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1 Introduction

Japanese encephalitis (JE) virus has a great propensity to spread, expanding its
range through much of southeastern Asia in the past four decades (UMENAI et al.
1985; BURKE and LEAKE 1988; VAuGHN and HokEe 1992; MoNATH and HEINZ
1996). In the 1990s, JE spread into southern Pakistan (IGARAsHI et al. 1994) and to
Haryana State (Prasap et al. 1993) and Kerala State (DHANDA et al. 1997) in
northwestern and southwestern India, respectively. In the east, JE has invaded the
eastern Indonesian archipelago, New Guinea, and the Torres Strait of northern
Australia (HANNA et al. 1996b; MACKENZIE et al. 1997a). The eastward spread of
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JE from the Oriental to the Australasian zoogeographic region and the threat this
poses to the Pacific is the focus of this chapter. It is also interesting to note that
there are also certain parallels in the emergence of JE in the Australasian region
with the recent emergence of West Nile (WN) virus in North America, and
particularly the emergence of the two viruses in novel zoogeographic regions.

Until recently, Wallace’s Line, a hypothetical line separating the Oriental from
the Australasian zoogeographic region, was thought to be the southeastern limit of
JE virus (KANAMITSU et al. 1979; MARSHALL 1988; MACKENZIE et al. 1997a).
Wallace’s Line passes between Bali and Lombok islands, north through the Strait
of Makasar between Kalimantan and Sulawesi (Fig. 1). A second hypothetical line,
Weber’s Line (Fig. 1), also purports to delineate zoogeographic boundaries but is
set further east, extending between Timor and northwest Australia and then north
through the Moluccan Sea east of Sulawesi (KaNaMiTsU et al. 1979; MACKENZIE
et al. 1997a). The area between Wallace’s Line and Weber’s Line is referred to as
Wallacea, east of which lies Australasia, encompassing Irian Jaya, Papua New
Guinea, and Australia. It has been clearly established that JE virus is the major
encephalitic flavivirus to the north and west of Wallacea, whereas Murray Valley
encephalitis (MVE) virus is the major encephalitic flavivirus of Australasia
(MArsHALL 1988). However, it is difficult to determine the incidence and distri-
bution of the two viruses in Wallacea using serological techniques as there are a
number of other flaviviruses circulating in this area, and sequential exposure to one
or more results in complex patterns of serological cross-reactions. These other
viruses are discussed below.

In this chapter, we describe the mosquito-borne flaviviruses found in Indonesia
on either side of Wallace’s Line, and in New Guinea and Australia. There is a
strong reason for geographical descriptions of flaviviruses: not only is it unusual to
have so many related viruses circulating and possibly competing for vectors and
vertebrate hosts, but it also emphasises the problems inherent in serological studies
due to heterotypic antibodies following multiple exposures. These problems are

Fig. 1. The Oriental and Austral-
asian zoogeographic regions: the
position of the Wallace and Weber
lines, and the concept of Wallacea.
(From MACKENZIE et al. 1997 with
Australasian Zoographic region permission)
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perhaps more accentuated in this area of the world than anywhere else. However,
because of their ubiquity in Indonesia and coastal New Guinea, the dengue viruses
will not be discussed further, although these viruses remain significant causes of
disease and contribute to the high incidence of heterotypic flaviviral antibodies. The
emergence of JE virus in the Torres Strait of northern Australia will then be de-
scribed, with studies carried out in Papua New Guinea (PNG) and Irian Jaya. The
final sections will discuss possible vectors and vertebrate hosts in Australasia with
respect to the potential for the virus to become established, and the possible modes
of spread of JE both to and within the Australasian region. A short concluding
section will address the potential for JE to spread further within the Pacific.

2 Background

2.1 JE and Other Flaviviruses of Indonesia

2.1.1 The Western Indonesian Archipelago (Sumatra, Java, Kalimantan, Bali)

Seroepidemiological surveys indicated that JE was present in various parts of
Indonesia in the 1960s (HoTTA et al. 1970a,b), with the first reported clinical illness
in 1971 in Jakarta (L.K. KHo, cited by VAN PEENEN et al. 1975b; WuryaADI and
Soroso 1989). Initial virus isolations were made in pig-raising areas near Jakarta,
implicating Culex tritaeniorhynchus as the major vector (ATMOSOEDIJONO et al.
1973) and pigs as the amplifying hosts (VAN PEENEN et al. 1974a,b). VAN PEENEN
et al (1975b) isolated JE from Cx. tritaeniorhynchus, Cx. gelidus, and sentinel pigs
in Kapuk, Jakarta. JE virus was subsequently isolated from Cx. tritaeniorhynchus,
Cx. gelidus and Cx. fuscocephala mosquitoes in a pig-breeding area near Bogor,
West Java (VAN PEENEN et al. 1975a). These studies suggested that there was a
correlation of Cx. tritaeniorhynchus breeding with agricultural practices rather than
with rainfall (VAN PEeNEN et al. 1975b). Further studies carried out at Kapuk
demonstrated a close dependence of JE viral activity on the population dynamics of
Cx. tritaeniorhynchus (OLsoN et al. 1985b). More than 20 isolates of JE were ob-
tained from mosquitoes during this latter study, most of which were from Cx.
tritaeniorhynchus with a few isolates from Cx. gelidus, Cx. vishnui, and Cx. fusco-
cephala. In Central Java where pigs are less common, JE virus was isolated from
seven species of mosquitoes trapped in cattle shelters, suggesting that cattle may be
involved in some natural transmission cycles in Indonesia (TAN et al. 1993). An-
tibodies to JE virus have been reported in horses (Wipjaja et al. 1995) and cattle
(Tan et al. 1993) in Java.

A prospective study carried out in 1990-1992 in Bali found that 19 of 47
children hospitalised with encephalitis were serologically confirmed as being
infected with JE (T. Soroso, S. Ganefa, B. Widarso, personal communication).
Further studies in Bali of another 77 suspected cases found that 44 had JE
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antibodies in their cerebrospinal fluid (CSF) by ELISA (T. Soroso, S. Ganefa, B.
Widarso, personal communication). In addition, there have been reports of tourists
from Bali being infected with JE (MAcDONALD et al. 1989; WiTTEsIO et al. 1995;
BuHL et al. 1996). Serologically confirmed cases of JE on Bali were recently re-
ported by Yosuipa and colleagues (1999). The crude annual incidence rate of JE
disease in southern Bali is about 3.1 cases per 100,000 children aged below 14 years,
and cases occurred throughout the year (T. Soroso, S. Ganefa, B. Widarso, per-
sonal communication). JE virus has been isolated from mosquitoes in Bali (R.
Graham, personal communication), and several known JE vector species have been
found in significant numbers, including Cx. tritaeniorhynchus, Cx. fuscocephala,
Cx. gelidus, and Cx. vishnui (LEE et al. 1983). Neutralising antibodies to JE virus
were found in 48% of pigs in Bali, and in a number of other species of livestock
(T. Soroso, S. Ganefa, B. Widarso, personal communication).

Other than the four dengue viruses, several other flaviviruses have either been
isolated or implicated in disease on serological grounds in western Indonesia or
contiguous areas of eastern Malaysia. They include Zika virus, which was impli-
cated as a cause of fever in patients in central Java (OLsoN et al. 1981); Tembusu
virus, which was isolated in Sarawak (PLATT et al. 1975); and WN virus, which had
also been isolated in Sarawak (KARaBATsos 1985). Furthermore, the Australasian
Kunjin (KUN) virus, which has recently been reclassified as a subtype of WN virus,
has also been isolated from Cx. pseudovishnui mosquitoes in Sarawak (BoweN et al.
1970)

2.1.2 The Eastern Indonesian Archipelago (Wallacea)

The eastern Indonesian archipelago includes Nusa Tenggara Barat or West Nusa
Tenggara (Lombok, Sumbawa), Nusa Tenggara Timur or East Nusa Tenggara
(Flores, Sumba, Timor, Komodo), and Sulawesi (Celebes). This part of Indonesia
notionally comprises ‘Wallacea’. Irian Jaya, although part of Indonesia, will be
discussed separately under New Guinea as it falls geographically within the Aus-
tralasian zoogeographic region. As noted above, seroepidemiological studies in
Wallacea have been difficult to interpret because of heterotypic responses. The
flaviviruses believed to be present include JE virus; the Australasian members of the
JE serological complex, MVE, KUN, and Alfuy (ALF) viruses; Kokobera (KOK)
and Stratford (STR) viruses, two Australasian viruses which were previously
classified as members of the JE serological group, but have now been placed in a
separate group of their own; Edge Hill (EH) and Sepik viruses, two Australasian
viruses of the Yellow fever virus group; and Dengue virus types 1-4 (KARABATSOS
1985; MACKENZIE et al. 1994; Heinz et al. 2000). In addition, there is serological
evidence that Zika and Tembusu viruses may be present (OLsoN et al. 1983).
Early seroepidemiological studies were carried out by Hotta and colleagues
(1967, 1970a) in Lombok using haemagglutination inhibition (HI) and a restricted
number of antigens, but the results were inconclusive. Subsequently KANAMITSU
and colleagues (1979) reported neutralising antibodies to JE virus in human sera
collected at various locations in Wallacea (and at Jayapura, Irian Jaya, in the
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Australasian zoogeographic region). While most sera were multi-reactors, re-
analysis based on the virus eliciting the only or highest titre, suggested a low
incidence of JE positive sera only in Lombok. Most of the multi-reactor sera were
shown to have highest titres to dengue 2 virus. The authors also suggested that, as
the age pattern of the JE antibody-positive sera in Lombok differed from that in
endemic areas of JE, and as a significant proportion of the residents of Lombok are
Hindu, it may be that much of the JE antibody-positive human sera in Lombok was
acquired through infection in Bali, a holy place for Hindus. OLson et al. (1983)
found HI and neutralising antibody to JE virus in humans and animals and in horse
and cows, respectively, in Lombok. Furthermore, neutralising antibodies to dengue
2, Zika, Tembusu, KUN, and Sepik viruses were found in human sera and to Sepik,
MVE and KUN viruses in domestic animals (OLsoN et al. 1983), again demon-
strating the problems inherent in seroepidemiological studies when a number of
different flaviviruses are enzootic. JE virus was isolated from Cx. tritaeniorhynchus,
Anopheles vagus, and An. annularis mosquitoes in Lombok in 1978-1979 (OLson
et al. 1985a) and from Cx. tritaeniorhynchus in Flores Island in 1981 (J.G. Olson,
unpublished results). This latter isolate is the most easterly isolation of JE virus
prior to the 1995 outbreak on Badu, 2,200km to the east. HI antibodies to JE were
also found in pigs in Timor (P. Daniels, I. Sandow, personal communication), and
in human and animal sera collected from 1993 to 1997 in Sulawesi, East Nusa
Tenggara and West Nusa Tenggara (T. Soroso, S. Ganefa, B. Widarso, personal
communication), but the lack of specificity of the test renders the results ques-
tionable. ‘

2.2 JE and Other Flaviviruses of Australasia

2.2.1 Flaviviruses of Papua New Guinea and Irian Jaya

MVE virus is recognised as the major encephalogenic flavivirus of the Australasian
region, and occurs in both PNG and Irian Jaya. Two cases of encephalitis caused
by MVE have been reported from southern Papua New Guinea (FRENCH et al.
1957) and Irian Jaya (EsseD and VAN TONGERAN 1965) in 1956 and 1960 respec-
tively. MVE virus was also isolated from mosquitoes trapped at Maprik in East
Sepik Province of PNG (MarsHALL 1988). The human and the mosquito isolates
were shown to be genetically distinct from each other and from Australian MVE
isolates (LosiGs et al. 1986, 1988; CoteLEN and MACKENZIE 1988; COELEN et al.
1989; MACKENZIE et al. 1996b). Two additional isolates were obtained from Cx.
sitiens subgroup mosquitoes trapped at Balimo in the Aramia River area of
Western Province in 1998 (JOHANSEN et al. 2000). Early seroepidemiological studies
carried out in 1956-1957 demonstrated that neutralising antibodies to MVE virus
were widespread in various parts of PNG, except in the highlands (ANDERSON et al.
1960). Most sera showed cross-reactions with JE virus, and indeed some sera col-
lected in the Aramia River area of Western Province exhibited higher titres to JE
than to MVE virus. Although the authors suggested that these latter results were
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probably due to heterologous antibodies resulting from sequential infections with
other flaviviruses, the presence of JE virus in southern PNG at that time cannot be
ruled out. Indeed the authors commented that the Aramia River area was the most
heavily and consistently infected region of PNG. Antibodies to MVE related vi-
ruses were also found in a variety of waterbirds in PNG, including the Little black
cormorant, Plumed egret, Snakebird, Nankeen night heron, Mangrove heron, and
Pied goose (ANDERSON et al. 1960). A high incidence of flavivirus antibodies with
evidence of heterologous responses was also reported in the 1960s for coastal
lowlands (WissEMAN et al. 1964) and in East Sepik Province (R.A. Hawkes, un-
published results cited by MARSHALL 1988), but no flavivirus antibodies were de-
tected in sera from the PNG highlands. HAwkEs was able to determine that MVE
virus transmission was frequent in the Sepik area, and that continuous transmission
of both KUN and KOK viruses occurred throughout the year (R.A. Hawkes,
unpublished results cited by MArsHALL 1988). KOK virus was also isolated from
mosquitoes in the Sepik area (MARSHALL 1988). Neutralising antibodies to MVE
were also observed in three adult sera collected from near Sentani Lake in the north
of Irian Jaya (VAN TONGEREN et al. 1960), in domestic chickens and cattle in PNG
(DoHEerTY et al. 1973), and in human and avian sera collected in East Sepik
Province between 1990 and 1993 (R. Sanders, unpublished results; A.K. Broom,
J.S. Mackenzie, unpublished results). Neutralising antibodies to KUN virus were
detected in a serum specimen from Jayapura in Irian Jaya (KANAMITSU et al. 1979).

Sepik virus, now classified as a member of the Yellow fever virus group (HEINZ
et al. 2000), was first isolated from Mansonia septempunctata, Ficalbia flavens,
Ficalbia spp., and Armigeres spp. trapped in the Sepik district of Papua New
Guinea (WooprooFE and MarsHALL 1971; KaraBaTsos 1985). It has been
implicated in human febrile disease (WOODROOFE and MARSHALL 1971). An isolate
of Sepik virus was also obtained from a pool of Cx. sitiens subgroup mosquitoes
trapped at Balimo in Western Province in 1998 (JOHANSEN et al. 2000).

2.2.2 Flaviviruses of Australia

As mentioned above, MVE virus is the major encephalogenic flavivirus in Aus-
tralia, and one of three JE serological group viruses found in Australia, the other
two being KUN and ALF viruses. It is enzootic across most of northern Australia.
although fewer human cases have been reported in the northeast of the continent.
The ecology and geographic range of MVE virus have been reviewed elsewhere
(MARSHALL 1988; MACKENZIE et al. 1994, 1996b; SPENCER et al. 2001). Briefly,
however, the natural cycle of MVE is believed to be between Cx. annulirostris
mosquitoes and various ardeid waterbirds, particularly the Nankeen night heron
(Nycticorax caledonicus), although other mosquito species (RusseLL 1995) and
vertebrate hosts may also be involved. Clinically, the disease is similar to other
flaviviral encephalitides, with an approximate infectivity to case ratio of 1,000:1.
About 20% of clinical cases are fatal, and about 40% of those who recover have
permanent neurological sequelae (BENNETT 1976; MACKENZIE et al. 1993; CorDOVA
et al. 2000). Of the other JE serological group viruses in Australia, only KUN has
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been associated with human disease. While it occasionally causes mild encephalitis
(MackEeNZIE et al. 1993; see chapter by Hall et al., this volume), it is more often
associated with a febrile illness and, in some cases, with rash and/or myalgia (see
chapter by Hall et al., this volume). The ecology of KUN virus in Australia is
similar to that of MVE virus, with the same vectors and vertebrate hosts, but with a
slightly extended geographic range (MARSHALL [988: MACKENZIE et al. 1994; see
chapter by Hall et al., this volume). ALF virus is closely related to MVE and indeed
has recently been reclassified as a subtype of MVE (Heinz et al. 2000), although
there is reason to believe that this may have been premature. It has not been
associated with human disease. ALF virus, like MVE and KUN viruses, appears to
have a natural cycle between culicine mosquitoes and waterbirds (MACKENZIE et al.
1994).

KOK and STR viruses, formerly classified in the JE serogroup, have now been
elevated into a small serogroup of their own (HENZz et al. 2000). KOK virus has
been associated with polyarticular disease, but STR virus has been associated with
only subclinical human infections on serological grounds (reviewed by MACKENZIE
et al. 1994). Both viruses are believed to have a natural cycle involving mosquitoes
and marsupials. EH virus, a member of the Yellow fever virus group, also has a
natural cycle involving mosquito vectors and marsupials (MACKENZIE et al. 1994).
From seroepidemiological studies, it appears that occasional human infections with
EH virus occur (HAWKES et al. 1985), and there has been one unconfirmed report
implicating EH virus as the possible etiological agent in a patient presenting with
arthralgia, myalgia, and fatigue (Aaskov et al. 1993). Finally, while dengue viruses
are not endemic in Australia, regular importations by returning travellers and
tourists into north Queensland areas populated with the vector, Ae. aegypti, cause
occasional outbreaks (MACKENZIE et al. 1996a; HANNA et al. 2001).

3 The Emergence of JE in Australasia

3.1 The Emergence of JE Virus in the Torres Strait
of Northern Australia

Three cases of encephalitis, two of them fatal, were reported from Badu, an island
in the central Torres Strait (Fig. 2) of northern Australia in March/April 1995.
Initially thought to be MVE virus, tests carried out by Queensland Health Scientific
Services in Brisbane, and at the Armed Forces Research Institute of Medical Sci-
ences in Bangkok, confirmed that the infections were due to JE virus (HANNA et al.
1996b). This was most unexpected as the nearest focus of JE virus activity was in
Bali, while the nearest isolate of JE had been from Flores Island, approximately
3,000 and 2,200km west of the Torres Strait, respectively. Subsequent investigations
revealed that 55 people on four islands in the central and northern Torres Strait had
serological evidence of subclinical infection with JE virus, and 90 pigs on nine



56 J.S. Mackenzie et al.

| Western prevines, Papua New Guinsa )
<y
=
> &
3 s e N
— o pt = &
=g —_— \_\_ /
) ~N -
Bolgui__— S
Dauard) < Salbal Ugar
o\
@ pany LI
Erub
o d
i . ] Masi
Mabulag __ g @ )
() lama Mor
2 — (:J B
RES Badu ) _\meg Poruma
R Q
,&Q’ ) & Warraber
ol
KE?:‘&" O [&F g\_ N
Welben (Thursday &y ) NGuUparal, = j \ N
ED, bl - A
{ ) ~
Exmiwgl-/_'a Gl

4

"_:i l._‘l - \\]
. 80 .
! / Cape Yeork L

I/I \

-~ £ a'/r (=}
G e ¢ ]\

Eeom

Fig. 2. The islands of the Torres Strait of northern Australia. (From MAcKEeNzIE et al. 1997 with
permission)

islands had seroconverted to JE virus. A total of ten virus isolations were obtained,
two from subclinical human infections and eight from Cx. annulirostris mosquitoes
(HANNA et al. 1996b; RiTcHIE et al. 1997). These studies clearly demonstrated that
the large number of domestic pigs and the prolific Cx. annulirostris breeding sites in
close proximity to human habitation drove the outbreak (HANNA et al. 1996b).

Inactivated JE vaccine was offered to all of the residents of the outer Torres
Strait islands in December 1995-January 1996, and about 88% of the residents
received at least two doses (HANNA et al. 1996a). In addition, a surveillance system
was established to monitor for further incursions using young seronegative sentinel
pigs (SHIELD et al. 1996). The success of both programmes was evident when pigs
on Saibai Island seroconverted to JE virus in 1996 (SHIELD et al. 1996) and 1997
(J. Lee and D. Phillips, personal communication), without any further human
cases.

A further incursion of JE occurred in the Torres Strait in 1998, with a case in
an unvaccinated child from Badu, and with pig seroconversions extending from the
northern islands south to the Cape York Peninsula. On Badu, 45 isolations of JE
virus were obtained, one from a pig and 44 from mosquito pools (43 pools of Cx.
annulirostris and one pool of Ochlerotatus vigilax). This was clearly the most
widespread outbreak in the Torres Strait to date. Concurrently, a fisherman con-
tracted the infection near the mouth of the Mitchell River in southwest Cape York,
the first human case on mainland Australia (HANNA et al. 1999). Serological sur-
veys showed no evidence of other human infections in nearby communities, but
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young pigs at a nearby property were shown to have antibodies to JE virus. Further
north in the Northern Peninsular area of Cape York, domestic pigs at several
communities near Bamaga seroconverted to JE virus, and two isolations of JE virus
were made from the pig sera, but there was no serological evidence of any human
infections in the communities. No isolates of JE virus were obtained from mos-
quitoes trapped at both Cape York areas (vAN DEN HuURrk et al. 2001a). Further JE
virus activity occurred again in the Torres Strait in 2000 and 2001. In 2000, sentinel
pigs seroconverted on Moa and Badu, and virus isolations were made from three
sentinel pigs and from a pool of Cx. gelidus mosquitoes on Badu (MACKENZIE et al.
2001; PykE et al. 2001; vAN DEN HURK et al. 2001b), and from Cx. sitiens subgroup
mosquitoes on Saibai. There were no human cases on Badu, probably due to the
widespread use of inactivated JE vaccine in the central and northern Torres Strait,
but this may also have been associated with the relocation of the domestic pig
population from back yards to a communal piggery about 3 km from the
community. Seroconversions in sentinel pigs were again observed in early 2001 on
Badu and Moa (G.A. Smith, P.W. Daniels, J. Lee, personal communication). Thus
there has been evidence of JE virus incursions into the Torres Strait every year
between 1995 and 2001, except for 1999 (Fig. 1).

Molecular epidemiological studies were undertaken on the JE virus isolates
obtained in an attempt to determine the origins of the viruses causing the out-
breaks. Nucleotide sequence analyses of the genomes of the ten 1995 isolates
showed that they were closely related to each other with greater than 99% ho-
mology, indicating that the 1995 outbreak originated from a single focus of virus
activity (HANNA et al. 1996b; RitcHIE et al. 1997, MACKENZIE et al. 1997a). A
comparison of the nucleotide sequences in the prM and E gene of the 1995 and 1998
isolates with other JE viruses (HANNA et al. 1996b; RiTcHIE et al. 1997; HaNNA
et al. 1999; M. Poidinger and J.S. Mackenzie, unpublished results) showed that
they were related to genotype 2 viruses, as defined by CHEN et al. (1990, 1992), and
most similar to 1981 isolates from Java, but also relatively close to a 1970 isolate
from Kuala Lumpur, and a 1983 isolate from southern Thailand. However, al-
though similar, the Javanese isolates displayed at least 5% divergence, indicating
that they were still relatively distant. A more detailed study using one of the human
isolates, FU strain, further confirmed and extended these earlier observations, and
provided the complete nucleotide sequence of this strain (WiLLiams et al. 2000).
Thus, although these results showed clearly that the 1995 Torres Strait outbreak
originated from a single focus of virus activity, and that the viruses causing the 1995
and 1998 outbreaks belonged to the southeast Asian genotype, they did not give
any indication of the source of the outbreak. However, sequence studies in the NS5-
3'UTR of the Badu isolates demonstrated an 11-base deletion in the genome im-
mediately downstream from the stop codon of the open reading frame (POIDINGER
et al. 1996), which could provide an important ‘finger-print’ for future studies.
However, the viruses isolated from pigs and mosquitoes in 2000 were genetically
different from those isolated in 1995 and 1998, and were found to belong to
genotype 1 (PYKE et al. 2001), a genotype more commonly associated with isolates
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from Cambodia and northern Thailand (CHEN et al. 1990, 1992), yet they still
maintained the 11-base deletion in the 3’UTR (PYKE et al. 2001).

3.2 JE Virus in Papua New Guinea and Irian Jaya

The most probable geographic source of JE virus incursions into the Torres Strait
was southern PNG or Irian Jaya. The northern Torres Strait islands (Saibai, Boigu,
Dauan) are only a few kilometres from the coast of Western Province, PNG. JE
may have therefore been introduced into the Torres Strait via wind-blown infected
mosquitoes or by infected birds. However, if JE had become established in Western
Province, PNG, it may not have been recognised; medical facilities are few in
number, and those that are available do not have facilities for viral diagnosis. Thus
cases of viral encephalitis in Western Province would probably have been diag-
nosed as cerebral malaria.

Seroepidemiological studies of JE in human and porcine sera collected in PNG
were undertaken to determine the presence and prevalence of JE in PNG. In 1995-
1996, pig sera were collected from different localities throughout Western Province
and about 50% were found to have neutralising antibodies to JE virus (J. Shield
and R. Lunt, unpublished results). Over 3,000 human sera collected between 1989
and 1998 from different localities in Western, Gulf and Southern Highlands
Provinces were screened for antibodies to JE and the related flaviviruses. Although
interpretation of serological results is difficult because of heterotypic responses, the
results clearly suggested that antibodies to JE virus were present in about 22% of
sera collected in 1989 from the Daru-speaking area of southern Western Province,
and further inland, in the Upper Fly area, the seroprevalence of JE appeared to be
increasing, with 8% of sera positive in 1990-1991 and 28% positive in 1997
(JoHnanseN et al. 1997). In contrast, the prevalence of antibodies to MVE virus
appears to have decreased from 24% in 1992 to 4% in 1997, whereas the prevalence
of antibodies to KUN virus has remained stable over this period (JOHANSEN et al.
1997).

In addition to the increasing activity of JE virus observed in Western Province,
it also appears that the geographic distribution of the virus is expanding in PNG.
Until recently, antibodies to JE virus had been detected in Gulf Province (17%
seropositivity to JE virus at Kerema in 1993) and Southern Highlands Province
(4% seropositivity at Lake Kutubu in 1994), but not in sera collected from people
living in northern or eastern PNG (JoHANSEN et al. 1997). However there is some
evidence to indicate that JE may have spread further east, jumping to Milne Bay
Province, where nearly 40% of sera collected just after an outbreak of encephalitis
on Normanby Island in late 1997 were positive to JE virus, and unconfirmed cases
of JE were reported from Alotau, capital of the Province (MAckENzIE 1999a). A
survey of domestic pigs near Vanimo in West Sepik Province on the north coast of
PNG has also revealed evidence of JE infection, suggesting that JE virus may have
crossed the central mountain range or moved eastwards from northern Irian Jaya
(J. Lee, personal communication).
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Three isolates of JE virus have been obtained from Cx. sitiens subgroup
mosquitoes, including Cx. annulirostris and Cx. palpalis, in Western Province
(MACKENZIE 1999b; JOHANSEN et al. 2000). An isolate was obtained in 1997 at Lake
Murray. and two isolates were obtained in 1998 at Balimo and Abam. These three
JE isolates from PNG were almost identical to the 1995 and 1998 Torres Strait
isolates, and shared the same 11-base deletion, providing strong evidence that the
Torres Strait incursions were from southern PNG, and most probably from
Western Province. Interestingly, two isolates of MVE virus and one of Sepik virus
came from the same mosquito collections that yielded JE virus at Balimo, dem-
onstrating that various flaviviruses were co-circulating at that site.

The first four cases of encephalitis caused by JE virus in PNG, two of which
were fatal, were recognised at a mission hospital near Kiunga in late 1997—early
1998 (J. Oakley, S. Flew, C.A. Johansen, R.A. Hall, D. Phillips, J.S. Mackenzie,
unpublished results). A case of encephalitis due to JE virus infection was also
reported from the Timika area of Irian Jaya in 1997 (SPicER 1997), and subsequent
serological studies demonstrated that several indigenous persons had antibodies to
the virus (SpICER et al. 1999).

Thus the results of studies in PNG and Irian Jaya suggest that: (a) JE has been
enzootic in parts of Western Province since at least 1989, and possibly elsewhere in
PNG and Irian Jaya; (b) the virus appears to be actively and rapidly spreading in
PNG; (c) clinical cases were first recognised in 1997, and it is probable that earlier
cases, or cases elsewhere in PNG, would not have been recognised because of the
paucity of medical and diagnostic facilities; (d) the first isolations of JE virus in
PNG were obtained from Cx. sitiens subgroup mosquitoes trapped in Western
Province; and (e) sequence studies of the JE virus isolates have indicated that the
incursions into the Torres Strait originated from Western Province.

4 Vectors and Vertebrate Hosts:
the Potential for Establishment in Australasia

JE appears to have become established in New Guinea (Irian Jaya and PNG) and
the eastern Indonesian archipelago, despite the presence of related flaviviruses (e.g.
MVE and KUN). The propensity of JE to spread and colonise new areas suggests
that JE virus will eventually become established in Australia. Indeed, recurrent JE
activity on Badu (in 6 out of 7 years) indicates that it may be established in natural
cycles there. Establishment requires the presence of suitable vectors and vertebrate
hosts. The probable vector mosquito species and vertebrate hosts in PNG either
occur in Australia or are closely related to similar species in Australia. This section
explores these possible vectors and vertebrate hosts in more detail, both in terms of
their involvement in JE transmission elsewhere or in transmission cycles of related
flaviviruses in Australia. Once again there are parallels to be drawn with current
studies being undertaken with WN virus in North America.
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4.1 Entomological Studies: JE vectors in Australasia

The primary vectors of JE virus in southeast Asia are rice field breeding mosquitoes
of the Cx. vishnui subgroup, from which Cx. tritaeniorhynchus is the most impor-
tant (reviewed by RoseN 1986; BURKE and LEAKE 1988; VAuGHN and HokE 1992;
see chapter by Endy and Nisalak, this volume). However, most members of this
complex do not occur in Australia. Consequently, since the 1995 outbreak, ento-
mological investigations have been undertaken to incriminate the potential vectors
of JE virus in the Australasian zoogeographical region.

To date, 53 isolates of JE virus have been obtained from mosquitoes collected
from the Torres Strait, with 52 recovered from Badu, and a single isolate from
Saibai. Of these isolates, 51 have been obtained from Cx. annulirostris, implicating
this species as the primary vector of JE virus in northern Australia (RITcHIE et al.
1997; JoHANSEN et al. 2001; C.A. Johansen, A.F. van den Hurk, D.J. Nisbet, S.A.
Ritchie, J.S. Mackenzie, unpublished results). In addition, three isolates of JE virus
were obtained from Cx. sitiens subgroup mosquitoes collected in PNG, including
Cx. annulirostris (JOHANSEN et al. 2000). To date, no isolates have been obtained
from mosquitoes collected in Cape York Peninsula (van DEN HURK et al. 2001a;
C.A. Johansen, A.F. van den Hurk, D.J. Nisbet, S.A. Ritchie, J.S. Mackenzie,
unpublished results). Vector competence experiments demonstrated that a
Queensland strain of Cx. annulirostris can become infected and transmit JE virus to
susceptible hosts (A.F. van den Hurk, R.A. Hall, S.A. Ritchie, J.S. Mackenzie,
unpublished results).

The Cx. sitiens subgroup is a complex of morphologically similar species,
which includes Cx. sitiens, Cx. palpalis and Cx. annulirostris in northern Australia
(Marks 1982; Lk et al. 1989). Cx. palpalis is relatively uncommon in northern
Queensland, but collections from Lake Murray and Balimo in the Western Prov-
ince of PNG in 1997 comprised approximately 90% Cx. palpalis. The Lake Murray
collections subsequently yielded an isolate of JE virus, suggesting that Cx. palpalis
could be a vector, particularly during periods of below average rainfall (CHAPMAN
et al. 2000; JoHANSEN et al. 2000). No isolates have been obtained from Cx. sitiens
from northern Australia or PNG, although JE has been isolated from this species in
Malaysia (VYTHILINGAM et al. 1994, 1995). However, vector competence experi-
ments with a Queensland strain of Cx. sifiens demonstrated that this species can
readily become infected and transmit JE virus to susceptible mice (A.F. van den
Hurk, R.A. Hall, J.S. Mackenzie, unpublished results). It is not surprising that Cx.
annulirostris 1s the most important vector of JE virus in the Australasian region. It
had been implicated as the major vector during an outbreak on Guam in 1947 (then
classified as Cx. annulirostris marinae), and was subsequently shown to be a com-
petent laboratory vector (HURLBURT and THoMAs 1949; REEVES and RUDNICK
1951). Cx. annulirostris is considered to be the major fresh-water vector of
arboviruses in Australia, particularly MVE and KUN viruses (MACKENZIE et al.
1994; RusseLL 1995; RusseLL and DwyER 2000).

A single isolate of JE virus was obtained from Ochlerotatus vigilax collected
from Badu in 1998 (JoHANSEN et al. 2001). Laboratory studies confirmed that this



Japanese Encephalitis as an Emerging Virus 61

species can become infected with JE virus, with 90% of infected females having a
disseminated infection (A.F. van den Hurk, R.A. Hall, J.S. Mackenzie, unpub-
lished results). Oc. vigilax is prevalent throughout much of coastal Australia and is
an important vector of Australian arboviruses (MACKENZIE et al. 1994; RUSSELL
1995). Female Oc. vigilax lay desiccation-resistant eggs in saltmarshes or man-
groves; eggs hatch after flooding by tides or rainfall. It is possible that this species
may play a role in the maintenance of JE virus by vertical transmission, as has
been demonstrated with other Ochlerotatus species in Asia (RosenN et al. 1978;
TakasHiMA and Rosen 1989).

During the 2000 incursion, a single isolate of JE virus was obtained from Cx.
gelidus (vaN DEN Hurk et al. 2001b). This species has only recently been recognised
in northern Australia (WHELAN et al. 2000; MULLER et al. 2001), although it may
have been present since at least 1994, but misidentified as the morphologically
similar Cx. vicinus (RitcHig et al. 2001). In Southeast Asia, Cx. gelidus is an im-
portant vector of JE virus, as demonstrated by the numerous isolates obtained from
this species (GouLD et al. 1974; SiMpsoN et al. 1974; Mourya et al. 1989; PEIrIs
et al. 1992; VYTHILINGAM et al. 1995) and experimental infection studies (GouLD
et al. 1962).

Several other mosquito species occur in Australia that could be potential JE
virus vectors. Other species from which JE virus has been isolated in southeast Asia
and found in Australia include Cx. p. quinquefasciatus, Cx. whitmorei, Cx. bita-
eniorhynchus, Man. uniformis, Aedes lineatopennis and Ae. aegypti (L1EN et al. 1980;
Mourya et al. 1989; Tan et al. 1993; Ha et al. 1994; PEiris et al. 1994; VyTHI-
LINGAM et al. 1997). Furthermore, MVE virus has been isolated from Cx. p. quin-
quefasciatus (LIEHNE et al. 1981), and Cx. p. australicus (MARSHALL et al. 1982). In
addition, MVE virus has been isolated from Oc. normanensis and Oc. tremulus males
in Western Australia (Broom et al. 1989, 1995), while Oc. sagax and Verrallina
funerea have been implicated in MVE virus transmission by experimental infection
studies (KAy et al. 1977, 1989). Like Oc. vigilax, these floodwater species may assist
in the overwintering of JE virus by persistence in desiccation-resistant eggs.

4.2 Vertebrate Hosts of JE and JE Serogroup Viruses in Australasia

Perhaps the most important vertebrate in JE virus transmission cycles, and the
major amplifier host in Asia, is the pig (KOMADA et al. 1968; SCHERER et al. 1959b).
Not only do pigs develop viraemias of high magnitude, but they have a high
turnover, making them ideal vertebrate hosts. In Australia, most commercial pig-
geries are located in southern regions. There is evidence that domestic pigs in
Australia can become infected with flaviviruses. A study in Queensland in the late
1960s—early 1970s revealed that pigs in commercial piggeries were infected with
flaviviruses, including KUN and ALF viruses (SpPRaDBROW 1972). Further recent
evidence for the involvement of pigs in flavivirus transmission in Australia is the
regular seroconversions to MVE and KUN viruses in sentinel pigs at various
locations in Cape York, the Northern Territory and northern Western Australia
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[J. Lee, Australian Quarantine and Inspection Service (AQIS), unpublished results].
Antibodies specific for JE were detected in juvenile semi-domestic pigs in Cape
Y ork near the mouth of the Mitchell River, shortly after the occurrence of the only
mainland case of JE, confirming that JE virus transmission cycles had occurred in
the area (HANNA et al. 1999). However, given the distribution of most large com-
mercial piggeries in Australia, domestic pigs are unlikely to have a role in estab-
lishment of JE virus transmission cycles unless it spreads to southern regions of the
continent.

In contrast, feral pigs are major vertebrate pests in Australia and PNG. The
highest densities of feral pigs are found in the north and northeast of Australia
(CHoqQuUENOT et al. 1996; STRAHAN 1995). Pigs were introduced into New Guinea
approximately 6,000 years ago, and are now abundant as feral and semi-domesti-
cated populations (FLANNERY 1990). Feral pigs can breed year round, and when
conditions are favourable, they can produce up to six litters per year (STRAHAN
1995). The role of feral pigs in flavivirus transmission in Australia and New Guinea
is not well understood, although GARD et al. (1976) revealed that they could be
infected with MVE and KUN viruses. More recently, neutralising antibody to JE
and MVE viruses were detected in semi-domesticated pigs at various locations in
Western Province of PNG not long after the outbreak of JE virus in the Torres
Strait in 1995 (J. Shield, DPI, unpublished results), and serological evidence of JE
virus infection has since also been detected in pigs near Vanimo in East Sepik
Province of PNG (J. Lee, AQIS, unpublished results).

Of the other domestic animals common in northern Australia, most are be-
lieved to be dead-end hosts, and not involved in transmission cycles. Only horses
are susceptible to a fatal encephalitis, although as in humans, most infections are
inapparent (reviewed by ELLis et al. 2000). Other domestic species, such as cattle,
buffalo, and dogs do not exhibit disease. Cattle and buffalo, although often infected
by JE virus as demonstrated by a high prevalence of antibodies in many parts of
Asia, do not develop high titres of viraemia (JOHNSEN et al. 1974; ILkAL et al.
1988), and may even serve to reduce the level of JE virus transmission in an area
where they are abundant through zooprophylaxis (CAREY et al. 1969). They (and
goats) have also been suggested as good predictors of human infection risk (PEIRIS
et al. 1993), and indeed are currently being explored as possible sentinels for JE in
northern Australia in place of pigs. Nevertheless, in central Java where pigs are less
common, JE virus was isolated from seven species of mosquitoes trapped in cattle
shelters, suggesting that cattle may be involved in some natural transmission cycles
in Indonesia (TAN et al. 1993).

The major avian hosts of JE in Asia are ardeid birds. The Black-crowned night
heron (Nycticorax nycticorax) is considered to be the most important maintenance
host, although other ardeids such as egrets and herons as well as other non-pas-
serine and passerine birds have been implicated in various studies. Experimental
infections and transmission studies have also confirmed the role of certain ardeid
species in JE virus transmission (SoMaN et al. 1977; BoyLE et al. 1983). Duration of
viraemia generally lasts between 1 and 7 days post-infection, depending on the
species (BANERJEE et al. 1979; BoyLE et al. 1983; SoMAN et al. 1977). Viraemic
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migratory or vagrant birds are thought to be a method by which JE virus is in-
troduced into new areas. Various species of herons, egrets, bitterns, ducks and
cormorants found in Australia and PNG have been implicated in JE virus trans-
mission in other countries, but no evidence of antibodies to JE have yet been
detected in Australia. Previous serological surveys have detected antibody to MVE
virus in many species of birds in Australia, especially waterbirds and psittacines,
possibly providing clues to potential vertebrate hosts of JE virus (LIEHNE et al.
1976; MARSHALL et al. 1982).

Many species of marsupials occur in the Australasian zoogeographic region
which could have the potential to act as vertebrate hosts for JE and other fla-
viviruses. Indeed, marsupials are believed to be the vertebrate hosts of KOK, STR
and EH viruses (DoHERTY 1972; DoHERTY et al. 1964; MACKENZIE et al. 1994).
Furthermore, marsupials are a common source of bloodmeals for Cx. annulirostris
mosquitoes (KAy et al. 1979). Laboratory infections with MVE virus showed the
virus could reach high titres in the Eastern grey kangaroo, but not the Agile wal-
laby (Kay et al. 1985b). Early data from the Australian Animal Health Laboratory
in Geelong, Australia, suggests that Eastern grey kangaroos, Tammar wallabies
and Agile wallabies either failed to develop, or developed low levels of viraemia
during experimental infections with JE virus, but possums developed higher
viraemias which might be sufficient to infect mosquitoes (P.W. Daniels,
D. Middleton, D. Boyle, K. Newberry, D. Williams, R. Lunt, unpublished results).

JE virus has been isolated from a number of bats belonging to the Orders
Microchiroptera and Megachiroptera in Asia, but almost all studies of the role of
bats in maintenance and transmission have been carried out on Microchiroptera.
Most of the extensive early studies were reviewed by SuLKIN and ALLEN, (1974).
Some species from which JE has been isolated also occur in northern Australia and
New Guinea, such as the Common bentwing bat (Miniopterus schreibersii). Bats
make good potential vertebrate hosts because of their long viraemia, the lack of
encephalitis despite high titres of virus in the brain, and their ability to sequester
infectious virus in an inactive state in brown adipose fat during hibernation (re-
viewed by SuLkIN and ALLEN 1974). STANLEY and CHoo (1964) found HI anti-
bodies to MVE virus in pooled insectivorous bat sera collected in central Western
Australia, however another study in northern Queensland failed to find any evi-
dence of MVE infection in 23 fruit bats (DOHERTY et al. 1964). The involvement of
Megachiroptera, or fruit bats, in the ecology of JE virus was first indicated from
studies in Thailand in which neutralising antibodies to JE were observed in 22 of
245 Cynopterus brachyotis (P.K. Russell 1968, personal communication to SULKIN
and ALLEN 1974). This species is widely distributed in southeastern Asia from
Thailand through Peninsula Malaysia to Singapore, Sumatra, Sabah, Sarawak,
Kalimantan, Sulawesi, Lombok, and the Philippines. Experimental infection has
been studied in two species in India, Rousettus leschenaulti (BANERJEE et al. 1979)
and Cynopterus sphinx (BANERJEE et al. 1984). The former study demonstrated
a low level of viraemia after subcutaneous inoculation of JE virus lasting up to
9 days. In the latter study, bats were infected intra-muscularly with JE
virus and, during the subsequent viraemic phase, Cx. bitaeniorhynchus and Cx.
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tritaeniorhynchus were allowed to feed on them. Transmission was observed be-
tween bats, from bats to chickens, and from chickens to bats. Thus frugivorous bats
are good candidates for virus maintenance and, potentially, virus movement.

5 Possible Mechanisms of Spread of JE into
and within Australasia

The lack of information about flaviviral activity in Wallacea, and the imprecise
nature of flaviviral seroepidemiology, make it difficult to determine the mechanisms
of spread of JE virus from the Oriental to the Australasian zoogeographic region. A
single incursion into PNG or Irian Jaya from the western Indonesian archipelago
through an infected migrant bird or traveller appears unlikely, the former because
migration is normally a north-south movement rather than a west—east movement,
and the latter because it is doubtful whether viraemia levels in people are sufficient
to re-infect mosquitoes. Two mechanisms can be suggested, however, including: (a)
movement through viraemic livestock during trans-migration or re-settlement
programmes; or (b) gradual movement through natural mosquito-bird and mos-
quito—pig cycles. The latter seems most likely, with the virus ‘island-hopping’ in a
gradual movement eastwards, arriving unannounced and undetected in PNG and
Irian Jaya by 1989 or earlier. In support of this explanation, a JE virus strain was
isolated from mosquitoes trapped on Flores Island in 1981 (J.G. Olson, unpub-
lished results), and seropositive pigs were observed in Timor and Irian Jaya in the
period 1989-1991 (P.W. Daniels, I. Sandow, unpublished results).

JE was first detected in the Torres Strait of northern Australia in 1995 when
human cases occurred. Whether silent incursions had occurred previously is not
known. However, it has been detected every year in the wet season (January to
April) since 1995, except 1999, through sentinel pig seroconversions, virus isola-
tions or human cases (Table 1), suggesting that movement from PNG into the

Table 1. Known incursions of Japanese encephalitis virus into Australia based upon porcine and human
serology and mosquito virus isolates®

Southernmost limit of known JE activity

Year Region Location Distance from
PNG (km)

1995 Torres Strait Badu 100

1996 Torres Strait Saibai 5

1997 Torres Strait Saibai 5

1998 Cape York Mitchell R. 675

1999 None known

2000 Torres Strait Badu 100

2001 Torres Strait Badu 100

#Based on data from Hanna et al. (1997, 1999), SHigLD et al. (1996), and unpublished results from AQIS,
University of Queensland and Queensland Health.
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Torres Strait is relatively common. Incursions into northern mainland Australia
(Cape York) may be less frequent, although information is more difficult to obtain.
Furthermore, JE virus activity was synchronous, with the onset of each human case
in Badu and the Mitchell River, occurring within 5 days of each other (HANNA
et al. 1999). Several mechanisms could introduce JE virus into Australia including:
(a) via viraemic pigs; (b) via other viraemic, mobile non-avian vertebrates (bats,
etc.); (¢) via viraemic birds; or (d) via wind-blown viraemic mosquitoes or other
infected insects.

JE virus was probably not introduced into the Torres Strait via infected pigs
(HannaA et al. 1996b); AQIS prohibits transport of pigs from PNG into the Torres
Strait, and the broad, sudden appearance of JE activity does not support this
possibility. Other large vertebrates, such as humans and dogs, do not develop
sufficient viraemias to readily transmit JE virus to mosquitoes (BURKE and LEAKE
1988; JounseN et al. 1974). While bats are capable of infecting mosquitoes with JE
virus (BURKE and LEakE 1988), and some, notably flying foxes (Pteropus sp.).
move between PNG and the Torres Strait (G.C. Richards and L.S. Hall, unpub-
lished results), their role in enzootic transmission and dispersal of JE virus in
Australasia is unknown. Numerous birds are known to develop infective viraemias
of JE virus (BUESCHER et al. 1959), especially ardeid birds, and infected ardeid
birds are suspected of initiating new transmission cycles (SCHERER et al. 1959a).
Ardeid birds, such as the Nankeen night heron (Nycticorax caledonicus) and var-
ious egrets are known or likely hosts for JE virus, and migrants or vagrants
commonly traverse the Torres Strait (DRAFFEN et al. 1983; P. Driscoll, personal
communication). Clearly migratory birds could have introduced JE virus into the
Torres Strait and Cape York. However, the sudden, widespread occurrence of JE
across the Torres Strait, especially in the volcanic eastern islands that lack wetlands
attractive to wading birds, suggest that other mechanisms are also responsible for
introducing JE virus into Australia (GARNETT and SmitH 1997; RitcHIE and
RocHESTER 2001).

Circumstantial evidence suggests that wind-borne, infected Cx. annulirostris
could have imported JE virus into Australia. Kite trap studies have collected nu-
merous female Cx. tritaeniorhynchus, the primary JE vector in SE Asia, in India
and China (REyNoLDs et al. 1996; MING et al. 1993) and it has also been collected
on ships out to sea, suggesting a wind blown origin (HavasHI et al. 1975). Cx.
annulirostris have been collected in kite traps at up to 310m, travelling up to
648 km, in New South Wales, Australia (KAy and FArRrow 2000). Furthermore,
allozyme analysis indicates significant gene flow between populations of Cx. an-
nulirostris from southern PNG, the Torres Strait and the Cape York Peninsula,
suggesting widespread dispersal (H.F. Chapman, S.A. Ritchie and B.H. Kay un-
published results). However, no Cx. annulirostris were collected using balloon-
mounted traps approximately 100m above ground in January-February 2000 on
Saibai island, although collections were made during a period of weak monsoonal
winds (C.A. Johansen, S.A. Ritchie, R.A. Farrow, unpublished results). This
suggests that strong surface winds are necessary to induce mosquito dispersal above
the surface boundary layer.
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RitcHiE and RocHESTER (2001) used a simulation model to investigate if
conditions were conducive to transport mosquitoes (potentially infected with JE
virus) from New Guinea to northern Australia. The outbreaks of JE in 1995 and,
especially, 1998, were preceded by strong northerly winds capable of carrying
mosquitoes from PNG to Badu and to the Mitchell River in 1995 and 1998, re-
spectively. These winds were created by strong low pressure systems southwest of
the Torres Strait (Fig. 3). Introduction of JE virus at this time would have been
sufficient for two cycles of virus amplification before the advent of human cases
(Konno et al. 1964; RitcHIE and RocHESTER, 2001). Concurrently, southern PNG
had very high populations of Cx. sitiens group mosquitoes from which JE virus was
isolated (JoHANSEN et al. 2000), probably due to a severe drought in which many
rivers dried to form stagnant pools.

Thus, at this time, we have no direct proof of how JE virus was introduced
into Australia, although mosquitoes and/or birds are likely to have been involved.
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Finally, nine Culicoides sp. were collected in the same aerial samples on Saibai that
had not yielded Culex mosquitoes (C.A. Johansen, S.A. Ritchie and R.A. Farrow,
unpublished results). It has been established that wind-blown Culicoides were
probably responsible for incursions of bluetongue virus from Indonesia into
northern Australia (MELVILLE et al. 1997), and as there has been one report of the
isolation of JE from a biting midge Forcipomyia taiwana (formerly Lasiohelia
taiwana) (Wu and Wu 1957), it is tempting to speculate that perhaps biting midges
could be involved in JE transmission and dispersal in Australasia.

6 The Potential of JE to Spread into the Pacific

The spread of JE to new areas in India and Pakistan in the west and Australasia in
the east indicates that other areas of the Pacific could be at risk of JE in the future.
Certainly, many islands have potential vectors and vertebrate hosts for JE virus
transmission. Fortunately, the risk, in most cases, appears to be small. The island
groups most at risk are those closest to PNG, including Bougainville and New
Britain. If JE became established on Bougainville Island, it is likely that it would
subsequently spread to the Solomon Islands, especially the larger islands in the
Solomon Sea. Subsequent spread to other Pacific countries, such as Fiji, Vanuatu
and New Caledonia, however, remains small because of distance.

Nevertheless, the introduction of JE into the north Pacific islands of Guam
(HamMoN et al. 1958) and Saipan (PAuL et al. 1993) resulted in outbreaks with
human fatalities, so the possibility of long-distance spread cannot be discounted
completely, and countries with a pig culture, such as Vanuatu, would perhaps be at
most risk of human disease. JE virus failed to become established in endemic cycles
following the outbreaks on Guam and Saipan, and it would seem that the risk of
virus establishment would be negligible.
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