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Two outbreaks of epidemic polyarthritis occurred among 
Australian Defence Force personnel during and follow-
ing short military exercises in the Shoalwater Bay Training 
Area, northeastern Australia, in 2016 and 2017. Ross River 
virus (RRV) IgM was detected in acute-phase serum sam-
ples from most patients (28/28 in 2016 and 25/31 in 2017), 
and RRV was recovered from 4/38 serum samples assayed 
(1/21 in 2016 and 3/17 in 2017). Phylogenetic analyses of 
RRV envelope glycoprotein E2 and nonstructural protein 
nsP3 nucleotide sequences segregated the RRV isolates 
obtained in 2016 and 2017 outbreaks into 2 distinct sub-
lineages, suggesting that each outbreak was caused by a 
different strain of RRV. The spatiotemporal characteristics 
of the 2016 outbreak suggested that some of the infections 
involved human-mosquito-human transmission without any 
intermediate host. These outbreaks highlight the importance 
of personal protective measures in preventing vectorborne 
diseases for which no vaccine or specific prophylaxis exists.

Epidemic polyarthritis (EPA) caused by Ross River virus 
(RRV) infection is the most frequently reported arbovi-

ral disease in Australia; ≈55,000 cases have been reported 
over the past decade (1). RRV is a positive-sense, single-
strand RNA, enveloped virus in the Alphavirus genus of 
the Togaviridae family. Other viruses in this genus include 
chikungunya virus (CHIKV), Barmah Forest virus (BFV), 
Sindbis virus, and Eastern and Western equine encephalitis 
viruses. The prototype strain of RRV (T48) was isolated in 

1959 from Aedes vigilax mosquitoes captured near the Ross 
River in Townsville, Queensland, Australia (2). Since then, 
outbreaks have been recorded in all the states of Australia 
(3) and in the South Pacific and Western Pacific regions, 
including Fiji (4), Samoa (5,6), the Cook Islands (7), New 
Caledonia (8), and Papua New Guinea (9,10). In Australia, 
most RRV infections occur during February–May or after 
periods of high rainfall or spring tides (11).

RRV is endemic and enzootic in Australia and has a 
natural animal-mosquito-animal transmission cycle. Hu-
mans can become infected incidentally by virus spillover, 
resulting in seasonal disease outbreaks. RRV has a com-
plex ecology; >40 different mosquito species have been 
implicated as vectors, and >18 different wild and domestic 
animals and birds could serve as amplifying hosts (12–14). 
Humans can carry the virus from endemic to epizootic re-
gions, and human-mosquito-human transmission is thought 
to be the most common means of transmission during large 
epidemics (15,16).

The RRV disease state varies widely between persons. 
This variation is readily apparent during outbreaks of the 
virus, wherein most persons in an infected population have 
asymptomatic or subclinical infection and only a few pa-
tients are substantially affected by the virus (ratio ≈3:1) (4). 
Among patients reporting clinical symptoms, most will re-
cover in 4–6 weeks. However, in some cases, joint pain, 
muscle pain, and fatigue can persist for several months or 
years (17). RRV-caused EPA is characterized by arthri-
tis, particularly in the small joints of the hands and feet. 
About 20%–60% of patients also have rash, fever, malaise, 
or a combination of these signs and symptoms (18–21). 
Symptoms similar to EPA occur after infection with BFV, 
CHIKV, Epstein-Barr virus (22), rubella virus (23), and 
parvovirus B19 (24). BFV co-circulates with RRV; ≈1,600 
cases of BFV infection are reported each year in Australia 
(1,20). Although transmission of CHIKV does not occur in 
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Australia, clinical infections have been reported in travel-
ers returning to Australia from endemic areas (25,26).

During 2016–2017, two outbreaks of EPA occurred in 
Australian Defence Force (ADF) personnel during and af-
ter short military exercises in the Shoalwater Bay Training 
Area (SWBTA) in northeastern Australia. We conducted 
an investigation to confirm whether the 2 outbreaks of EPA 
among ADF personnel in SWBTA were attributable to 
RRV infection by identifying RRV RNA in patient serum 
samples and to determine whether the viruses were novel 
genotypes (and, if so, their phylogenetic origin).

Material and Methods

Ethics Statement
This study was a retrospective study approved by the ADF 
Joint Health Command Ethics Review Committee (Joint 
Health Command low-risk ethics panel no. 16-021). We 
obtained written formal consent from all participants.

Study Area
SWBTA is a 4,545-km2 expanse of naturally vegetated 
coastal region ≈80 km north of the city of Rockhampton, 
Queensland, in northeastern Australia. ADF and allied 
forces use it regularly for military training. Because of its 
large size, restricted access, and protected ecology, regu-
lar mosquito surveillance or control is not conducted in the 
area. SWBTA is populated with large numbers of mammal 
and bird species, which could serve as hosts for RRV, as 
well as >40 species of mosquitoes, including major RRV 
vectors Aedes vigilax and Culex annulirostris mosquitoes 
(11,18,27). Weather conditions in SWBTA during March–
May are typically hot and humid.

Epidemiologic Data Collection
Laboratory confirmation of a RRV infection is achieved 
by isolating RRV or detecting viral RNA in patient serum 
samples or through observing seroconversion within 8–10 
weeks of onset of symptoms consistent with RRV infection 
(28). Clinical records for patients could not be accessed 
for this investigation, so we collected information about 
clinical symptoms and what personal protective measures 
(PPMs) patients had undertaken during the exercise by us-
ing questionnaires completed by ADF personnel who had 
EPA symptoms and had given their consent to participate 
in this study.

Virus Isolation and Genotyping
We obtained acute-phase serum samples from EPA patients 
who consented to participate in this study from Queensland 
Medical Laboratories on completion of routine RRV test-
ing for RRV IgM and IgG with Panbio ELISA kits (http://
www.panbiosystems.com). We recovered virus by culturing  

100 µL of a patient serum sample on monolayers of C6–
36 cells. We detected RRV infection in these cells 3 days 
postinfection by indirect immunofluorescence using an 
RRV-specific monoclonal antibody D7 (29).

We extracted viral RNA from serum and cell culture 
fluid by using the QIAamp viral RNA Mini Kit (QIAGEN, 
https://www.qiagen.com) according to the manufacturer’s 
instructions. The glycoprotein E2 and nonstructural protein 
nsP3 genes were amplified by using reverse transcription 
PCR, and amplicons were purified from Tris-acetate-ED-
TA (TAE) agarose gels and sequenced at the Australian 
Genome Research Facility, as described previously (30). 
We edited and assembled all sequences by using Ge-
neious 11.2 (https://www.geneious.com). An additional 
20 strains of RRV collected previously by our laboratory 
were sequenced in the same manner and submitted to Gen-
Bank (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/25/10/18-1610-App1.pdf).

Phylogenetic Analysis
We aligned nucleotide sequences of 58 RRV E2 genes 
and 32 nsP3 genes (Appendix Table 1) by using the Clust-
alW program in Geneious. E2 and nsP3 sequences for 24 
of these viruses were derived in this study. We converted 
the alignment file to NEXUS format by using MEGAX for 
use with BEAST (http://beast.community) and associated 
tools to postulate a phylogenetic tree for the RRV E2 and 
nsP3 proteins. We determined the nucleotide-substitution 
model by using the model test capability in MEGAX and 
confirmed the findings by using jModelTest 2.1.3 (31). 
Although the general time reversible plus gamma distribu-
tion with invariant sites (GTR+Γ+I) and Hasegawa–Kis-
hono–Yano (HKY) substitution models were considered in 
BEAST, TN93+Γ had the lowest Bayesian information cri-
terion score (32–34) (Appendix Table 2) and was selected 
for the phylogenetic analysis of the E2 gene.

Isolation dates of RRV at the tips of phylogenetic trees 
were taken from the GenBank “collection date” field and 
estimated to have a precision of +1.5 years. We conducted 
initial analyses assuming a strict molecular clock model 
because the evolutionary timeframe for this study was 
comparatively short. However, we also acknowledged that 
the environmental conditions were sufficiently diverse to 
warrant a relaxed clock (lognormal). We used the Bayes-
ian skyline as the demographic model for the phylogenetic 
trees. We performed Markov chain Monte Carlo analysis 
by using BEAST version 1.8.1 with a 10 million chain 
length and sampling every 1,000 generations and assessed 
convergence of parameters on the basis of the ESS value 
>200, which was viewed by using Tracer 1.6.0. We subse-
quently generated maximum clade credibility trees after a 
10% burn-in protocol by using TreeAnnotator version 1.8.1 
and formatted the final trees in FigTree 1.3.1. We obtained 
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all software for these analyses, except Geneious, from 
http://beast.community.

Results
The first EPA outbreak was reported after a 12-day exercise 
(February 29–March 11, 2016). Forty-four personnel from 
a combat unit of 128 sought care at the Regimental Aid 
Post (RAP) with rash, headache, nausea, fatigue, lethargy, 
and joint and muscle pain at the conclusion of the exercise. 
RRV IgM was detected in acute- or convalescent-phase se-
rum samples collected from 28 of these 44 persons 14–50 
days after symptom onset (Table); attack rates ranged from 
22% (confirmed cases only, 28/128 [22%]) to 34% (all sus-
pected cases, 44/128 [34%]) (Figure 1, panel A).

Troops from the affected unit (referred to hereafter as 
the combat unit) had spent 3 days in heavy rain near Camp 
Growl in the training area (Figure 1, panel B). During the 
following 3 days, the unit moved over varied terrain, in-
cluding dense bushland, in hot and humid conditions to 
an urban operation training facility (UOTF). Once at the 
UOTF, they conducted urban assault maneuvers against 
a 36 member opposition force for an additional 5 days. 
Upon conclusion of the UOTF component of the exercise, 
the combat unit marched back to Camp Growl, where they 
spent the night before returning to Brisbane, ≈630 km south 
of SWBTA. An administration unit of 30 persons was sta-
tioned in SWBTA during the same period but remained at 
Camp Growl throughout the exercise. In addition to the 44 
members of the combat unit affected by EPA, 1 member 

from the administration unit reported symptoms of EPA, 
and RRV IgM was detected in this patient’s serum sample 
upon return to Brisbane (attack rate 3.3%) (Figure 1, panel 
A). None of the 36 members of the opposition force report-
ed symptoms of EPA (Figure 1, panel A). This localized 
EPA outbreak had 2 distinct epidemic curves, with gaps of 
7 days and ≈15 days between the peaks (Figure 1, panel C).

In 2017, a total of 43 members from 3 different units 
had symptoms of EPA during an exercise conducted from 
late April to mid-May in the same area as the combat unit 
affected in the 2016 outbreak. Thirty-one of the 43 patients 
provided a serum sample. Of these, 25 samples contained 
RRV IgM (Table). Neither the advancing routes of these 3 
units through SWBTA nor the epidemiologic timeline of 
the 2017 EPA outbreak could be obtained because of ADF 
operational restrictions. Additional EPA cases might have 
occurred during both outbreaks, given that anecdotal evi-
dence suggests that members who were unwell at that time 
chose not to seek care at the RAP. ADF members were 
not screened for RRV seroconversions over the course of 
the exercise, so asymptomatic RRV infections could not be 
detected. Because most RRV infections are asymptomatic, 
the number of infections during these outbreaks was prob-
ably higher than the number of cases reported.

The most common symptoms experienced in the 2016 
and 2017 outbreaks were, respectively, polyarthritis and 
muscle pain (71% and 88%), arthralgia (67% and 88%), fa-
tigue (71% and 88%), loss of appetite (52% and 75%), stiff 
neck (38% and 71%), fever (33% and 47%), rash (9.5% 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019 1795

 
Table. Epidemiologic characteristics of RRV outbreaks among ADF personnel during and after training in SWBTA, northeastern 
Australia, 2016–2017* 

Characteristic 
Outbreak 

2016 2017 
Total no. reported EPA cases 44 43 
% RRV IgM antibody–reactive cases/tested cases 100 (28/28) 80.6 (25/31) 
No. participants who consented 21 17 
Average age, y (range) ND 27 (20–45) 
Sex, no. ND 16 M, 1 F 
History of arbovirus infection before this infection 0 0 
Outdoor training experience in SWBTA 100 (21) 100 (17) 
Clinical symptoms   
 Severe headache 28.6 (6/21) 41.2 (7/17) 
 Nausea 4.8 (1/21) 17.7 (3/17) 
 Rash 9.5 (2/21) 64.7 (11/17) 
 Fever, chills, or sweats 33.3 (7/21) 47.1 (8/17) 
 Arthralgia 66.7 (14/21) 88.2 (15/17) 
 Muscle pain 71.4 (15/21) 88.2 (15/17) 
 Fatigue 71.4 (15/21) 88.2 (15/17) 
 Loss of appetite 52.4 (11/21) 70.1 (12/17) 
 Stiff neck 38.1 (8/21) 64.7 (11/17) 
 Mosquito bite experiences 100 (21/21) 100 (17/17) 
Personal protection measures   
 Mosquito repellents 100 (21/21) 100 (17/17) 
 Trousers and long-sleeve shirts 85.7 (18/21) 47.1 (8/17) 
 Slept under ADF-issued mosquito nets 57.1 (12/21) 82.4 (14/17) 
 Awareness of permethrin uniform and bed net treatment 100 (21/21) 100 (17/17) 
 Use of ADF-recommended permethrin treatment 0 (0/21) 0 (0/17) 
*Data are % (no. positive/total no.) unless otherwise indicated. ADF, Australian Defence Force; EPA, epidemic polyarthritis; ND, not done; RRV, Ross 
River virus; SWBTA, Shoalwater Bay Training Area. 
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and 65%), headache (28% and 41%), and sore throat (14% 
and 24%) (Table). Most personnel recovered within 4–6 
weeks of symptom onset, except for 3 from the 2016 out-
break who were unfit for deployment 3 months after illness 
onset because of ongoing signs and symptoms.

All study participants were aware of the ADF policy 
of dipping uniforms and bed nets in permethrin, but none 
of the participants, nor their unit commanders, requested 
support from the Preventive Medicine Company to under-
take this procedure before or during either exercise, citing 
time constraints (Table). More than half of the personnel 
failed to comply with the sleeves-down policy because 
of the hot and humid weather conditions. All participants 
stated that they used commercial repellents, which con-
tain relatively low concentrations of N,N-Diethyl-meta-
toluamide (DEET) compared with the repellents issued by 
the ADF. About 57% (2016) and 82% (2017) of personnel 
reported sleeping under bed nets at night but noted that 
nets at times were abandoned because of their incompat-
ibility with the tactical situation. Five soldiers from the 
2017 outbreak reported constantly being assailed with 
mosquito bites (concentrated around their hands and legs) 
during the night even when inside their nets. Gloves and 
socks were worn when sleeping to address this issue. All 
participants reported being bitten by mosquitoes on a  
regular basis.

Bayesian phylogenetic analyses of 58 RRV com-
plete E2 sequences (1,266 nt) were performed by using 
TN93+Γ, HKY+Γ, and the GTR+Γ+I substitution mod-
els with both strict and relaxed clock models. All phy-
logenies placed the ADF RRV isolates collected in 2016 
and 2017 (MIDI13.2016, MIDI4.2017, MIDI9.2017, and 
MIDI32.2017) into 2 distinct sublineages of lineage III 
(IIIE and IIIF). The TN93+Γ substitution model was the 
most highly ranked of those used, having the lowest Bayes-
ian information criterion score (32–34) (Appendix Table 
1), and coupled with the strict clock to produce the E2 phy-
logenetic tree (Figure 2). The remaining trees are provided 
in Appendix Figures 1–5. 

Although the confidence level for the separation of the 
2 sublineages differs depending on the model used (posteri-
or probabilities range from 0.63 for HKY+Γ relaxed clock 
to 0.89 for GTR+Γ+I relaxed clock), the bifurcation of the 
2 sublineages occurs in all of the trees produced (Figure 
2; Appendix Figures 1–5). Furthermore, an analysis of 32 
nsP3 sequences (1,650 nt) similarly demonstrates the bifur-
cation of the 2 proposed sublineages but with high posterior 
probability (≈1) for each of the HKY and GTR+Γ+I sub-
stitutional models with both strict and relaxed clocks. The 
tree for nsP3 based on the HKY substitution model with 
a strict clock (Figure 3) is also presented with alternative 
substitution models and clocks (Appendix Figures 6–8). 
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Figure 1. Characteristics 
of an RRV outbreak among 
Australian Defence Force 
(ADF) personnel during and 
after training in Shoalwater 
Bay Training Area (SWBTA), 
northeastern Australia, 2016. 
A) RRV attack rates among 
3 ADF units. B) Routes of 
ADF units during exercises 
in SWBTA. C) Timeline of 
outbreak. EPA, epidemic 
polyarthritis; RRV, Ross River 
virus; UOTF, urban operation 
training facility.
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Collectively, these results suggest that different lin-
eages of RRV were responsible for the 2016 and 2017 out-
breaks. The 2016 isolate (MIDI13.2016) resembled strains 
of RRV recovered from patients in Brisbane (≈600 km 
south of SWBTA) in 2014 and 2015 and belongs to sub-
lineage IIIE. Lineage III is thought to have evolved from 2 
other lineages of RRV that are believed to be extinct. The 3 
isolates recovered in 2017 (MIDI4.2017, MIDI9.2017, and 
MIDI32.2017) shared 99.8% nucleotide identity in pair-
wise comparisons and have been assigned to sublineage 
IIIF, which contains strains of RRV recovered from the 
east and west coasts of Australia in 2009 and in an isolate 
identified in Brisbane in 2015 (BNE 2885.2015).

We observed 6 amino acid differences between the 
2016 (sublineage IIIE) and 2017 (sublineage IIIF) isolates 
from SWBTA (N132D, Y296H, T369A, I376M, A384T, 
and A389T) of which only 1 (I376M) was a conserva-
tive change. All substitutions are located in the A and C  

domains of the E2 protein, in areas involved in the inter-
action with other proteins (E1, capsid, and 6k), as well 
as in the process of budding of alphavirus envelope pro-
teins from host cell membranes (35,36). The 2 glycosyl-
ation sites on the E2 protein were conserved in all 4 of the 
SWBTA isolates.

Discussion
The state of Queensland, where SWBTA is situated, has the 
highest rates of EPA in Australia, consistently recording 
>1,000 cases each year (1). RRV-caused EPA cases are re-
ported routinely in the areas surrounding Rockhampton (37), 
the nearest city to SWBTA. In 1997, nineteen RRV-caused 
EPA cases were reported among US Navy personnel during 
a joint Australia–US military exercise located at SWBTA 
(27). In 2004, RRV RNA was detected in multiple mosquito 
species collected in this training area (27,38). The most re-
cent common ancestor of RRV (strain T48) originated from 
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Figure 2. Maximum clade credibility tree based on analysis of 58 complete Ross River virus E2 sequences (1,266 nt) from outbreaks 
among Australian Defence Force personnel during and after training in Shoalwater Bay Training Area, northeastern Australia, 2016–2017. 
Isolates were classified into 2 distinct sublineages in lineage III. We used Bayesian phylogenetic analysis method in BEAST software (http://
beast.community) to analyze the aligned E2 sequences, applying the TN93 plus gamma substitution model with a strict clock model, a 
chain length of 10 million, and a 10% burn-in using TreeAnnotator (https://beast.community/treeannotator). Numbers at nodes indicate the 
posterior probability values >0.8 except the value for the bifurcation of the sublineages IIIE and IIIF. The naming convention of the strains 
was name of host/strain/year of isolation/GenBank accession number. B, birds; H, humans; M, mosquitoes; W, wallabies. 
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northeastern Australia (2,18), and this finding is in agree-
ment with our phylogenetic analysis (Figure 2). 

In light of these data, we reasonably believe that RRV 
has established its natural endemic cycle in SWBTA. The 
recurrent outbreaks of RRV infection within SWBTA and 
the intermittent presence of humans in this region suggests 
that the 2016 and 2017 infections were spillover events in 
which the virus was incidentally acquired by ADF soldiers 
from the natural endemic animal-mosquito-animal trans-
mission cycle made possible by large populations of native 
animals (e.g., kangaroos and wallabies) and the wide vari-
ety of RRV vectors (21). However, phylogenetic analyses 
of nucleotide sequences of the E2 and nsP3 genes of RRV 
recovered from the ADF personnel in our study and from 
patients and mosquitoes from other parts of Australia do 
not support the notion of RRV strains being sequestered 
in endemic pockets across Australia. Instead, SWBTA 
isolates bore a remarkable similarity to those circulating 
in the wider community (Figures 2, 3; Appendix Figures 
1–8). A more likely explanation is that strains of RRV are 
not regionally locked but spread around Australia by the 

movement of humans, as most likely occurred in the RRV 
outbreak in the Pacific during 1979–1980 (4–8). More sur-
veillance and exhaustive genetic analysis might help to re-
solve the precise origin and nature of these outbreaks.

The spatiotemporal characteristics of the 2016 out-
break suggested that the virus was transmitted among sol-
diers by local mosquitoes after the initial infection. The first 
wave of soldiers who sought care at the RAP at Gallipoli 
Barracks, Brisbane, did so within a 2-week period of leav-
ing the SWBTA, which is consistent with the 2–15-day 
incubation period proposed for RRV infection in humans 
(18) (Figure 1, panel C). Although this first wave of soldiers 
might have been infected with RRV by spillover from the 
suspected natural, endemic animal–mosquito–animal trans-
mission cycle in SWBTA, few (if any) intermediate host 
macropods exist in Gallipoli Barracks from which soldiers 
would become infected upon their return. Soldiers who 
sought care for EPA signs and symptoms 19–37 days after 
returning to the barracks are indicative of a potential sec-
ondary human-mosquito-human infection cycle in Gallip-
oli Barracks, possibly involving asymptomatic but viremic 
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Figure 3. Maximum clade credibility tree based on analysis of 32 complete Ross River virus nsP3 sequences (1,650 nt) from outbreaks 
among Australian Defence Force personnel during and after training in Shoalwater Bay Training Area, northeastern Australia, 2016–
2017. Isolates were classified into 2 distinct sublineages in lineage III. We used Bayesian phylogenetic analysis method in BEAST 
software (http://beast.community) to analyze the aligned nsP3 sequences, applying the TN93 plus gamma substitution model with 
a strict clock model, a chain length of 10 million, and a 10% burn-in using TreeAnnotator (https://beast.community/treeannotator). 
Numbers at nodes indicate the posterior probability values >0.8. The naming convention of the strains was name of host/strain/year of 
isolation/GenBank accession number. B, birds; H, humans; M, mosquitoes; W, wallabies.
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persons. This conclusion is further supported by the high 
level of homology shared by 3 RRV isolates from 2017. 

No EPA cases were reported (except 1 case from the 
administration unit attached to the combat team at SWB-
TA) from other units at Gallipoli Barracks (a base contain-
ing >5,600 personnel who operate across 30 different units) 
upon the return of the infected personnel. This finding 
might simply reflect the probability of an extremely small 
number of infected mosquitoes finding a susceptible and 
unprotected human host among other units headquartered 
at discrete localities spread over an area of >200 hectares. 
However, without concurrent isolation of the virus from lo-
cal mosquitoes in the vicinity of Gallipoli Barracks, this 
2-wave theory, however plausible, remains speculative. 
Delayed or failed reporting of health concerns or symptoms 
of infected personnel can be a confounding issue when sur-
veying soldiers attached to combat units. This difficulty is 
caused in part by a cultural resistance to seek medical atten-
tion for ailments of low to moderate severity; soldiers often 
opt to press on in the face of adversity.

A previous study based on phylogenies derived from 
short E2 gene sequences identified 2 lineages of RRV (3), 
whereas a more recent study (39) using longer sequences 
identified 3 (1 from eastern Australia, 1 from western Aus-
tralia, and 1 from northeastern Australia). The phylogenetic 
analyses in our study, which used the complete nucleotide 
sequences of RRV E2 and nsP3 genes, confirm the pres-
ence of 3 lineages but suggest that lineage III should be 
divided into 6 sublineages. Lineage I viruses were classi-
fied as the northeastern Australia lineage; examples of this 
lineage have not been isolated since 1977. Lineage II was 
classified as the western Australia lineage; examples of this 
lineage have not been isolated since 1991 (Figures 2, 3; 
Appendix Table 1, Figures 1–8). The virus strain of RRV 
that was responsible for the outbreaks in Fiji, the Cook Is-
lands, and Samoa during 1979–1980 has been classified as 
sublineage IIIA. The results of our study suggest that the 
lineage III viruses have been responsible for outbreaks of 
RRV infection in Australia since 1991. The temporal struc-
ture of the maximum clade credibility trees suggest that 
RRV is continuing to diversify under the pressure of natu-
ral selection and potential for further diversification exists 
given changes in the virus’ ecologic niche, cycles of trans-
mission, or both. The importance of the 5 nonconservative 
changes in the amino acid sequences of the E2 proteins that 
occurred from 2016 to 2017 warrants further investigation 
to determine what role they might play in viral fitness. The 
implementation of continuous and routine viral sequenc-
ing, analysis, and monitoring will increase confidence in 
the proposed delineation of the sublineages within lineage 
III and further clarify the evolutionary process.

With the ADF’s commitment to maintaining the natu-
ral environment in its training areas, an ongoing risk for 

infection with RRV persists for personnel who do not have 
natural immunity through prior exposure to RRV and who 
are required to spend prolonged periods in this RRV-en-
demic area. A further risk is the potential for RRV to be 
exported to other countries through infected, asymptomatic 
personnel participating in multinational exercises, which 
occur on a regular basis in SWBTA. This risk is of par-
ticular concern for countries with mosquitoes known to be 
RRV vectors (40). The largest outbreak of RRV infection 
ever recorded occurred in the Pacific during 1979–1980 (4) 
and is a testament to the epidemic potential of the virus. 
The recent experience with Zika and chikungunya viruses 
underscores the serious threat posed to global health by the 
potential for previously obscure arboviruses to move from 
their historical cycles of transmission (41,42).

In conclusion, this investigation confirmed through 
viral isolation and sequence analysis that the outbreaks 
of EPA in the ADF in 2016 and 2017 were caused by 2 
distinct sublineages of lineage III strains of RRV. Further, 
these outbreaks are most likely attributable to human- 
mosquito-human transmission.

Acknowledgments
The authors would like to thank all participants of the study and 
Australian Defence Force 2nd General Health Battalion for  
supporting the investigation.

Role of funding source: Joint Health Command of the Australian 
Defence Force funded this investigation. The funder had no role 
in the study design, data collection and analysis, decision to 
publish, or preparation of the manuscript.

About the Author
Dr. Liu is head of the Arbovirology Department at the  
Australian Defence Force Malaria and Infectious Disease  
Institute. His primary research interests are epidemiology,  
evolution, and transmission of emerging arboviral diseases.

References
  1. Australian Government Department of Health National Notifiable 

Diseases Surveillance System. Number of notifications of Ross 
River virus and Barmah Forest virus infection, Australia, in the  
period of 1991 to 2018 and year-to-date notifications for 2019 
[cited 2018 Oct 15]. http://www9.health.gov.au/cda/source/ 
rpt_3.cfm

  2. Doherty RL, Carley JG, MacKerras MJ, Marks EN. Studies of 
arthropod-borne virus infections in Queensland. III. Isolation and 
characterization of virus strains from wild-caught mosquitoes in 
North Queensland. Aust J Exp Biol Med Sci. 1963;41:17–39.  
http://dx.doi.org/10.1038/icb.1963.2

  3. Sammels LM, Coelen RJ, Lindsay MD, Mackenzie JS. Geographic 
distribution and evolution of Ross River virus in Australia and the 
Pacific Islands. Virology. 1995;212:20–9. http://dx.doi.org/10.1006/
viro.1995.1449

  4. Aaskov JG, Mataika JU, Lawrence GW, Rabukawaqa V,  
Tucker MM, Miles JA, et al. An epidemic of Ross River virus  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019 1799



SYNOPSIS

infection in Fiji, 1979. Am J Trop Med Hyg. 1981;30:1053–9. 
http://dx.doi.org/10.4269/ajtmh.1981.30.1053

  5. Lau C, Aubry M, Musso D, Teissier A, Paulous S, Desprès P, et al. 
New evidence for endemic circulation of Ross River virus in the 
Pacific Islands and the potential for emergence. Int J Infect Dis. 
2017;57:73–6. http://dx.doi.org/10.1016/j.ijid.2017.01.041

  6. Tesh RB, McLean RG, Shroyer DA, Calisher CH, Rosen L. 
Ross River virus (Togaviridae: Alphavirus) infection  
(epidemic polyarthritis) in American Samoa. Trans R Soc Trop 
Med Hyg. 1981;75:426–31. http://dx.doi.org/10.1016/ 
0035-9203(81)90112-7

 7. Rosen L, Gubler DJ, Bennett PH. Epidemic polyarthritis (Ross 
River) virus infection in the Cook Islands. Am J Trop Med Hyg. 
1981;30:1294–302. http://dx.doi.org/10.4269/ajtmh.1981.30.1294

  8. Fauran P, Donaldson M, Harper J, Oseni RA, Aaskov JG.  
Characterization of Ross River viruses isolated from patients with 
polyarthritis in New Caledonia and Wallis and Futuna Islands. Am 
J Trop Med Hyg. 1984;33:1228–31. http://dx.doi.org/10.4269/
ajtmh.1984.33.1228

  9. Scrimgeour EM. Suspected Ross River virus encephalitis in Papua 
New Guinea. Aust N Z J Med. 1999;29:559. http://dx.doi.org/ 
10.1111/j.1445-5994.1999.tb00759.x

10. Scrimgeour EM, Aaskov JG, Matz LR. Ross River virus arthritis in 
Papua New Guinea. Trans R Soc Trop Med Hyg. 1987;81:833–4. 
http://dx.doi.org/10.1016/0035-9203(87)90045-9

11. Yu W, Mengersen K, Dale P, Mackenzie JS, Toloo GS, Wang X,  
et al. Epidemiologic patterns of Ross River virus disease in 
Queensland, Australia, 2001–2011. Am J Trop Med Hyg. 
2014;91:109–18. http://dx.doi.org/10.4269/ajtmh.13-0455

12. Claflin SB, Webb CE. Ross River virus: many vectors and 
unusual hosts make for an unpredictable pathogen. PLoS Pathog. 
2015;11:e1005070. http://dx.doi.org/10.1371/journal.ppat.1005070

13. Boyd AM, Hall RA, Gemmell RT, Kay BH. Experimental infection 
of Australian brushtail possums, Trichosurus vulpecula  
(Phalangeridae: Marsupialia), with Ross River and Barmah Forest 
viruses by use of a natural mosquito vector system. Am J Trop Med 
Hyg. 2001;65:777–82. http://dx.doi.org/10.4269/ajtmh.2001.65.777

14. Potter A, Johansen CA, Fenwick S, Reid SA, Lindsay MD. The 
seroprevalence and factors associated with Ross river virus  
infection in western grey kangaroos (Macropus fuliginosus) in 
Western Australia. Vector Borne Zoonotic Dis. 2014;14:740–5. 
http://dx.doi.org/10.1089/vbz.2014.1617

15. Marshall IDMJ. Ross River virus and epidemic polyarthritis. In: 
Harris KF, editor. Current topics in vector research. New York: 
Praeger; 1984. p. 31–56.

16. Lindsay M, Condon R, Mackenzie J, Johansen C, D’Ercole MDS. 
A major outbreak of Ross River virus infection in the southwest of 
Western Australia and the Perth metropolitan area. Commun Dis 
Intell. 1992;16:290–4.

17. Fraser JR, Tait B, Aaskov JG, Cunningham AL. Possible genetic 
determinants in epidemic polyarthritis caused by Ross River virus 
infection. Aust N Z J Med. 1980;10:597–603. http://dx.doi.org/ 
10.1111/j.1445-5994.1980.tb04238.x

18. Harley D, Sleigh A, Ritchie S. Ross River virus transmission,  
infection, and disease: a cross-disciplinary review. Clin Microbiol Rev. 
2001;14:909–32. http://dx.doi.org/10.1128/CMR.14.4.909-932.2001

19.  Mackenzie JS, Lindsay MDA, Smith DW, Imrie A. The ecology 
and epidemiology of Ross River and Murray Valley encephalitis  
viruses in Western Australia: examples of One Health in action. 
Trans R Soc Trop Med Hyg. 2017;111:248–54. http://dx.doi.org/ 
10.1093/trstmh/trx045

20. Jacups SP, Whelan PI, Currie BJ. Ross River virus and Barmah 
Forest virus infections: a review of history, ecology, and predictive 
models, with implications for tropical northern Australia. Vector 
Borne Zoonotic Dis. 2008;8:283–97. http://dx.doi.org/10.1089/
vbz.2007.0152

21. Russell RC. Ross River virus: ecology and distribution.  
Annu Rev Entomol. 2002;47:1–31. http://dx.doi.org/10.1146/ 
annurev.ento.47.091201.145100

22. Ray CG, Gall EP, Minnich LL, Roediger J, De Benedetti C,  
Corrigan JJ. Acute polyarthritis associated with active Epstein-Barr  
virus infection. JAMA. 1982;248:2990–3. http://dx.doi.org/ 
10.1001/jama.1982.03330220034032

23. McCormick JN, Duthie JJ, Gerber H, Hart H, Baker S,  
Marmion BP. Rheumatoid polyarthritis after rubella. Ann Rheum 
Dis. 1978;37:266–72. http://dx.doi.org/10.1136/ard.37.3.266

24. Varache S, Narbonne V, Jousse-Joulin S, Guennoc X, Dougados M, 
Daurès JP, et al. Is routine viral screening useful in patients with 
recent-onset polyarthritis of a duration of at least 6 weeks? Results 
from a nationwide longitudinal prospective cohort study. Arthritis 
Care Res (Hoboken). 2011;63:1565–70. http://dx.doi.org/10.1002/
acr.20576

25. Huang B, Pyke AT, McMahon J, Warrilow D. Complete coding 
sequence of a case of chikungunya virus imported into Australia. 
Genome Announc. 2017;5:e00310–7. http://dx.doi.org/10.1128/
genomeA.00310-17

26. Jansen CC, Williams CR, van den Hurk AF. The usual suspects: 
comparison of the relative roles of potential urban chikungunya 
virus vectors in Australia. PLoS One. 2015;10:e0134975.  
http://dx.doi.org/10.1371/journal.pone.0134975

27. Hueston L, Yund A, Cope S, Monteville M, Marchetti M,  
Haniotis J, et al. Ross River virus in a joint military exercise.  
Commun Dis Intell. 1997;21:193.

28. Australian Government Department of Health. River virus  
infection case definition [cited 2018 Oct 15]. http://www.health.
gov.au/internet/main/publishing.nsf/Content/cda-surveil-nndss-
casedefs-cd_rrv.htm

29. Jupille HJ, Medina-Rivera M, Hawman DW, Oko L, Morrison TE. 
A tyrosine-to-histidine switch at position 18 of the Ross River  
virus E2 glycoprotein is a determinant of virus fitness in  
disparate hosts. J Virol. 2013;87:5970–84. http://dx.doi.org/ 
10.1128/JVI.03326-12

30. Liu WJ, Rourke MF, Holmes EC, Aaskov JG. Persistence of 
multiple genetic lineages within intrahost populations of Ross 
River virus. J Virol. 2011;85:5674–8. http://dx.doi.org/10.1128/
JVI.02622-10

31. Posada D. jModelTest: phylogenetic model averaging. Mol Biol 
Evol. 2008;25:1253–6. http://dx.doi.org/10.1093/molbev/msn083

32. Evans J, Sullivan J. Approximating model probabilities in Bayesian 
information criterion and decision-theoretic approaches to model 
selection in phylogenetics. Mol Biol Evol. 2011;28:343–9.  
http://dx.doi.org/10.1093/molbev/msq195

33. Vrieze SI. Model selection and psychological theory: a discussion 
of the differences between the Akaike information criterion (AIC) 
and the Bayesian information criterion (BIC). Psychol Methods. 
2012;17:228–43. http://dx.doi.org/10.1037/a0027127

34. Lu ZH, Chow SM, Loken E. A comparison of Bayesian and 
frequentist model selection methods for factor analysis models. 
Psychol Methods. 2017;22:361–81. http://dx.doi.org/10.1037/
met0000145

35. Jose J, Snyder JE, Kuhn RJ. A structural and functional  
perspective of alphavirus replication and assembly. Future  
Microbiol. 2009;4:837–56. http://dx.doi.org/10.2217/fmb.09.59

36. Li L, Jose J, Xiang Y, Kuhn RJ, Rossmann MG. Structural 
changes of envelope proteins during alphavirus fusion. Nature. 
2010;468:705–8. http://dx.doi.org/10.1038/nature09546

37. Moody S. Virus outbreak: 101 locals diagnosed with Ross  
River virus. The Morning Bulletin [cited 2018 Oct 15].  
https://www.themorningbulletin.com.au/news/mosquitoes-buzzy-
infecting-rocky-locals-with-disea/3203125

38. Frances SP, Cooper RD, Rowcliffe KL, Chen N, Cheng Q.  
Occurrence of Ross River virus and Barmah Forest virus in  

1800 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019



Epidemic Polyarthritis, Australia, 2016–2017

mosquitoes at Shoalwater Bay military training area, Queensland,  
Australia. J Med Entomol. 2004;41:115–20. http://dx.doi.org/ 
10.1603/0022-2585-41.1.115

39. Jones A, Lowry K, Aaskov J, Holmes EC, Kitchen A.  
Molecular evolutionary dynamics of Ross River virus and  
implications for vaccine efficacy. J Gen Virol. 2010;91:182–8. 
http://dx.doi.org/10.1099/vir.0.014209-0

40. Flies EJ, Lau CL, Scott C, Weinstein P. Another emerging 
mosquito-borne disease? Endemic Ross River virus transmission in 
the absence of marsupial reservoirs. Bioscience. 2018;68:288–93. 
http://dx.doi.org/10.1093/biosci/biy011

41. Metsky HC, Matranga CB, Wohl S, Schaffner SF, Freije CA,  
Winnicki SM, et al. Zika virus evolution and spread in the 

Americas. Nature. 2017;546:411–5. http://dx.doi.org/10.1038/
nature22402

42. Thiberville SD, Moyen N, Dupuis-Maguiraga L, Nougairede A,  
Gould EA, Roques P, et al. Chikungunya fever: epidemiology, 
clinical syndrome, pathogenesis and therapy. Antiviral Res. 
2013;99:345–70. http://dx.doi.org/10.1016/j.antiviral.2013. 
06.009

Address for correspondence: Wenjun Liu, Australian Defence Force 
Malaria and Infectious Disease Institute, Weary Dunlop Dr,  
Gallipoli Barracks, Enoggera, Brisbane 4051, Australia; email:  
wenjun.liu@defence.gov.au

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019 1801

•  Debate Regarding Oseltamivir Use for Seasonal and 
Pandemic Influenza

•  Perspectives on West Africa Ebola Virus Disease Outbreak,  
2013–2016

•  Human Infection with Influenza A(H7N9) Virus during 3 
Major Epidemic Waves, China, 2013–2015

•  Integration of Genomic and Other Epidemiologic Data to 
Investigate and Control a Cross-Institutional Outbreak of 
Streptococcus pyogenes

•  Infectious Disease Risk Associated with Contaminated  
Propofol Anesthesia, 1989–2014

•  Improved Global Capacity for Influenza Surveillance

•  Reemergence of Dengue in Southern Texas, 2013

•  Transmission of Mycobacterium chimaera from Heater–
Cooler Units during Cardiac Surgery despite an Ultraclean 
Air Ventilation System

•  Extended Human-to-Human Transmission during a 
Monkeypox Outbreak in the Democratic Republic of  
the Congo

•  Use of Population Genetics to Assess the Ecology, Evolution, 
and Population Structure of Coccidioides, Arizona, USA

•  Infection, Replication, and Transmission of Middle East 
Respiratory Syndrome Coronavirus in Alpacas

•  Human Adenovirus Associated with Severe Respiratory 
Infection, Oregon, 2013–2014

•  Heterogeneous and Dynamic Prevalence of Asymptomatic 
Influenza Virus Infections

•  High MICs for Vancomycin and Daptomycin and Complicated 
Catheter-Related Bloodstream Infections with Methicillin-
Sensitive Staphylococcus aureus

•  Population-Level Effect of Cholera Vaccine on Displaced 
Populations, South Sudan, 2014 

•  Experimental Infection and Response to Rechallenge of 
Alpacas with Middle East Respiratory Syndrome Coronavirus 

•  Scarlet Fever Upsurge in England and Molecular-Genetic 
Analysis in North-West London, 2014 

•  Possible Case of Novel Spotted Fever Group Rickettsiosis in 
Traveler Returning to Japan from India 

•  Shigella Antimicrobial Drug Resistance Mechanisms,  
2004–2014 

•  MERS-CoV Antibodies in Humans, Africa, 2013–2014 

•  Microcephaly in Infants, Pernambuco State, Brazil, 2015 

•  Prospective Validation of Cessation of Contact Precautions for 
Extended-Spectrum β-Lactamase–Producing Escherichia coli 

•  Whole-Genome Analysis of Cryptococcus gattii, 
Southeastern United States 

•  Prevalence of Nontuberculous Mycobacterial Pulmonary 
Disease, Germany, 2009–2014 

•  Rapid Detection of Polymyxin Resistance in 
Enterobacteriaceae

®

June 2016

Respiratory 
Diseases

To revisit the June 2016 issue, go to:

https://wwwnc.cdc.gov/eid/articles/issue/22/6/table-of-contents


