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ABSTRACT

Several animal species, including horses and pigs, can be infected with Japanese encephalitis virus (JEV). Feral pigs (Sus scrofa)

are considered an effective amplifying host for JEV in natural habitats. In this study, 265 dried blood spots were collected from

feral pigs in four selected North Queensland local government areas, and antibodies against JEV were detected using a competi-

tive enzyme-linked immunosorbent assay (cELISA). The results showed that 26.4% (70/265) of the feral pigs had antibodies
specific to JEV. We found a significant difference in the seroprevalence of JEV in the Wet Tropics (p<0.05), compared to the Dry
Tropics region of North Queensland. The results indicate that feral pigs in North Queensland have been exposed to JEV,

suggesting that they may play an important role as an amplifying host. These findings may inform the planning of mitigation

measures through a multisectoral One Health approach.

1 | Background

Japanese encephalitis virus (JEV) is an important neuroinvasive,
zoonotic, mosquito-borne RNA virus that causes Japanese
encephalitis (JE) [1]. It belongs to the species Orthoflavivirus
Jjaponicum, family Flaviviridae, and is the type member of the
JE serological complex along with the closely related Murray
Valley encephalitis virus (MVEV), St Louis encephalitis virus
(SLEV), and West Nile virus (WNV) [2]. Five genotypes of JEV
(G-1, 11, 111, IV, and G-V) have been described [3]. The enzootic
transmission cycle of JEV involves pigs (domestic and feral),
which act as major amplifying hosts for JEV, alongside ardeid
birds, which serve as maintenance or reservoir hosts [4, 5]. In

temperate zones, JE epidemics occur mostly in the summer
period, while in tropical zones, JEV is endemic, and transmission
occurs year-round at a lower incidence [6]. A recent meta-analy-
sis of JEV in pigs in Mainland China estimated an overall preva-
lence of 35.2% [7]. The authors observed that the prevalence was
highest during 2010-2015, at 53.4%, possibly reflecting increased
rainfall and favorable temperatures that promoted mosquito pro-
liferation, with the lowest prevalence of 2.5% observed in tem-
perate climates. The distribution of this disease is predominantly
in Asia and Western Pacific nations, culminating in nearly
100,000 cases of viral encephalitis each year, with a substantial
burden among children under the age of 14 years [8]. The clinical
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presentation of JE is marked by considerable morbidity and mor-
tality, with ~50% of those who survive likely to develop neuro-
logical sequelae [9].

Regular occurrences of JEV have been recorded in the Torres
Strait Islands and Northern Peninsula Area (NPA) of Cape
York in North Queensland [10], where the virus was first isolated
in Australia [11]. Since then, viral activity previously thought to
be restricted to North Queensland [11] has subsequently spread
to the southern part of the country [6, 12]. Previously in Austra-
lia, JEV outbreaks caused by genotype II (G-II) were reported in
1995 and 1998 and genotype I (G-I) outbreaks in 2000 and 2004
[10, 11, 13]. The origin of the 1995 and 1998 outbreaks was
considered to be Papua New Guinea; genetically identical strains
of JEV were isolated from Culex sitiens subgroup mosquitoes
trapped in the Western Province of PNG [14], while the origin
of the 2000 and 2004 incursions remains unknown. Serological
surveillance of livestock in the Torres Strait Islands and NPA has
also provided evidence for seasonal activity of JEV between 2005
and 2021 in these locations [15]. The 2021-2022 outbreak of JEV
in southern Australia was associated with genotype IV, a lineage
not previously detected in the country. The outbreak was sub-
stantial, with JEV infection detected in pigs on more than 80
farms across the southeastern states and more than 40 confirmed
human cases, including seven deaths [5]. Public health surveil-
lance indicates that JEV transmission has persisted in southern
Australia since the initial outbreak, with sporadic human infec-
tions and associated fatalities. During the outbreak, Culex annu-
lirostris, C. gelidus, and C. quinquefasciatus were implicated as
potential mosquito vectors [16, 17].

Transmission dynamics are influenced by a complex interplay
among the virus, vectors, and hosts, driven by multifactorial envi-
ronmental, genetic, and ecological variables [18, 19]. Factors that
can influence JEV circulation include land use changes, transloca-
tion of infected hosts, and bird migration [20]. In India, pig farm-
ing in urban areas was associated with JEV circulation in peri-
urban and urban areas; likewise, rice farming resulted in increased
standing water, thereby increasing vector presence [21, 22].
Together, these drivers highlight the need to understand JEV
dynamics within specific regional contexts, including northern
Australia. JEV emergence is influenced by diverse mosquito vec-
tors and alternative hosts. While Culex tritaeniorhynchus is the
principal vector in Southeast Asia, secondary vectors including
Culex annulirostris, Culex gelidus, and Culex quinquefasciatus
may contribute to transmission in Australia [23-25]. Alternative
hosts, including chickens and potentially sheep, may sustain viral
amplification, whereas dead-end hosts, such as cattle, dogs, and
horses, may reduce transmission through dilution effects,
highlighting complex ecological drivers of JEV maintenance and
spread [20, 26].

The Wet Tropics region in Northern Australia, located in northern
Queensland, has a very large population of feral pigs and the
environmental and ecological conditions are suitable for high
levels of JEV circulation [5, 21]. The region is characterized by a
rugged, high-rainfall landscape dominated by tropical rainforest,
alongside mangroves, wet sclerophyll forests, and floodplain wet-
lands [27, 28]. Perennial streams, upland refugia, complex vegeta-
tion structure, and seasonal hydrology support exceptional

biodiversity, high local endemism, and strong altitudinal turnover
in species, while also increasing vulnerability to climate change
[29]. Despite the importance of the Wet Tropics as a suitable habi-
tat for feral pigs, their role as a potential reservoir for this arboviral
pathogen remains unclear. Here, we investigated the circulation of
JEV antibodies in feral pigs across the Dry and Wet Tropics of
North Queensland.

2 | Materials and Methods
21 | Study Areas/Design

A total of 265 dried blood spots were randomly collected from
apparently healthy feral pigs in North Queensland between 2023
and 2025. The samples were collected through collaborations
with hunters, farmers, long-standing local council pest manage-
ment initiatives, and a hunting festival. Four local government
areas were chosen for the study, two from the Dry Tropics (Char-
ters Towers Regional Council and Townsville City Council) and
two from the Wet Tropics (Hinchinbrook Shire Council and Cas-
sowary Coast Regional Council [CCRC]) (Figure 1). Feral pigs
were aged by estimation using physical characteristics (body size
and weight) and dental eruption and categorized as piglets (1-
14 kg), juveniles (16-24 kg), and adults (>24 kg) [30]. Blood was
applied to Whatman qualitative filter paper (Grade 1) and air-
dried to remove moisture. Age, sex, location, and date of collec-
tion were recorded for all samples. The specimens were placed in
zippered storage bags with desiccant to maintain low humidity
and transported to the Australian Institute of Tropical Health
and Medicine (AITHM) in Townsville, Queensland, and stored
at —20°C to preserve sample integrity until analysis.

2.2 | Sample Size Calculation

The sample size was calculated using the formula proposed by
Thrusfield [31]: n = Z*pq/d*. Here, n represents the minimum
sample size, Z denotes the z-score corresponding to a 95% confi-
dence interval (CI) (i.e., 1.96), p signifies the anticipated preva-
lence, q is defined as (1—p), and d is the desired 5% precision.
Given limited published data on JEV in Australian feral pigs, we
used the seroprevalence estimate of 15.6% reported by Yap et al.
[32] in Singapore. This yielded a minimum sample size of 202. To
account for uncertainty, an additional buffer of 30% was incorpo-
rated, given that no JEV antibodies (0%) were detected by Hanna
et al. [11] in Cape York, Queensland. Ultimately, we determined
the sample size to be 263 and subsequently rounded it to 265.

2.3 | Serum Extraction From Dried Blood Spot
Filter Papers

Before analysis, filter papers (DBS) were allowed to equilibrate
for 30 min and processed as described by Adamu et al. [33]. Six
hundred microlitres of phosphate-buffered saline (PBS), pH 7.4
(1X) (Life Technologies Corporation, USA) was added to each
1.8 mL cryogenic microtube containing filter paper to elute the
serum. The eluted sera were labeled and transported on ice packs
to the Australian Centre for Disease Preparedness, Geelong, Vic-
toria, for serological analysis.
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FIGURE 1 | Map of Queensland highlighting the Dry (yellow color) and Wet (green color) Tropics of North Queensland.

2.4 | Detection of Serum Antibodies to JEV Using
Competitive Enzyme-Linked Immunosorbent Assay
(cELISA)

JEV antibody was detected using a cELISA, which measures total
JEV antibody levels in porcine [34, 35], bovine [36], and equine
[37] serum by assessing the relative degree of inhibition of mono-
clonal antibody 989 (mADb 989). Sera were tested at a 1:10 dilution
in the ELISA diluent (PBST+1% skim milk powder) using
cELISA to detect total antibodies to JEV, as described previously
[34, 35]. MicrCoplates were read at an optical density set at 450
nm. ELISA results were interpreted as follows: percentage inhi-
bition (PI)>50% = positive; 40%—49.9% =inconclusive; and
<40% =negative. Only positive results were considered for sub-
sequent analyses.

2.5 | Statistical Analysis

All data were analyzed in R version 4.3.3 (R Development Core
Team, Vienna, Austria), and statistical significance was set at
p <0.05. The proportion of seropositivity of JEV in feral pigs
was calculated, and the variability was assessed using the Clop-
per-Pearson 95% CI. Distribution of feral pig characteristics and
seropositivity was presented as frequencies and percentages.
Associations between feral pig seropositivity and predictor vari-
ables (age, sex, year, LGAs, and weather conditions) were
assessed using univariate logistic regression. PI data were further
analyzed in Python (v2025.3.1.1) along with the pandas and sea-
born libraries. Positive samples with >50% but less than 80%
inhibition were further considered positive, while those with PI
>80% were deemed highly positive, with the mean inhibition
threshold set at >80%. For visualization purposes, the data
were presented as box-and-whisker plots across age, sex, and
location (Figure 2). Individual data points were superimposed
and distinguished by color coding (>80% in red; <80% in black),
while a horizontal line at the 80% mark served as the mean
threshold for positive PI values.

3 | Results

An overall JEV seroprevalence of 26.4% (70/265) was detected in
this study. Seropositivity according to feral pig developmental
stages was observed as follows: adult 26.9% (40/149), juvenile
19.4% (13/67), and piglets 34.7% (17/49). Piglets were ~1.5 times
more likely to be seropositive to JEV than adults, though this
difference was not statistically significant (OR=1.45, 95% CIL:
0.72-2.87; p=0.29). Seropositivity based on sex was 24.8%
(28/113) in boars and 27.6% (42/152) in sows, with no significant
difference between sexes (OR =1.16, 95% CI: 0.67-2.03; p = 0.60).
Temporal distribution of JEV across sampling years showed that
feral pigs sampled in 2023 (34.3%; 23/67) had a higher seroposi-
tivity rate than those sampled in 2024 (25.5%; 47/184), and none
were positive in 2025 (0/14). However, the 2025 sample was small
(n=14), and collection sites differed between years, limiting
direct comparison.

Results from the sampled administrative local government areas
indicate that 43.1% (47/109) of feral pigs sampled in the CCRC
area were seropositive for JEV antibodies. Seroprevalence was
significantly lower in Hinchinbrook (OR=0.2, 95% CI:
0.08-0.46) and Townsville (OR =0.21, 95% CI: 0.1-0.43) compared
to CCRC. In both seasons and administrative regions, estimates
were accompanied by wide CIs, likely reflecting small sample sizes
or extreme prevalences in some groups. Results from the Wet
Tropics indicate that one-third of sampled feral pigs were seropos-
itive and were nearly three times more likely to be exposed to JEV
than those in the Dry Tropics (Table 1).

Of the 70 positive samples, 41/70 (58.6%) had antibody responses
above the 80% inhibition threshold. The lower quartile (Q1) of
the PI was 64%, the median quartile (Q2) was 84%, and the upper
quartile (Q3) was 97%. No outliers beyond the whiskers were
identified; individual PI values ranged from 50% to 107% [34]
(Supporting Information 1). Furthermore, the percentage of inhi-
bition exhibited variability across factors such as age, sex, and
geographic region.
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FIGURE 2 | Box-and-whisker plot distribution of JEV-positive samples with percentage of inhibition across age, sex and location.
TABLE 1 | Univariate logistic regression of feral pig characteristics and predictors associated with JEV seropositivity in North Queensland.
Variable n Positive Prev. % (95% CI) p-Value OR (95% CI)
Overall 265 70 26.42 (21.21-32.16) — —
Age
Adult 149 40 26.85 (19.92-34.71) Ref —
Juvenile 67 13 19.4 (10.76-30.89) 0.24 0.67 (0.31-1.3)
Piglet 49 17 34.69 (21.67-49.64) 0.29 1.45 (0.72-2.87)
Sex
Male 113 28 24.78 (17.14-33.78) Ref —
Female 152 42 27.63 (20.7-35.46) 0.60 1.16 (0.67-2.03)
Year
2023 67 23 34.33 (23.15-46.94) 0.17 1.52 (0.83-2.77)
2024 184 47 25.54 (19.41-32.48) Ref —
2025 14 0 0 (0-23.16) — —
Location
Cassowary 109 47 43.12 (33.67-52.95) Ref —
Charters Towers 17 4 23.53 (6.81-49.9) 0.14 0.41 (0.11-1.23)
Hinchinbrook 53 7 13.21 (5.48-25.34) 0.0004 0.2 (0.08-0.46)
Townsville 86 12 13.95 (7.42-23.11) 0.00003 0.21 (0.1-0.43)
Tropics
Dry 103 16 15.53 (9.15-24) Ref —
Wet 162 54 33.33 (26.13-41.16) 0.00017 2.72 (1.48-5.21)
Note: Ref =reference category used for comparison analysis. Bold values indicate statistical significance.
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4 | Discussion

This study provides the first evidence of widespread JEV expo-
sure among feral pigs across the Wet Tropic region of Queens-
land, Australia. Following the 2021-2022 outbreak that marked
JEV’s expansion onto the Australian mainland, the widespread
distribution and high abundance of feral pigs raised concerns
regarding their potential role in maintaining viral transmission
and complicating surveillance and control efforts [38]. Despite
this potential epidemiological importance, surveillance data for
JEV in feral pigs in Australia remain limited as most investiga-
tions have focused on domestic pigs during outbreaks or routine
surveillance activities [39].

In the present study, an overall seroprevalence of 26.4% was
detected across four local government areas in northern Queens-
land, indicating substantial exposure of feral pig populations to
JEV in the region. This level of seropositivity is consistent with
the ecological and geographic context of northern Australia. The
proximity of northern Queensland to the Indo-Papuan conduit
represents an ongoing biosecurity challenge as this region is rec-
ognized as a major pathway for the introduction of exotic patho-
gens, including JEV, into the Australian mainland [10, 19, 40].
Additionally, the tropical climate of northern Queensland, char-
acterized by high temperatures and humidity, supports persistent
mosquito populations and enhances the transmission dynamics
of mosquito-borne pathogens.

Comparisons with other JEV-endemic regions further contextu-
alize these findings. Previous studies have reported JEV seroprev-
alence in feral pigs ranging from 3.7% to 64.6% in Japan [41, 42],
66% in Korea [43], and 15.16% in Singapore [32]. The seropreva-
lence observed in this study falls within the range reported across
Asia but exceeds the estimates from Singapore and some regions
of Japan [32, 41]. Conversely, higher seroprevalence values
reported in Korea and parts of Japan [42, 43] are more than twice
those observed in this study, illustrating the potential for JEV to
reach high levels of endemicity in feral pig populations under
favorable ecological conditions. Together, these findings suggest
that feral pigs in northern Queensland could serve as an impor-
tant component of the JEV transmission cycle and highlight the
need for continued wildlife surveillance to better understand the
epidemiology and potential persistence of JEV in Australia.

Consistent with previous studies identifying feral pigs as impor-
tant amplifying hosts of JEV [43, 44], our findings revealed sig-
nificantly higher seroprevalence among feral pigs in the Wet
Tropics compared to the Dry Tropics of northern Queensland.
The Wet Tropics contains more than 16 distinct rainforest eco-
systems, including the Daintree Rainforest, which provides a
favorable habitat for feral pigs and supports diverse wildlife com-
munities [45]. In this region, approximately one-third of sampled
feral pigs had detectable antibodies to JEV, indicating substantial
viral exposure. Several ecological factors may explain the higher
seroprevalence observed in the Wet Tropics. The region supports
extensive wetlands, high annual rainfall, and persistently warm
temperatures—conditions that favor the proliferation of mos-
quito vectors, particularly Culex species, and increase opportu-
nities for host-vector contact [46]. In contrast, the Dry Tropics
are characterized by more seasonal rainfall and fewer permanent

wetland habitats, which may limit vector abundance and reduce
transmission intensity. Together, these ecological differences
likely contributed to the observed spatial heterogeneity in JEV
exposure.

Additionally, feral piglets exhibit higher apparent seroprevalence
(34.69%) and were ~1.5 times more likely to be seropositive for
JEV than feral adult pigs in our study. The higher apparent sero-
prevalence observed in piglets may reflect persistence of mater-
nally derived antibodies, recent exposure following waning
maternal immunity, or a combination of these processes. Mater-
nal antibody wanes between 1 and 3 months after weaning [47]
but may persist for months [48, 49]. The detection of JEV in feral
pigs underscores their epidemiological importance as free-rang-
ing hosts that may contribute to virus maintenance and amplifi-
cation outside domestic piggeries. Together, these ecological and
host-related factors likely explain the elevated exposure risk
observed in piglets, highlighting the contribution of feral pig
populations to JEV persistence and spillover risk in North
Queensland.

The Wet Tropics also lie along the East Asian Australasian Fly-
way (EAAF), a major migratory pathway for waterbirds extend-
ing from the Taimyr Peninsula in Russia and Alaska to Australia
and New Zealand. Along this flyway are several countries such as
China, Japan, Korea, and nations in Southeast Asia and the
Western Pacific nations where JEV is endemic and which collec-
tively support habitats for an estimated 50million migratory
waterbirds [50]. These birds depend on highly productive wet-
lands as stopover sites during migration. The wetlands of the Wet
Tropics may therefore function as important staging habitats,
making it plausible that migratory waterbirds contribute to the
introduction or maintenance of JEV in the region. Waterbirds are
known to develop high viraemia following infection and may act
as reservoir hosts capable of sustaining enzootic transmission in
the presence of competent mosquito vectors 7, 19].

Environmental conditions in northern Australia are broadly
comparable to those of endemic regions in Southeast Asia, sup-
porting the potential for year-round JEV activity. Nevertheless,
all reported outbreaks in Australia between 1995 and 2022
occurred between December and May [51]. This pattern broadly
aligns with the seasonal period of arbovirus detection in Austra-
lia, typically between October and April, which coincides with
peak mosquito activity [52]. We could not perform seasonal anal-
ysis from our study due to the sampling strategy employed, which
may have resulted in an uneven distribution of samples across
seasons (with more samples collected in autumn) and may have
introduced bias into the seasonal estimates. Climate change may
further influence these transmission dynamics. The increasing
frequency and intensity of extreme climatic events, including
flooding, cyclones, and prolonged La Nifa conditions, are likely
to expand suitable habitats for mosquito vectors and reservoir
hosts. Such changes may enhance the persistence of transmission
cycles and increase the risk of the establishment of sustained
endemic transmission of JEV [53].

This study identified areas of northern Queensland that were not
previously prioritized for JE vaccination [53]. Animal surveil-
lance is a critical component of early detection of JEV activity,
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often identifying viral circulation before the occurrence of
human cases and enabling timely public health responses. In
Australia, JEV outbreaks have occurred across extensive geo-
graphic regions with relatively sparse human populations, where
serological surveillance of piggeries and mosquito monitoring
have been central to determining the extent of viral transmission
[7]. Pigs act as amplifying hosts for JEV, producing high levels of
viraemia that facilitate onward transmission to other hosts in the
presence of competent mosquito vectors [54]. These findings
highlight the need to further investigate the burden of human
infection within the study regions of northern Queensland. An
improved understanding of human exposure would support evi-
dence-based procurement and targeted allocation of JE vaccines
and guide public health strategies and risk communication for
populations at increased risk [17].

Several limitations should be considered when interpreting these
findings. Unequal sample sizes across categories resulted in wide
CIs for some estimates. In addition, the cross-sectional design
limited the ability to infer causal relationships between ecologi-
cal factors and JEV exposure. The 2025 finding of zero positives is
difficult to interpret given the small sample size and differences
in collection sites between years and should not be taken as
evidence of reduced JEV circulation. Continued sampling with
broader geographic coverage will be needed to assess temporal
trends in feral pig seroprevalence. Serological cross-reactivity
with other flaviviruses may also occur, as previously observed
[11, 34]. High levels of serological cross-reactivity occur between
orthoflaviviruses, especially among members of the JEV sero-
complex, and interpretation of serological test results should
therefore be undertaken in this context [34]. Northern Australia
is known to be hyperendemic for other JEV serocomplex mem-
bers, such as MVEV and WNV-Kunjin, and the results found in
this study may reflect prior exposure of feral pigs to these viruses.
Additional parallel testing for antibodies to these viruses to assess
cross-reactivity was beyond the scope and resources of this study.
Furthermore, the study population consisted of feral pigs, which
were not vaccinated and readily seroconvert following infection
[55], supporting the interpretation that the detected antibodies
reflect natural exposure to JEV or a related orthoflavivirus.
Despite these limitations, the results provide consistent evidence
for the circulation of JEV antibodies in the feral pig populations
in northern Queensland.

The substantial spatial and temporal heterogeneity in JEV expo-
sure observed here, with geographic location and climate zone
emerging as key determinants, underscores the value of inte-
grated One Health frameworks that incorporate humans, wild-
life, livestock, mosquito vectors, and environmental monitoring
[17]. Strengthening such frameworks will improve the early
detection of viral activity and support targeted interventions in
ecologically suitable regions. The detection of widespread JEV
exposure in feral pigs across North Queensland highlights the
ecological complexity of viral transmission in Australia and the
potential role of wildlife in sustaining transmission cycles. Coor-
dinating wildlife and vector monitoring with human health sur-
veillance will be essential for improving early warning capacity,
guiding vaccination policy, and mitigating the risk of sustained or
expanding JEV transmission under changing climatic conditions.
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