess
whether wild-caught Oc. vigilax could transmit JE
vertically to its progeny, mosquitoes were offered a
second blood meal at 11 d after virus exposure. Both
engorged and non-engorged mosquitoes then were
placed individually into 30-ml tubes, containing 2 ml
of 50% seawater intowhich a small plug of cottonwool
was inserted to soak up the water. The mouth of the
tubewas sealedwith gauze.Themosquitoeswereheld
at 28�C and 70% RH for 2 d, after which �90% had
oviposited. Eggs were stored in a humidiÞed chamber
at 28�C for 21 d, before being hatched in oxygenated
50% seawater. Larvae were reared at 28�C in 700-ml
containers and maintained on Sealion ßoating Þsh
pellets (Sealion Feed Stuff, Taipei, Taiwan). For
emergence, pupae were placed in 150-ml containers
sealed with gauze at one end. Adults weremaintained
on 10% honey water for 3 d, before being killed with
CO2 and stored at Ð70�C to await virus assay. F1 adults
from each individual parent were grouped in pools of
10 mosquitoes or less, homogenized in 2 ml of tissue
culture media, before being assayed in the CCEIA as
described above.
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Results

Virus Dose. The mean virus titer at the time of
feeding was 107.1�0.1 CCID50/ml, with a mean reduc-
tion in titer during feeding of 100.1�0.1 CCID50/ml.
Thus, an average mosquito blood meal of 3 �l would
contain �104.5�0.1 CCID50 of virus.

Colony Mosquitoes. After a minimum extrinsic in-
cubation period of 13 d, all six colony species were
infected, although infection rates differed among spe-
cies (Tables 1 and 2). Infection rates �90% were
obtained for the three species of Culex, but infection
rates for Oc. vigilax, Oc. notoscriptus, and Ae. aegypti
were �40%. All species developed disseminated in-
fections (i.e., virus detected in the legs), although in
some cases, mosquitoes without detectable dissemi-
nated virus transmitted the virus to susceptible mice.
After 14 d, evidence of JE transmission was ob-

served with Cx. annulirostris, Cx. sitiens, Cx. quinque-
fasciatus, and Oc. notoscriptus (Table 1). Both Cx.
annulirostris andCx. sitiens transmitted virus after 7 d.
JE-speciÞc antibodies were not detected in any of the
surviving mice. None of the Oc. vigilax used in the
transmission attempts were infected, so transmission
was not demonstrated in this species.However, 39%of

Oc. vigilax had evidence of a disseminated infection,
with virus detected in the legs and head plus salivary
glands. The dissemination rates for Ae. aegypti were
17% and 25% for the legs and head plus salivary glands,
respectively (Table 2).

Field-collected mosquitoes.A total of seven species
of Þeld-collected mosquitoes were tested for their
ability to transmit JE to susceptible suckling mice
14Ð15 d postvirus exposure (Table 3). Six of seven
species used for the transmission experiments were
infected, with highest infection rates observed for Cx.
annulirostris (93%) and Cx. gelidus (100%). Similarly,
highest transmission rates were obtained for Cx. an-
nulirostris (61%) and Cx. gelidus (100%), although
only one individual of the latter species fed on a
recipient mouse. The transmission rates of Ochlerota-
tus kochi (Dönitz), Oc. vigilax and Verrallina funerea
(Theobald) were all �20%. Virus was not transmitted
by the Mareeba strain of Cx. quinquefasciatus.
Sevenother Þeld-collected species that did not feed

on recipient mice were tested for the presence of JE
in body, legs, and head plus salivary glands (Table 2).
Although only low numbers were tested, all of the
bodies and head plus salivary glands of Cx. sitiens

Table 1. Infection and transmission of Japanese encephalitis virus by five colony mosquito species fed 104.5 � 0.1 CCID50 of virus
per mosquito, after 5–19 d extrinsic incubation

Species
Days post
infection

% Infectiona % Disseminationb % Transmissionc

Culex annulirostris 5 78 (14/18) 6 (1/18) NTd

7 89 (16/18) 33 (6/18) 24 (4/17)
10 94 (17/18) 78 (14/18) 57 (8/14)
14 100 (36/36) 64 (23/36) 81 (13/16)

Cx. sitiens 5 83 (15/18) 6 (1/18) NT
7 83 (15/18) 28 (5/18) 13 (2/15)
10 89 (16/18) 33 (6/18) 7 (1/15)
14 92 (33/36) 11 (4/36) 67 (10/15)

Cx. quinquefasciatus 17Ð19 98 (50/51) 28 (14/51) 50 (4/8)
Ochlerotatus vigilax 9 19 (12/62) 18 (11/62) NT

13 39 (5/13) 39 (5/13) 0 (0/4)
Oc. notoscriptus 13Ð14 27 (13/48) 8 (4/48) 27 (3/11)

a Percentage of mosquitoes containing virus in their bodies (number positive/number tested).
b Percentage of mosquitoes containing virus in their legs (number positive/number tested).
c Percentage of mosquitoes transmitting virus (number of mice with symptomatic or asymptomatic infection/number tested).
d Not tested.

Table 2. Infection and dissemination of Japanese encephalitis virus by both colony- and field-collected mosquitoes fed 104.5 � 0.1

CCID50/mosquito that did not probe recipient suckling micea

Species Source % Infection % Dissemination (legs)
% dissemination

(head � salivary glands)

Aedes aegyptib Townsville 27 (16/60)c 17 (10/60)d 25 (15/60)e

Ochlerotatus notoscriptus Cairns 20 (1/5) 20 (1/5) 20 (1/5)
Oc. normanensis Normanton 0 (0/1) 0 (0/1) 0 (0/1)
Oc. purpureus Bamaga 100 (2/2) 0 (0/2) 100 (2/2)
Culex sitiens Cairns 100 (1/1) 100 (1/1) 100 (1/1)
Mansonia septempunctata Cairns 67 (16/24) 54 (13/24) 54 (13/24)
Ma. uniformis Cairns 100 (1/1) 100 (1/1) 100 (1/1)
Verrallina carmenti Bamaga 0 (0/2) 0 (0/2) 0 (0/2)

a Mosquitoes were tested at 14Ð15 d post virus exposure, except for Ma. septempunctata, which was tested at 9 d post virus exposure.
b With the exception of Ae. aegypti, all mosquitoes were Þeld-collected.
c Number of mosquitoes with virus detected in the body per number tested.
d Number of mosquitoes with virus detected in the legs per number tested.
e Number of mosquitoes with virus detected in the head plus salivary glands per number tested.
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Wiedemann, Mansonia uniformis (Theobald) and
Ochlerotatus purpureus (Theobald) were infected.
The infection rate of Oc. notoscriptus was 20%,
whereas Ocheleroatus normanensis (Taylor) and Ver-
rallina carmenti Edwards were not infected. After 9 d,
the infection rate in Ma. septempunctata was 67%, and
81%of thesemosquitoescontaineddisseminatedvirus.

Vertical Transmission. A total of 673 F1 progeny of
42 female Oc. vigilax were tested for the presence of
JEvirus, comprising302adult females, 295 adultmales,
and 76 larvae. However, only 14 (33%) of the parental
females were infected. JE was not detected in any of
the pools of progeny of infected and uninfected fe-
males tested.

Growthof JE inMosquitoes.After 2d, the virus titer
in Cx. sitiens decreased to 101.8�0.0 CCID50/mosquito,
before increasing to peak at 105.0�0.1 CCID50/mos-
quito at day 11, after which no further increase was

observed (Fig. 1). The titer of virus inCx. annulirostris
was105.5�0.3CCID50/mosquitoatday10postinfection.

Discussion

In Southeast Asia, rice Þeld mosquitoes, such as Cx.
tritaeniorhynchus andCx. vishnui, are themain vectors
of JE (Burke andLeake 1988,Vaughn andHoke 1992).
Because these species do not occur in northern
Queensland, entomological investigations have been
undertaken to elucidate the vectors of JE in Australia.
In the current study, highest rates of infection and
transmission were observed in the species of Culex.
Weuseda slightlyhigher titer of JE(107.1�0.1CCID50/
ml) than has been recorded in pigs (106 suckling
mouse intracranial lethal dose50/ml; Burke and Leake
1988), because a greater amount of virus is required to

Table 3. Infection and transmission of Japanese encephalitis virus to suckling mice by field-collected mosquitoes fed 104.5 � 0.1

CCID50/mosquito after 14–15 d extrinsic incubation

Species Source % Infection % Transmission

Culex annulirostris Bamaga 100 (2/2)a 0 (0/2)b

Cairns 93 (51/55) 61 (14/23)
Cx. quinquefasciatus Mareeba 56 (15/27) 0 (0/16)
Cx. gelidus Cairns 100 (4/4) 100 (1/1)
Ochlerotatus kochi Bamaga 21 (6/28) 0 (0/8)

Cairns 11 (1/9) 13 (1/8)
Oc. vigilax Cairns 57 (43/75) 17 (3/18)
Verrallina funerea Cairns 11 (4/36) 7 (1/15)
Coquillettidia xanthogaster Cairns 0 (0/1) 0 (0/1)

a Number of mosquitoes infected per number tested.
b Number of mice with symptomatic or asymptomatic infection per number tested.

Fig. 1. Growth of JE virus in Cx. sitiens (mean log10 titer � SE per mosquito) fed �104.5�0.1CCID50/mosquito.
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infect mosquitoes using artiÞcial infection techniques
(Jupp 1976, Turell 1988).
Thehigh infection and transmission rates presented

in this study conÞrm the status of Cx. annulirostris as
the major vector of JE in Australia. However, a num-
ber of other factors contribute to the vectorial capac-
ity of a species, including host feeding patterns, lon-
gevity, abundance and ability to become infected in
natural transmission cycles. Culex annulirostris has
yielded the majority of isolates obtained from the
Torres Strait and PNG (Ritchie et al. 1997a, Johansen
et al. 2000, Johansen et al. 2001). This species is the
primary vector of the closely related Murray Valley
encephalitis and Kunjin viruses, two Australian mem-
bers of the JE serological complex of ßaviviruses
(Mackenzie et al. 1994). Furthermore, Cx. annuliros-
tris and Cx. tritaeniorhynchus are classiÞed within the
Cx. sitiens group (Lee et al. 1989) and both species
have evolved to become the major vectors of JE se-
rological complex viruses throughout their respective
geographical distributions. Mosquitoes classiÞed as
Cx. annulirostris marinae previously have been impli-
cated as vectors on Guam and have been shown to
experimentally transmit JE (Hurlburt and Thomas
1949, Reeves and Rudnick 1951). Finally, Cx. annu-
lirostris is awidespreadandabundant species innorth-
ernQueensland (vandenHurk andRitchie 1997), and
readily feeds on pigs and humans during recorded JE
incursions (van den Hurk et al. 2001).
The results of this study indicate that Cx. sitiens

should be considered a potential vector of JE in Aus-
tralia. Indeed, in the presence of low numbers of Cx.
annulirostris, this species, along with Cx. quinquefas-
ciatus, was implicated as a vector on the Eastern Is-
lands of the Torres Strait (van den Hurk and Ritchie
1997). To date, no isolates have been obtained from
Cx. sitiens in northernAustralia, possibly because only
low numbers have been processed for virus isolation
(Ritchie et al. 1997a, Johansen et al. 2001). However,
isolates have been obtained from Cx. sitiens collected
from Malaysia and Taiwan (Vythilingam et al. 1994,
Weng et al. 1999). Culex sitiens is a common coastal
species in Australia (Lee et al. 1989), and has been
recorded feeding on pigs in Southeast Asia (Vythil-
ingam et al. 1994).
The colony strain of Cx. quinquefasciatus from

southeast Queenslandwas highly susceptible to infec-
tion and readily transmitted the virus. However, the
north Queensland strain was a relatively inefÞcient
laboratory vector, because only 56% became infected
and transmission did not occur. The differences in
infection and transmission rates between these two
populations could be a result of inherited genetic
mechanisms, as has beendemonstratedwithCx. tritae-
niorhynchus collected from different geographical ar-
eas of Asia (Takahashi 1980, 1982). Alternatively, the
fact that one strainwas obtained fromacolony and the
other from the Þeld may have contributed to the
observeddifferences invector competence. Isolatesof
JE have been obtained from Cx. quinquefasciatus in
Asia, although infection rates generally were low
when compared with Cx. tritaeniorhynchus (Vythil-

ingam et al. 1997, Weng et al. 1999). However, no
isolates have been obtained from this species in Aus-
tralia, as only low numbers of Cx. quinquefasciatus
have been processed for virus isolation. Host feeding
studies have demonstrated that, althoughCx. quinque-
fasciatus has been recorded feeding on pigs, humans
and dogs are the main blood meal hosts in northern
Australia (Kay et al. 1979).
An established vector of JE in Southeast Asia, Cx.

gelidus only recently has been recognized in Australia
(Muller et al. 2001, Ritchie et al. 2001). Isolates of JE
have been obtained from this species from a wide
geographical area (Gould et al. 1974, Peiris et al. 1992,
Vythilingam et al. 1995), and a Malaysian strain was
found to be an efÞcient laboratory vector (Gould et al.
1962). The ability forCx. gelidus to transmit theTorres
Strait strain of JE, coupled with evidence of Þeld
infection and a propensity to feed on pigs (van den
Hurk et al. 2001), indicate that this species should be
considered an important vector in northern Australia.
Our study conÞrms the ability of Oc. vigilax to be-

come infectedwith JE, indicating that the isolate from
Badu Island in 1998 did not result from an infected
blood meal or contamination from the hemolymph of
another species (Johansen et al. 2001). However, de-
spite an infection rate of 57%, only 17% of the wild-
caughtOc.vigilax transmitted thevirus, indicating that
the Cairns strain used in these experiments was a
relatively inefÞcient vector. Transmission for the col-
ony strain ofOc. vigilaxwas not demonstrated, as only
four females had fed on recipient mice and none of
these mosquitoes were infected. All of the infected
females of the southeast Queensland colony strain
developed a disseminated infection, indicating that
there was potentially a salivary gland infection barrier
that limited virus transmission by these mosquitoes
(Hardy et al. 1983). We did not demonstrate vertical
transmission of JE by Oc. vigilax, because only low
numbers of progeny were processed from infected
parents. Further experiments are requiredwithOchle-
rotatus spp., to determine whether vertical transmis-
sion is a viable overwintering mechanism for JE in
Australia.
Our study has demonstrated that Oc. notoscriptus is

capable of being infected with and transmitting JE.
The status of Oc. notoscriptus as a potential vector of
arboviruses in Australia recently has been extended
when this species was shown to be a laboratory vector
of Rift Valley fever, Ross River and Barmah Forest
viruses (Turell and Kay 1998, Watson and Kay 1998,
1999). Ochlerotatus notoscriptus is a common perido-
mestic species, so the close association between hu-
mans, its propensity to feed on mammals including
pigs and humans (Kay et al. 1979) and its ability to
transmit JE indicate that it could play a role in trans-
mission in Australia.
The potential role of other native Australian mos-

quito species as vectors of JE innorthernAustralia also
was investigated. Australian Mansonia could be po-
tential vectors of JE because they have been impli-
cated in India (Gajanana 1998), Sri Lanka (Peiris et al.
1994), and Sarawak (Simpson et al. 1970). Transmis-
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sion experiments using Ma. uniformis and Ma. septem-
punctata are required to determine whether these
species could play a role in transmission cycles in
Australia. The low infection and/or transmission rates
observed for several species, includingAe. aegypti, Ve.
funerea, and Oc. kochi, in conjunction with a paucity
of Þeld isolates, indicate that these species probably
would not play a signiÞcant role in JE transmission.
The pattern of virus growth in Cx. sitiens is similar

to that observed for Ochlerotatus japonicus Theobald,
Culex pipiens molestus Forskal, and Cx. tritaeniorhyn-
chus in Southeast Asia (Takashima and Rosen 1989,
Weng et al. 2000). After an initial drop in virus titer,
the titer increased to a similar level to that which was
ingested (i.e., 104.4�0.2 CCID50/mosquito) before
peaking at 105.0�0.1 CCID50/mosquito on day 11. The
titer of 105.5�0.3 CCID50/mosquito in Cx. annulirostris
was similar to the titer of 105.18�0.04 plaque forming
units/mosquito reported for a Taiwan strain of Cx.
tritaeniorhynchus (Weng et al. 2000).
Interestingly, virus transmission was demonstrated

in the colony mosquitoes that did not have a detect-
able disseminated infection (i.e., virus recovered from
the legs). Consequently, wild-caught mosquitoes that
had fed on recipient mice were not tested for a dis-
seminated infection. It is likely that that JE did not
readily disseminate through the legs of some of the
infected mosquitoes in titers high enough to be de-
tected in the CCEIA assay used in these experiments.
Wheneverpossible,mosquitoes shouldbeencouraged
to feed on susceptible vertebrate hosts to demonstrate
virus transmission and assess the vector status of a
particular species.However, this is sometimes difÞcult
to achieve in the laboratory, as mosquitoes may be
reluctant to feed on the recipient animal.
With the exception of 1999, JE activity has been

recorded every year in the Torres Strait since 1995,
andonCapeYorkPeninsula in1998(Hannaet al. 1996,
Shield et al. 1996, Hanna et al. 1999, Pyke et al. 2001;
A. Pyke, Queensland Health ScientiÞc Services, un-
published results). The high number of isolates, cou-
pled with our vector competence results demon-
strated that speciÞc strategies for controlling Cx.
annulirostris need to be developed, especially should
JE became established on the Australian mainland.
However, implementation of large scale vector con-
trol in areas such as Cape York Peninsula or the Gulf
country of northern Queensland, may not be feasible,
because Cx. annulirostris larval habitats are numerous
and widespread. Therefore, vaccination and removal
of domestic pigs fromhuman habitationwould appear
to be the most viable option of preventing JE trans-
mission to humans in these areas.

Acknowledgments

Thanks to R.D. Cooper and S. Frances of the Australian
ArmyMalaria Institute for supplyingCx. annulirostris andCx.
sitiens andK.Marshall for supplying theCx. quinquefasciatus,
Oc. notoscriptus, and Oc. vigilax. We thank C. Johansen, A.
Pyke, and B. Montgomery for advice and assistance with
various aspects of this study. Funding for this study was

provided by the National Health and Medical Research
Council, Australia and Queensland Health.

References Cited

Broom, A. K., R. A. Hall, C. A. Johansen, N. Oliveira, M. A.
Howard, M. D. Lindsay, B. H. Kay, and J. S. Mackenzie.
1998. IdentiÞcation of Australian arboviruses in inocu-
lated cell cultures usingmonoclonal antibodies in ELISA.
Pathology. 30: 286Ð288.

Burke, D. S., and C. J. Leake. 1988. Japanese encephalitis,
pp. 63Ð92. In T. P. Monath (ed.), The Arboviruses: Epi-
demiology and Ecology, vol. 3. CRC, Boca Raton, FL.

Gajanana, A. 1998. Epidemiology and surveillance of Japa-
nese encephalitis in Tamil Nadu. ICMR Bulletin. 28: 33Ð
37.

Gorman, B. M., J. R. Leer, C. Filipich, P. D. Goss, and R. L.
Doherty. 1975. Plaquing and neutralization of arbovi-
ruses in the PS-EK line of cells. Aust. J. Med Technol. 6:
65Ð71.

Gould, D. J., H. C. Barnett, and W. Suyemoto. 1962. Trans-
mission of Japanese encephalitis virus by Culex gelidus
Theobald.Trans.Royal Soc.Trop.Med.Hyg. 56: 429Ð435.

Gould, D. J., R. Edelman, R. A. Grossman, A. Nisalak, and
M. F. Sullivan. 1974. Study of Japanese encephalitis vi-
rus in Chiangmai Valley, Thailand. IV. Vector studies.
Am. J. Epidemiol. 100: 49Ð56.

Gould, E. A. 1991. Antigenicity of Flaviviruses. Arch. Virol
Supplementum. 1: 137Ð152.

Hammon,W.M.,W.D.Tigertt,G.E. Sather,T.O.Berge, and
G. Meiklejohn. 1958. Epidemiologic studies of concur-
rent “virgin” epidemics of Japanese B encephalitis and of
mumps on Guam, 1947Ð1948, with subsequent observa-
tions including dengue, through 1957. Am. J. Trop. Med.
Hyg. 7: 441Ð466.

Hanna, J. N., S. A. Ritchie, D. A. Phillips, J. Shield, M. C.
Bailey, J. S. Mackenzie, M. Poidinger, B. J. McCall, and
P. J. Mills. 1996. Anoutbreak of Japanese encephalitis in
the Torres Strait, Australia, 1995. Med. J. Aust. 165: 256Ð
260.

Hanna, J. N., S. A. Ritchie,D. A. Phillips, J.M. Lee, S. L.Hills,
A. F. van den Hurk, A. T. Pyke, C. A. Johansen, and J. S.
Mackenzie. 1999. Japanese encephalitis in north
Queensland, Australia, 1998. Med. J. Aust. 170: 533Ð536.

Hardy, J. L., E. J. Houk, L. D. Kramer, and W. C. Reeves.
1983. Intrinsic factors affecting vector competence of
mosquitoes for arboviruses. Annu.Rev. Entomol. 28: 229Ð
262.

Herrmann, K. L. 1988. Antibody Detection, pp. 76Ð101. In
E. H. Lennette, P. Halonen, and F. A. Murphy (eds.),
Laboratory diagnosis of infectious diseases: principles
and practice, vol. 2. Viral, rickettsial and chlamydial dis-
eases. Springer, New York, NY.

Hurlburt, H. S., and J. I. Thomas. 1949. Potential vectors of
Japaneseencephalitis in theCaroline Islands.Am. J. Trop.
Med. 29: 215Ð217.

Igarashi, A., M. Tanaka, K. Morita, T. Takasu, A. Ahmed, A.
Ahmed, D. S. Akram, and M. Anwar Waqar. 1994. De-
tection of West Nile and Japanese encephalitis viral ge-
nome sequences in cerebrospinal ßuid from acute en-
cephalitis cases inKarachi, Pakistan.Microbiol. Immunol.
38: 827Ð830.

Johansen, C. A., A. F. van den Hurk, S. A. Ritchie, P.
Zborowski, D. J. Nisbet, R. Paru, M. J. Bockarie, J. Mac-
donald, A. C. Drew, T. I. Khromykh, and J. S. Mackenzie.
2000. Isolation of Japanese encephalitis virus from mos-
quitoes (Diptera: Culicidae) collected in the Western

88 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 40, no. 1

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/article/40/1/82/903798 by guest on 23 April 2024



Province of Papua New Guinea, 1997Ð1998. Am. J. Trop.
Med. Hyg. 62: 631Ð638.

Johansen,C.A., A. F. vandenHurk,A.T. Pyke, P. Zborowski,
D. A. Phillips, J. S. Mackenzie, and S. A. Ritchie. 2001.
Entomological investigations of an outbreak of Japanese
encephalaitis virus in the Torres Strait, Australia, in 1998.
J. Med. Entomol. 38: 581Ð588.

Jupp, P. G. 1976. The susceptibility of four South African
species of Culex to West Nile and Sindbis viruses by two
different infecting methods. Mosq. News 36: 166Ð173.

Kay, B. H., P.F.L. Boreham, and G. M. Williams. 1979. Host
preferences and feedingpatterns ofmosquitoes (Diptera:
Culicidae) at Kowanyama, Cape York Peninsula, north-
ern Queensland. Bull. Entomol. Res. 69: 441Ð457.

Lee, D. J., M. M. Hicks, M. L. Debenham, M. Griffiths, E. N.
Marks, J. H. Bryan, and R. C. Russell. 1989. The Culic-
idae of the Australasian Region. EntomologyMonograph
No 2, vol. 7. Australian Government Publishing Service
Press, Canberra, Australia.

Mackenzie, J. S. 1999. The ecology of Japanese encephalitis
virus in theAustralasian region.Clinical Virology (Japan)
27: 1Ð17.

Mackenzie, J. S., M. D. Lindsay, R. J. Coelen, A. K. Broom,
R. A. Hall, and D. W. Smith. 1994. Arboviruses causing
human disease in the Australasian zoogeographic region.
Arch. Virol. 136: 447Ð467.

Muller,M. J., B.L.Montgomery,A. Ingram, andS.A.Ritchie.
2001. First records ofCulex gelidus fromAustralia. J. Am.
Mosq. Control Assoc. 17: 79Ð80.

Paul,W. S., P. S.Moore,N.Karabatsos, S. P. Flood, S. Yamada,
T. Jackson, and T. F. Tsai. 1993. Outbreak of Japanese
encephalitis on the island of Saipan, 1990. J. Infect. Dis.
167: 1053Ð1058.

Peiris, J.S.M., F. P. Amerasinghe, P. H. Amerasinghe, C. B.
Ratnayke, S.H.P.P. Karunaratne, and T. F. Tsai. 1992.
Japanese encephalitis in Sri LankaÑthe study of an ep-
idemic: vector incrimination, porcine infection and hu-
man disease. Trans. Royal Soc. Trop. Med. Hyg. 86: 307Ð
313.

Peiris, J.S.M., P. H. Amerasinghe, F. P. Amerasinghe, C. H.
Calisher, L. P. Perera,C.H.Arunagiri, N. B.Munasingha,
and S.H.P.P. Karunaratne. 1994. Viruses isolated from
mosquitoes collected in Sri Lanka.Am. J. Trop.Med.Hyg.
51: 154Ð161.

Pyke, A. T., D. T. Williams, D. J. Nisbet, A. F. van den Hurk,
C.T. Taylor,C.A. Johansen, J.Macdonald,R.A.Hall, R. J.
Simmons, R.J.V. Mason, J. M. Lee, S. A. Ritchie, G. A.
Smith, and J. S. Mackenzie. 2001. The appearance of a
second genotype of Japanese encephalitis virus in the
Australasian region. Am. J. Trop. Med. Hyg. 65: 747Ð753.

Reeves, W. C., and A. Rudnick. 1951. A survey of the mos-
quitoes of Guam in two periods in 1948 and 1949 and its
epidemiological implications. Am. J. Trop. Med. Hyg. 31:
633Ð658.

Ritchie, S. A., and D. L. Kline. 1995. Comparison of CDC
and EVS light traps baited with carbon dioxide and oc-
tenol for trapping mosquitoes in Brisbane, Queensland
(Diptera: Culicidae). J. Aust. Entomol. Soc. 34: 215Ð218.

Ritchie, S. A., D. Phillips, A. Broom, J. Mackenzie, M.
Poidinger, and A. van den Hurk. 1997a. Isolation of Jap-
anese encephalitis virus from Culex annulirostris in Aus-
tralia. Am. J. Trop. Med. Hyg. 56: 80Ð84.

Ritchie, S., A. van den Hurk, and J. Shield. 1997b. The 1995
Japanese encephalitis outbreak: Why Badu? Arbovirus
Res. Aust 7: 224Ð227.

Ritchie, S., B. Haseler, P. Foley, and B. Montgomery. 2001.
Exotic mosquitoes in north Queensland: The true mil-
lennium bug? Arbovirus Res Aust 8: 288Ð293.

Rosen, L. 1986. The natural history of Japanese encephalitis
virus. Annu. Rev. Microbiol. 40: 395Ð414.

Shield, J., J. Hanna, and D. Phillips. 1996. Reappearance of
the Japanese Encephalitis virus in the Torres Strait, 1996.
Comm. Dis. Intell. (Aust.). 20: 191.

Simpson, D.I.H., E.T.W. Bowen, G. S. Platt, H. Way, C.E.G.
Smith, S. Peto, S. Kamath,L.B.Liat, andL.T.Wah. 1970.
Japanese encephalitis in Sarawak: virus isolation and se-
rology in a Land Dyak Village. Trans. Royal Soc. Trop.
Med. Hyg. 64: 503Ð510.

Solomon, T. 1997. Viral encephalitis in Southeast Asia.Neu-
rol. Infect. Epidemiol. 2: 191Ð199.

Solomon, T., N.M.Dung, R. Kneen,M.Gainsborough,D.W.
Vaughn, and V. T. Khanh. 2000. Japanese encephalitis.
J. Neurol. Neurosurg. and Psychiatry 68: 405Ð415.

Takahashi, M. 1980. Varaiation in susceptibility among col-
ony strains of Culex tritaeniorhynchus to Japanese en-
cephalitis virus infection. Jpn. J. Med. Sci. Biol. 33: 321Ð
329.

Takahashi, M. 1982. Differential transmission efÞciency for
Japanese encephalitis virus among colonized strains of
Culex tritaeniorhynchus. Jpn. J. Sanit. Zool. 33: 325Ð333.

Takashima, I., and L. Rosen. 1989. Horizontal and vertical
transmission of Japanese encephalitis virus by Aedes ja-
ponicus (Diptera: Culicidae). J. Med. Entomol. 26: 454Ð
458.

Tsai, T. F. 1997. Factors in the changing epidemiology of
Japanese encephalitis and West Nile fever, pp. 179Ð189.
In J. F. Saluzzo, and B. Dodet (eds.), Factors in the
emergence of arbovirus diseases. Elsevier, Paris, France.

Tsai, T. F. 2000. New initiatives for the control of Japanese
encephalitis by vaccination: Minutes of a WHO/CVI
meeting, Bangkok, Thailand, 13Ð15 October 1998. Vac-
cine 18: 1Ð25.

Turell, M. J. 1988. Reduced Rift Valley fever virus infection
rates in mosquitoes associated with pledget feedings.
Am. J. Trop. Med. Hyg. 39: 597Ð602.

Turell, M. J., T. P. Gargan, and C. L. Bailey. 1984. Replica-
tion and dissemination of Rift Valley fever virus in Culex
pipiens. Am. J. Trop. Med. Hyg. 33: 176Ð181.

Turell, M. J., and B. H. Kay. 1998. Susceptibility of selected
strains of Australian mosquitoes (Diptera: Culicidae) to
Rift Valley fever virus. J. Med. Entomol. 35: 132Ð135.

van den Hurk, A. F., and S. A. Ritchie. 1997. Japanese en-
cephalitis in the Torres Strait: Surveillance of suspected
vectors. Arbovirus Res. Aust. 7: 105Ð111.

van den Hurk, A. F., D. J. Nisbet, C. A. Johansen, P. N. Foley,
S. A. Ritchie, and J. S. Mackenzie. 2001. Japanese en-
cephalitis on Badu Island, Australia: the Þrst isolation of
Japanese encephalitis virus from Culex gelidus in the
Australasian region and the role ofmosquito host-feeding
patterns in virus transmission cycles. Trans. Royal Soc.
Trop. Med. Hyg. 95: 595Ð600.

Vaughn, D. W., and C. H. Hoke. 1992. The epidemiology of
Japanese encephalitis: Prospects for prevention. Epide-
miol. Rev. 14: 197Ð221.

Victor, T. J., M. Malathi, V. Ravi, G. Palani, and N. C. Ap-
pavoo. 2000. First outbreak of Japanese encephalitis in
two villages of Dharmapuri district in Tamil Nadu. Indian
J. Med. Res. 112: 193Ð197.

Vythilingam, I., K. Oda, T. K. Chew, S. Mahadevan, B. Vi-
jayamalar, K. Morita, H. Tsuchie, and A. Igarashi. 1995.
Isolation of Japanese encephalitis virus from mosquitoes
collected in Sabak Bernam, Selangor, Malaysia in 1992.
J. Am. Mosq. Control Assoc. 11: 94Ð98.

Vythilingam, I, K. Oda, S. Mahadevan, G. Abdullah, C. S.
Thim, C. C. Hong, B. Vijayamalar, M. Sinniah, and A.
Igarashi. 1997. Abundance, parity, and Japanese en-

January 2003 VAN DEN HURK ET AL.: JAPANESE ENCEPHALITIS AND AUSTRALIAN MOSQUITOES 89

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/article/40/1/82/903798 by guest on 23 April 2024



cephalitis virus infection of mosquitoes (Diptera: Culic-
idae) in Sepang District, Malaysia. J. Med. Entomol. 34:
257Ð262.

Vythilingam, I., K. Oda, H. Tsuchie, S. Mahadevan, and B.
Vijayamalar. 1994. Isolation of Japanese encephalitis vi-
rus from Culex sitiens mosquitoes in Selangor, Malaysia.
J. Am. Mosq. Control. Assoc. 10: 228Ð229.

Watson, T. M., and B. H. Kay. 1998. Vector competence of
Aedes notoscriptus (Diptera: Culicidae) for Ross River
virus in Queensland, Australia. 1998. J. Med. Entomol. 35:
104Ð106.

Watson, T. M., and B. H. Kay. 1999. Vector competence of
Aedes notoscriptus (Diptera: Culicidae) for Barmah For-
est virus and of this species and Aedes aegypti (Diptera:

Culicidae) for dengue 1Ð4 viruses in Queensland, Aus-
tralia. J. Med. Entomol. 36: 508Ð514.

Weng, M. H., J. C. Lien, C. C. Lin, and C. W. Yao. 2000.
Vector competence of Culex pipiens molestus (Diptera:
Culicidae) fromTaiwan for a sympatric strain of Japanese
encephalitis virus. J. Med. Entomol. 37: 780Ð783.

Weng, M. H., J. C. Lien, Y. M. Wang, C. C. Lin, H. C. Lin,
and C. Chin. 1999. Isolation of Japanese encephalitis
virus from mosquitoes collected in Northern Taiwan be-
tween 1995 and 1996. J. Microbiol. Immunol. Infect. 32:
9Ð13.

Received for publication 2April 2002; accepted 13 July 2002.

90 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 40, no. 1

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/article/40/1/82/903798 by guest on 23 April 2024


