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Abstract

Background

The family flaviviridae and alphaviridae contain a diverse group of pathogens that cause sig-
nificant morbidity and mortality worldwide. Diagnosis of the virus responsible for disease is
essential to ensure patients receive appropriate clinical management. Very few real-time
RT-PCR based assays are able to detect the presence of all members of these families
using a single primer and probe set. We have developed a novel chemistry, 3base, which
simplifies the viral nucleic acids allowing the design of RT-PCR assays capable of pan-fam-
ily identification.

Methodology/Principal finding

Synthetic constructs, viral nucleic acids, intact viral particles and characterised reference
materials were used to determine the specificity and sensitivity of the assays. Synthetic con-
structs demonstrated the sensitivities of the pan-flavivirus detection component were in the
range of 13 copies per PCR. The pan-alphavirus assay had a sensitivity range of 10-25 cop-
ies per reaction depending on the viral strain. Lower limit of detection studies using whole
virus particles demonstrated that sensitivity for assays was in the range of 1-2 copies per
reaction. No cross reactivity was observed with a number of commonly encountered viral
strains. Proficiency panels showed 100% concordance with the expected results and the
assays performed as well as, if not better than, other assays used in laboratories worldwide.
After initial assay validation the pan-viral assays were then tested during the 2016—2017
Vanuatu dengue-2 outbreak. Positive results were detected in 116 positives from a total of
187 suspected dengue samples.

Conclusions/Significance

The pan-viral screening assays described here utilise a novel 3base technology and are
shown to provide a sensitive and specific method to screen and thereafter speciate flavi-
and/or alpha- viruses in clinical samples. The assays performed well in an outbreak situation
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and can be used to detect positive clinical samples containing any flavivirus or alphavirus in
approximately 3 hours 30 minutes.

Introduction

Flavivirus is a genus of the family Flaviviridae that contains a large number of viral agents
capable of causing encephalitis and jaundice [1]. Most flaviviruses are arboviruses and trans-
mitted to the human population by a bite from infected mosquitoes or ticks. Flaviviruses typi-
cally contain a positive sense single-stranded RNA genome of approximately 10-11kb in
length. The genome encodes 3 structural proteins (Capsid, prM, and Envelope) and 8 non-
structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5 and NS5B) [2]. The viruses are
enveloped with a diameter of around 50nm, and appear icosahedral or spherical when
observed under the electron microscope [3]. Individual members such as dengue (DENV), yel-
low-fever virus (YFV), Japanese encephalitis virus (JEV), tick-borne encephalitis virus (TBEV)
and West Nile virus (WNV) cause significant morbidity and mortality worldwide.

DENV is a major public health concern on a global scale with an estimated 400 million
infections and 100 million clinical cases in 2010. Most of these patients will carry the disease
asymptomatically. However, around 5% of infected individuals will progress to severe dengue,
an illness characterized by plasma leakage leading to hypovolemic shock, hemorrhage, and
potentially death. The case-fatality rate for individuals with severe dengue can be as high as
10% if untreated, or 0.1% with appropriate clinical management [4].

Alphaviruses are a diverse group of viruses that are classified as belonging to the group IV
Togaviridae family of viruses [5]. There are over thirty members in the alphavirus group that
are able to infect a wide range of vertebrates including humans, rodents, fish, birds, and horses.
At the genomic level alphaviruses consist of a positive sense, single-stranded RNA genome 11
to 12kb in length with a 5’ cap, and 3’ poly-A tail. Alphavirus particles are enveloped, have a
size of around 70 nm in diameter under the electron microscope and appear to be spherical
with a 40 nm isometric nucleocapsid. Like flaviviruses the main mode of transmission to the
human population is via bites from infected mosquitoes. Notable viruses that infect the human
population include chikungunya (CHIKV), Barmah Forest virus (BFV), Mayaro virus
(MAYV) [6], O’'nyong’nyong virus (ONNYV) [7], Ross River virus (RRV) [8], Una virus [9] and
Tonate virus [10].

Epidemics of flavivirus and alphavirus occur globally on an annual basis with different
degrees of severity. Table 1 shows a small selection of recent flavivirus/alphavirus outbreaks
worldwide.

The global distribution and severity of flavivirus and alphavirus infection requires accurate
surveillance tools and timely diagnosis to ensure infected patients obtain the best medical
treatment options and alert authorities to possible outbreaks of disease.

The most accurate method to diagnose viral agents is real time Polymerase Chain Reaction
(RT-PCR). Primer and probe sequences complementary to the viral RNA are designed and
cycled through a series of steps with positive samples seen as amplification curves on a
RT-PCR instrument. This process can be completed in less than 1 hour, which significantly
assists in patient management.

However, members of the flavivirus and alphavirus families are quite heterogeneous at the
RNA level, therefore it can be difficult to design a single set of primers and probe sequences
that can detect each of the families at the genus and species level. An example of this is DENV
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Table 1. Examples of recent flavivirus/alphavirus outbreaks worldwide.

Year Location

2011 Uganda

2012 Texas, USA

2015 India

2016-2017 Latin America Caribean
2016 Taiwan

2016 Odisha

2017 Bangladesh

2017 Australia

https://doi.org/10.1371/journal.pone.0227550.t001

Virus Cases Death rate complications Reference
YFV 181 45 (24.9%) [11]
WNV 1,868 89 (5%) [12]
DENV 99,913 200 (0.2%) [13]
ZIKV 217,000 3,400 associated congenital syndrome [14]
DENV 22,777 182 (0.8%) [15]
JEV 336 103 (30.6%) [16]
CHIKV 13,176 N/A [17]
RRV >1,000 N/A [18]

that contains four serotypes, each being quite diverse at the genomic level [19]. Like most cur-
rent dengue RT-PCR assays, the CDC DENV-1-4 RT-PCR Assay detects serotypes 1-4 using
an individual primer pair and probe for each type [20]. Assays that can universally detect all
DENV serotypes have been described but these assays still employ more than 2 primers to
detect all subtypes [21].

In order to simplify and improve the detection of alphaviruses and flaviviruses in clinical
samples, we developed a commercially available 3base assay that is able to detect the presence
of the target alphavirus or flavivirus using a single primer and probe set for each type. 3base
assays use chemical modification to reduce the complexity of genomes from 4 to 3 base, which
enable screening primers and probes with fewer mismatches to be developed so that bias in
amplification efficiency across species is greatly reduced. (Fig 1).

The 3base protocol (Fig 2) deaminates all cytosine residues in nucleic acids to a uracil inter-
mediate [22]. This process makes closely related species more similar at the genomic level.
This novel method ultimately means that primers and probe sets can be designed that have
fewer mismatches and are able to hybridise to previously heterogeneous target regions with
higher efficiency, thus improving PCR amplification of species that contain large numbers of
individual pathogens.

The modification process of the genomic nucleic acids to a 3base form does not sacrifice
specificity and individual typing primers can be constructed to detect the exact organism
responsible for disease.

The method has been used to successfully detect the presence of high risk HPV in clinical
samples [23] and the presence of pathogens, including Norovirus, in patients with gastrointes-
tinal disease [24].

We have utilised the method to produce pan-species assays for the detection of all flavivirus,
alphavirus and dengue serotypes 1-4 and successfully applied these assays to screen samples in
the 2016/17 Vanuatu dengue outbreak.

Methods
Ethics statement

The interim ethics committee comprising the following members of the Ministry of Health;
Mr. George Taleo the Director General of Health, Mr. Len Tarivonda the Director of Public
Health, Mr. Russel Tamata the Director of Hospital and Curative Health and Dr. Posikai Sam-
uel Tapo the Director of Cooperative Services, Planning and Policy approved the study. All
adults provided verbal consent either for themselves or for their children to be included in the
study.
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3base™ conversion

Before TGTAGTTTTATTTTTAGGATTGGT
After TGTAGTTTTATTTTTAG GATTGGT
Sequence |Before bisulphite After bisulphite
Seq 1 GATGGCGATATGGTIGACACIGATGGTGATATGGTIGATAT
Seq 2 GATGGTIGACATGGTAGATACIGATGGTGATATGGTAGATAT
Seq 3 GATGGTIGATATGGTGGACACIGATGGTGATATGGTGGATAT
Seq 4 GATGGTIGATATGGTAGATATIGATGGTGATATGGTAGATAT
Seq 5 GATGGTITGATATGGTGGACACIGATGGTGATATGGTGGATAT
Seq 6 GATGGCGACATGGTTIGATATIGATGGTGATATGGTIGATAT
Seq 7 GATGGTGATATGGTGGACAC|IGATGGTGATATGGTGGATAT
Seq 8 GATGGTIGACATGGTAGATACIGATGGTGATATGGTAGATAT
Seq 9 GATGGTITGATATGGTAGATACIGATGGTGATATGGTAGATAT
Seq 10 GATGGTGATATGGTGGATACIGATGGTGATATGGTGGATAT
Consensus GATGGYGAYATGGTDGAYAYGATGGTGATATGGTDGATAT

75% homology over 20 bases. 95% homology over 20 bases.

48 possible combinations 3 possible combinations

Fig 1. Example of the 3base mechanism. The example sequences below show the increase in homology from 75% (“Before”) to 95% (“After”) via the 3base conversion
where all C bases are detected as T bases.

https://doi.org/10.1371/journal.pone.0227550.9001

Synthetic constructs

Synthetic DNAs for the following viruses were synthesised (Sigma, Castle Hill, Australia) to
determine the specificity and sensitivity of the individual PCR component of the assays. Flavi-
viruses; DENV-1, DENV-2, DENV-3, DENV-4, WNV, ZIKV, YFV, TBEV and MVEV. Apha-
viruses; CHIKV, BFV, RRV, Eastern equine encephalitis virus (EEEV), Western equine
encephalitis virus (WEEV), Venezuelan equine encephalitis virus (VEEV), Middleburg virus
(MV) and Ndumu virus (NV).

These DNAs consist of single stranded 110bp DNA sequences that contain the identical
primer and probe binding sites that are present in the viral nucleic acids of the target virus. In

NH,
NH, NH, o o
N7 HSO, N7 j HN HN
— —
o T o T SO; o T so,; HSO; o h|l
Step 1 Step 2 Step 3
[C] [C-80,] [U-S0,] [U]

Fig 2. A diagram showing the 3base conversion process at the nucleotide level. The bisulphite reaction deaminates
cytosine residues in nucleic acids to a uracil sulphonate. After treatment the base is then desulphonated to yield uracil.
PCR amplification then converts this to a thymine, which results in essentially a 3base genome (A, G and T).

https://doi.org/10.1371/journal.pone.0227550.g002
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Table 2. Materials used in sensitivity/specificity studies.

Flavivirus/Alphavirus reference materials Nucleic acids used in cross-reactivity studies
Virus Supplier Catalogue# Virus Supplier Catalogue#
CHIKV Vircell MBC099 adenovirus Vircell MBC001
CHIKV Zeptometrix NATCHIKV-ST BK Vircell MBCO051
DENV1-4, CHIKV, ZIKV Amplirun total Vircell MBT023 coronavirus Vircell MBC090
DENV-1 Vircell MBCO055 CMV Vircell MBCO016
DENV-2 Vircell MBC056 EBV Vircell MBC065
DENV-3 Vircell MBC057 enterovirus 68 Vircell MBC125
DENV-4 Vircell MBC058 enterovirus 71 Vircell MBC019
EEEV Vircell MBC097 HSV-1 Vircell MBC023
RRV Vircell MBC130 HSV-2 Vircell MBC024
SLEV Vircell MBC101 HHV-6 Vircell MBC025
TBEV Vircell MBC045 influenza H1 Vircell MBC028
VEEV Vircell MBC096 influenza H3 Vircell MBC029
WEEV Vircell MBC098 influenza B Vircell MBCO03
WNV Vircell MBC069 parainfluenza-1 Vircell MBC037
WNV Zeptometrix NATWNV-0005 parainfluenza-2 Vircell MBCO038
YFV Vircell MBC100 parainfluenza-3 Vircell MBCO039
ZIKV (Asian) Vircell MBC103 parainfluenza-4A Vircell MBC050
ZIKV Vircell MBC072 rhinovirus Vircell MBCO091
ZIKV Zeptometrix NATZIKV-ST RSV (subtype A) Vircell MBC041
ZIKV range validation Zeptometrix NATZIKV-RV RSV (subtype B) Vircell MBC083

VZV Vircell MBC048

https://doi.org/10.1371/journal.pone.0227550.t002

addition, the size of the amplicons are the same as those amplified in the viral nucleic acids to
ensure results generated are consistent with what would occur in the native virus.

Commercially available whole genomic RNAs and virus particles

Table 2 lists the nucleic acids or whole organisms used to determine sensitivity and specificity
of the pan flavivirus, alphavirus and dengue assays.

Validation panels

In addition, quality assurance panels for DENV, CHIKV and ZIKV were obtained from
QCMD (Quality Controls for Molecular Diagnostics, Glasgow, Scotland). These panels con-
tain inactivated whole viral particles in a range of different media.

Extraction of synthetic constructs

Serial dilutions of these controls were converted to a 3base form using the EasyScreen SP001
Sample Processing Kit, SP001 (Genetic Signatures, Sydney, Australia) according to the manu-
facturer’s instructions.

Assay lower limit of detection study

Nucleic acids and viral particles were reconstituted according to the manufacturers instruc-
tion. For lower limit of detection (LLOD) studies 100ul of the Vircell total run control (whole
viral particles which are provided with a certificate specifying their copy number) and 10yl of
Vircell DENV-1, DENV-2, DENV-3, DENV-4 and chikungunya RNA samples (again
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provided with a certificate specifying their copy number) were individually two fold serially
diluted in a total volume of 100 pL molecular grade water (G-biosciences, St Louis, USA) or
human serum to mimic actual clinical samples (H4522, Sigma, Sydney, Australia).

Samples were then converted using the EasyScreen Sample Processing Kit, SP001 (Genetic
Signatures, Sydney, Australia) according to the manufacturer’s instructions. Nucleic acid puri-
fication was then completed using the GS-mini automated nucleic extraction platform using
the EasyScreen Sample Processing Kit, SP006 (Genetic Signatures, Sydney, Australia) accord-
ing to the manufacturer’s instructions.

After sample purification ten PCR replicates from each dilution were performed and the
LLOD determined as the lowest dilution in which all ten PCR replicates were positive in the
assay. The quantified copy number provided by the manufacturer (Vircell) was relied upon to
determine copies per PCR.

Preparation of contrived urine samples

Contrived urine samples were generated by spiking whole viral particles into 100 pL of freshly
collected negative urine or water. Five pL of the Extraction Process Control (EPC) was then
added to the sample prior to conversion. The EPC consists of intact MS2 phage and is added
to the sample to control for proper sample conversion, reverse transcription and to monitor
any PCR inhibition. Samples were then converted using the EasyScreen Sample Processing Kit,
SP001 (Genetic Signatures, Sydney, Australia) according to the manufacturer’s instructions.

Nucleic acid purification was then completed using the GS-mini automated nucleic extrac-
tion platform using the EasyScreen Sample Processing Kit, SP006 (Genetic Signatures, Sydney,
Australia) according to the manufacturer’s instructions.

Extraction of potential cross reactants

In order to maximise the concentration of potential cross-reacting viruses (Table 2) in the
sample eluate, 15 pL of Amplirun controls were extracted along with 5 pL of the EPC. A posi-
tive control (Vircell Amplirun DENV/ZIKV/CHIKYV total run control) was included in the
run to confirm all components of the assay were working optimally. The nucleic acids in the
Amplirun control are provided at a concentration of between 10,000-20,000 copies per pL to
give a total concentration in the eluate of 150,000-300,000 copies of viral nucleic acids. Nucleic
acid conversion and extraction was carried out as above.

Extraction of validation panels

Validation panels were handled as detailed in the by the manufacturer and 100 pL of material
along with 5 pL of EPC was converted to a 3base form using the EasyScreen Sample Processing
Kit, SP001 (Genetic Signatures, Sydney, Australia) according to the manufacturer’s instruc-
tions. After bisulphite conversion the samples were extracted on the GS-mini automated
nucleic extraction platform using the EasyScreen Sample Processing Kit, SP006 (Genetic Signa-
tures, Sydney, Australia) again according to the manufacturer’s instructions.

Clinical samples

Serum or plasma samples from patient with suspected DENV infection were collected at Port
Vila Central Hospital, Efate, Vanuatu between December 2016 to March 2017. 100 pL of mate-
rial along with 5 pL of EPC was processed using the EasyScreen Sample Processing Kit, SP001
(Genetic Signatures, Sydney, Australia) according to the manufacturer’s instructions. After
bisulphite conversion the samples were extracted on the GS-mini automated nucleic extraction
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platform using the EasyScreen Sample Processing Kit, SP006 (Genetic Signatures, Sydney, Aus-
tralia) according to the manufacturer’s instructions.

Primers and probes

The following primer and probe sets are available from Genetic Signatures: pan-flavivirus,
pan-alphavirus and pan-dengue (FA001), Zika virus (FA002-A), West Nile virus (FA002-B),
Yellow Fever Virus (FA002-C), Tick-borne encephalitis virus (FA002-D), St Louis encephalitis
virus (FA002-E), Murray Valley encephalitis virus (FA002-F), dengue-1 (FA003-A), dengue-2
(FA003-B), dengue-3 (FA003-C), dengue-4 (FA003-D), chikungunya (FA004-A), Ross River
virus (FA004-B), Barmah Forest virus (FA004-C), Eastern equine encephalitis virus
(FA004-C), Western equine encephalitis virus (FA004-D) and Venezuelan equine encephalitis
virus (FA004-E).

Real-time reverse transcription PCR

Following sample extraction and elution in 50 pL, 2—-4 pL of converted nucleic acids material
were added to the combined PCR mastermix and components using the EasyScreen Flavivirus
Dengue Alphavirus Detection Kit. (Genetic Signatures, Sydney, Australia). Thermocycling
consisted of 1 cycle of reverse transcription at 42°C for 30 minutes, followed by Taq polymer-
ase activation at 95°C for 15 minutes, then 50 cycles of amplification at 95°C for 2 seconds,
55°C for 15 seconds (data collection), 60°C for 15 seconds and 65°C for 15 seconds. PCR
amplification was carried out using either the Biorad CFX96/384 (Biorad, Hercules, USA) or
the MIC (Biomolecular Systems, Sydney, Australia) platforms.

Statistical analysis

Disease incidence for any given island was compared to the average incidence for the whole
country, using the z-score test for two population proportions available at https://www.
socscistatistics.com/tests/ztest/default2.aspx. P values < 0.05 were considered statistically
significant.

Results

Synthetic constructs were used to assess the performance of the pan-flavivirus, pan-alphavirus
and pan-dengue assays and determine if the pan-viral assays were able to detect a wide selec-
tion of both flavi- and alphaviruses. Fig 3 shows the results obtained using the pan-alphavirus
assay while Fig 4 shows the results obtained with the pan-flavivirus assay.

To determine the feasibility of using urine as a primary sample, fresh urine was spiked with
both NAT¢trol Zika Stock (Qualitative) (Manufacturer, CATALOG# NATZIKV-ST) and NAT-
trol Zika Virus Range Verification Panel (Manufacturer, CATALOG# NATZIKV-RV). The
whole cells and control materials were processed as previously described and compared to the
same samples spiked directly into water. No significant delays between the urine samples and
water controls were observed indicating that urine is not inhibitory in the sample processing
method and suitable to use as a primary patient sample.

In order to determine the LLOD of the assays, the Vircell total run control (whole inacti-
vated viruses containing a mixture of DENV-1, DENV-2, DENV-3, DENV-4, CHIKV and
ZIKV in a plasma matrix) and genomic RNA from DENV-1, DENV-2, DENV-3, DENV-4
and CHIKV (Vircell, Valencia, Spain) and were used. Samples were diluted in human serum
to simulate clinical samples and processed as previously described followed by amplification in
ten individual replicates. LLOD was defined as the lowest dilution in which all ten PCR
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Standard Curve

Log Starting Quantity

< Standard
> Unknown
BFV  E=01.6% R*2=0.004 Slope=-3.542 y-int=44.047
—— CHIKV E=02.1% R"2=0.998 Slope=-3.527 y-int=43.208
—— EEEV E=08.8% R*2=0.906 Slope=-3.401 y-int=42.920
MVE  E=00.5% R"2=0.998 Slope=-3.574 y-int=43 807
NV E= 00.6% R"2=0.080 Slope=-3.332 y-int=41.024
RRV  E=87.1% R'2=0.002 Slope=-3.383 y-int=42.051
—— VEEV E=00.6% R'2=0.900 Slope=-3.331 y-int=42 364
—— WEEV E=05.6% R*2=0.997 Slope=-3.431 v-int=44.031

Fig 3. Results obtained using the pan-alphavirus assay (Cycle threshold (Ct) from a single PCR replicate). The
standard curve was plotted using the log10 concentration versus Ct value.

https://doi.org/10.1371/journal.pone.0227550.9003

replicates gave a positive signal. The LLOD for the flavivirus assay was found to be 0.63 copies
per PCR, 2.18 copies per PCR for the pan-dengue assay and 1.25 copies for the pan-alphavirus
assay using whole virus particles. Interestingly, the whole viral samples performed better than
the purified RNAs when diluted in human serum (Table 3).

Standard Curve

Log Starting Quantity

<) Standard
> Unknown
—— DENWA1 E=100.1% R*2=0.997 Slope=-3.122 y-int=40.180
——— DEN\2 E=085.0% R*2=0.985 Slope=-3.440 y-int=40.005
DENW3 E=104.1% R"2=0.972 Slope=-3.226 y-int=42.527
—— DENW4 E=087.3% R"2=0.997 Slope=-3.388 y-int=40.553
—— TBEV E=081.8% R"2=0.093 Slope=-3.535 y-int=41.530
WNV  E=112.89% R*2=0.802 Slope=-3.047 y-int=43.617
YFV  E=101.4% R*2=0.907 Slope=-3.280 y-int=40.748
—— ZIKA E=103.6% R*2=0.096 Slope=-3.230 v-int=41.401

Fig 4. Results obtained using the pan-flavivirus assay (Cycle threshold (Ct) from a single PCR replicate). The
standard curve was plotted using the log10 concentration versus Ct value.

https://doi.org/10.1371/journal.pone.0227550.g004
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Table 3. LLOD for each viral target of the assay.

LLOD Studies copies per reaction (10 replicates)

Virus Flavivirus Alphavirus Dengue
Run Control* 0.63 1.25 2.18
DENV1 14 N/A 56.25
DENV2 81.25 N/A 81.25
DENV3 39 N/A 39
DENV4 56.25 N/A 112.5
CHIKV N/A 20.3 N/A

*Whole inactivated virus material in a plasma matrix

https://doi.org/10.1371/journal.pone.0227550.t003

No cross reactivity was observed when testing the assay against 150,000-300,000 copies of
viral nucleic acids introduced into the PCR reaction using the targets listed in Table 2. In all
cases the EPC was positive, as was the positive control, indicting that the lack of amplification
was not due to failure of any component of the assay or the presence of PCR inhibitors.

To further demonstrate the utility of the pan-species assays, QCMD panels were tested. The
results obtained were in 100% agreement with the expected results when decoded (Table 4).
Bold samples represent “educational samples”, which may or may not be detected by all partic-
ipating laboratories as these samples mimic a clinical sample at the LLOD of most assays.

Clinical testing

Prior to testing samples, a small study was performed to determine if alternative samples types
such as mouth swabs or urine samples from patients suspected of DENV infection could be
used as a less invasive alternative sample type. Four matched urine, plasma and mouth swab
samples were taken and these extracted using standard procedures as described. Although
DENV RNA could be detected in all three sample types, a significant Ct lag was observed for
urine and mouth swab compared to plasma (S1 Fig). The data indicated there was approxi-
mately 100,000 fold more virus in serum/plasma samples compared to other matrix, further
demonstrating that serum/plasma are the preferred test sample types. These data also agree
with a previous study using viral RNA and NS1 antigen assays [25].

A total of 187 samples were tested (Table 5) during the 2016-2017 Vanuatu dengue-2 out-
break. The original testing algorithm consisted of screening each sample for pan-flavivirus,
pan-alphavirus and pan-dengue only. During the first day of testing, pan-flavivirus/pan-den-
gue positive samples were subsequently typed with dengue typing primers that showed the
serotype responsible for the current outbreak was DENV-2. In order to provide a more rapid
diagnostic, DENV-2 primers were included at the request of the hospital in the initial screen-
ing assay to negate the need to perform subsequent reflex testing on the samples but still hav-
ing the ability to detect new viruses if they emerged.

No molecular tests were available at Port Vila Central hospital for the detection of dengue
virus. Thus samples previously tested for NS1 antigen/IgG and IgM were obtained from
patients in the months December 2016 to February 2017. From March 2017 patients attending
the hospital with suspected dengue infection were screened with the pan-flavivirus/pan-alpha-
virus/pan-dengue/dengue-2 assays. Fig 5 shows the positivity by week from December 2016 to
March 24™ 2017. Molecular testing was carried out between the 12™ to the 24™ of March.

Fig 6 shows the number of dengue infections by age and the age of the general population.
As can be seen from the figure the number of dengue positive samples mirrors the age of the
population.
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Table 4. Results of the 2016-2018 QCMD proficiency panels.

QCMD proficiency panel data 2016-2018

Dengue panels Zika panels Chikungunya panels
Year Core Educational Core Educational Core Educational
2016 8 2 (83.8%, 79.4%) 10 0 ND ND
2017 7 3 (86.1%, 80.6%, 56.9%) 8 0 8 2 (82.4%, 52.9%)
2018 9 1(79.4%) 8 0 9 1 (66.2%)

Core proficiency samples are reviewed by the QCMD Scientific Expert(s). This is on the basis of scientific information, clinical relevance, current literature and, where

appropriate, professional clinical guidelines. Participating laboratories are expected to report core proficiency samples correctly within the EQA challenge. Percentage
Correct (All): Percentage of datasets (%) reporting the correct qualitative result. ND, not done.

https://doi.org/10.1371/journal.pone.0227550.1004

Discussion

The results generated have shown that the 3base assay is able to sensitively and specifically
detect the presence of flavivirus, alphavirus and dengue using synthetic constructs, whole viral
RNA, whole viral particles, contrived clinical samples as well as validation panels. After initial
assay validation the method was then used to test clinical samples obtained during the 2016/
2017 dengue 2 outbreak on Vanuatu.

Traditional detection of flaviviruses and alphaviruses in clinical samples has largely relied
on Enzyme Immuno Assays. It is well established that EIA assays for ZIKV virus show a high
degree of cross reactivity with dengue positive samples [26]. In addition, it has been shown
that dengue IgG and IgM assays can cross react with ZIKV-positive patient samples [27]. Fur-
thermore, conventional Enzyme Immuno Assays are unable to differentiate between the indi-
vidual DENV serotypes and are generally less sensitive than molecular assays. Other methods
of detecting unknown aetiological agents of disease include the use of microarrays fabricated
with large numbers of oligonucleotides probes specific for individual pathogens. Hybridisation
of clinical samples to such arrays can be used to detect the presence of viral genomes in
infected individuals [28]. In addition, with the advent of next generation sequencing and the
continuing reduction of costs associated with this technology it is now feasible to apply this
method to viral discovery [29]. However, these new methods are still more costly, time con-
suming and lack the sensitivity when compared to more established methods such as RT-PCR,
which can generate positive signals in around 1 hour.

The main advantages of molecular testing include the lack of cross reactivity with closely
related species and improved sensitivity of pathogen detection. RT-PCR assays can be designed
to specifically target individual serotypes. However, very few assays are able to target all the
members of complex groups such as flavivirus or alphavirus using a single primer and probe

Table 5. Results of clinical sample obtained during the Vanuatu outbreak.

Number of sample % Positive
pan-flavivirus 116 62
pan-alphavirus 0 0
pan-dengue 123 66
DENV-2 116 62
dengue not typed 7* 3.2
Negative 64 34

* All 7 not typed pan-Dengue positive samples were extremely weak with Ct values>40.

https://doi.org/10.1371/journal.pone.0227550.t005
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Dengue positive samples by week
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Fig 5. Weekly positive results from December to the 24" March 2017.
https://doi.org/10.1371/journal.pone.0227550.9005

set, without producing PCR bias due to mismatches in the primer or probe sites. In such cases
conventional PCR assays require the use of multiple primer and probe sets to detect each virus
individually.

In addition, both flavivirus and alphaviruses show a different global distribution with
viruses such as YFV endemic in Africa, TBEV endemic in Eurasia, JEV in Southeast Asia,
MVEYV in Australia and Papua New Guinea, and SLEV mainly found in the United States and
more rarely in Canada and Mexico. Similar geographical patterns are also seen with

Dengue infections by age
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Fig 6. Age distribution of positive samples.

https://doi.org/10.1371/journal.pone.0227550.g006
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alphaviruses. One advantage of the current pan-flavivirus/pan-alphavirus/pan-dengue screen-
ing test is that the assays can be used in any global region to quickly detect the presence of an
unknown viral infection. Once a viral family has been identified, individual typing reactions
can be used to determine the pathogen responsible for disease. This simplifies and reduces the
costs of broad screening approaches in disease outbreaks or during pathogen surveillance in
humans or vectors.

The pan-species assays have been shown to amplify any member of the groups using a sin-
gle primer and probe set. Using synthetic constructs, the pan-alphavirus assay was able to
detect CHIKV, WEEV, EEEV, VEEV, RRV, NV, BFV and NV with a linear range 1E9 to 100
and to at least 25 copies per reaction for CHIKV, EEEV, VEEV, RRV, NV, BFV and NV and
down to 10 copies per reaction for most viruses (Fig 3). The pan-flavivirus assay was able to
detect DENV-1, DENV-2, DENV-3, DENV-4, ZIKV, YFV, WNV and TBEV down to 13 cop-
ies per reaction, which was the lowest dilution tested using these constructs (Fig 4).

Contrived clinical samples were prepared by spiking either serum or urine with whole virus
particles and processing to determine if these sample types were detrimental to assay perfor-
mance compared to processing viral particles in molecular grade water only. No significant
difference was observed as determined by the Ct values of the EPC or the pan-flavivirus, pan-
alphavirus and pan-dengue assays, indicating that the assays were compatible with the routine
clinical sample types used for flavivirus and alphavirus molecular testing.

LLOD studies were conducted using whole intact viral particles that had been inactivated in
order to render them non-infectious. The results shown demonstrate that when DENV-1,
DENV-2, DENV-3, DENV-4, ZIKV and CHIKYV inactivated whole virus particles were pooled
in a serum matrix, the sensitivity of each assay was around 1-2 copy per reaction for the pan-
flavivirus, pan-alphavirus and pan-dengue assays. Using RNA spiked into serum the sensitivity
was less possibly due to some degradation of the RNA in the matrix.

No cross reactivity was observed with any component of the assays using a wide range of
viral material including adenovirus, BK virus, coronavirus, CMV, enterovirus 68, enterovirus
71, Epstein-Barr virus, Herpes Simplex virus 1, Herpes Simplex virus 2, HHV-6, influenza H1,
influenza H3, influenza B, parainfluenza-1, parainfluenza-2, parainfluenza-3, parainfluenza-
4A, Respiratory Syncytial virus (subtype A), Respiratory Syncytial virus (subtype B), rhinovirus
and Varicella Zoster virus. Positive and extraction controls gave the desired signals thus con-
firming the negative results.

QCMD panels for DENV, ZIKV virus and CHIKV from 2016-2018 were obtained to moni-
tor the performance of the pan-flavivirus/pan-alphavirus/pan-dengue assays using interna-
tional standards and reference material. As can be seen from Table 4, results obtained using
the pan-species assays and individual typing primers and probes demonstrated 100% concor-
dance with the expected results after sample decoding. In addition, all “educational samples”
that were detected by 52.9% to 86.1% of participating laboratories were positive when using
the pan-flavivirus/pan-alphavirus/pan-dengue assays. These results indicate that the assays are
performing well, if not better than other molecular assays used worldwide.

The Pacific Islands suffer from a high burden of mosquito-borne disease. It was reported
that between 2012 and 2014, dengue (serotypes 1-4), CHIKV and ZIKV viruses were circulat-
ing in the region with over 120,000 people infected and that this number may be highly under-
reported. During that time 28 outbreaks of disease were reported. These numbers include 18
DENYV (serotypes 1-4), 7 CHIKV and 3 ZIKV outbreaks [30]. These outbreaks result in a
heavy toll on the islands’ health system. Thus rapid testing methods are required in the region
to enhance surveillance and assist with critical response measures to limit the spread of
disease.
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Vanuatu is a Pacific Island nation located in the South Pacific Ocean with 83 islands, some
of which are sparsely populated, that are home to a population of around 270,000 [31].
Although a number of dengue outbreaks have occurred on the islands the case fatality from
dengue has dropped from 6.62/100 in 2002 to 0/100 in 2010 [32]. This reduction is primarily
due to increased public awareness for early detection and management. Furthermore, there
have been no Chickungunya and only one Zika case recorded on the islands (Kalkie Sero, per-
sonal communication). There are 2 main referral hospitals in the region; Port Vila Central
Hospital situated in the capital Port Vila, and the Northern District Hospital, Luganville. Port
Vila Central is the largest referral hospital in the region and was where molecular testing was
performed.

Although the Port Vila Central Hospital was equipped with molecular diagnostic facilities,
at the time of this study it did not have access to molecular methods for the detection of flavivi-
rus/alphavirus. Testing carried out included NS1 antigen testing, IgG and IgM serological
tests. In order to confirm the presence of DENV samples had to be sent to New Zealand in
order to type the strain responsible by molecular diagnostic techniques. This could result in a
delay of 2 weeks to confirm the presence and serotype of dengue responsible for infection.

Methods such as real time RT-PCR or nested RT-PCR are widely used to detect DENV
genes in acute-phase serum samples. This detection coincides with the viremia and the febrile
phase of illness onset [33]. RT-PCR has the additional advantage in that dengue serotype
information can be quickly determined, which can assist in patient management, especially in
those who go on to develop severe dengue illness. In order to assess the utility of the pan-flavi-
virus/pan-alphavirus/pan-dengue assay in an outbreak situation, a small footprint (60cm x
60cm x 60cm) cartridge based automated nucleic acid extraction platform (GS-mini, Genetic
Signatures, Australia) was used. The GS-mini purification system can process up to 12 samples
in a single run in just under 1 hour. The purification platform was simple to use and staff with
no prior molecular experience were competent with the process after undergoing only mini-
mal training.

PCR was performed on a MIC real time PCR platform (Bio molecular systems, Sydney,
Australia) with a footprint of 13cm x 15cm x 15cm. The MIC is a 48 well 4-colour instrument
that takes around 2 hours to complete a run using the pan-flavivirus/pan-alphavirus/pan-den-
gue assays. Thus 12 individual patient samples from the GS-mini can be processed in a single
run using the pan-flavivirus/pan-alphavirus/pan-dengue/DENV-2 assays.

Total turn-around time from sample to result is in the order of 3 hours 30 minutes thus
patients can be informed of the results within half a day. In addition, the testing algorithm
inspires a high degree of confidence in that three markers are required for a positive result:
pan-flavivirus positive; pan-dengue virus positive; and in the case of this particular outbreak,
DENV-2 positive. Furthermore, no subsequent confirmation was required thus removing the
lengthy process of sending samples to New Zealand for typing.

From the 12 to 24™ March 2017 samples from patients with suspected dengue infection
were screened using the pan-flavivirus/pan-alphavirus/pan-dengue assay. The sample cohort
included archived samples and fresh serum samples from patients attending Port Vila Central
Hospital with suspected DENV infection. Prior to testing, a preliminary study was undertaken
to determine if samples such as a mouth swab or urine could be used to detect the presence of
DENV, instead of the more invasive blood test. In a small number of patients presenting with
DENV-like symptoms (n = 4) matched mouth swabs, urine and serum or plasma samples
were obtained and processed. Although DENV RNA could be detected in both urine and
mouth swabs the levels were significantly reduced compared to the matched serum/plasma
samples. Due to the increased sensitivity obtained using serum/plasma samples this sample
type was used in all subsequent patient testing.
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In total, 187 patient samples with suspected DENV infection were processed using the sys-
tem (Table 5). Of these, 116 gave triple pan-flavivirus, pan-dengue virus and DENV-2 positive
results (62%). There were 7 samples that were positive only for the pan-dengue assay however
all these samples gave very weak PCR signals with Ct values greater than 40. Thus DENV RNA
may have been present below the LLOD of the assay, and unable to be reliably detected in
serum samples. Due to time constraints it was not possible to return to these samples for fur-
ther confirmation.

When looking at the patient demographics in more detail (where data was available) it was
found that there were 61 female cases and 59 male cases of DENV infection in the patient
cohort. Anker and Arima previously found an excess of males among reported DENV
cases > 15 years of age [34] however this was not supported in this limited study perhaps due
to the small sample set.

Fig 5 shows the weekly prevalence of DENV infection from December 2016 to March 24
2017. The highest numbers of dengue cases were reported in January 2017 with a decline in
February. Interestingly, the number of cases of dengue infection then increased again in the
month of March. March coincides with the start of routine testing of patients attending the
Port Vila Central Hospital with DENV like symptoms using the pan-flavivirus/pan-alpha-
virus/pan-dengue molecular assays. The increase of dengue cases seen in March may be attrib-
uted to an increase in sensitivity when using molecular methods compared to conventional
EIA.

Fig 6 shows age related DENV infections. As can be seen from the data the number of posi-
tive dengue cases mirrors the age demographics of the islands of Vanuatu [35].

Fig 7 shows the number of DENV dengue cases by island of residence with the incidence
per 1000 residents included. Efate has the largest population of Vanuatu with 86,250 residents
and as would be expected also has the highest number of residents with confirmed DENV
infection, with 26 cases over the period of testing. The remainder of the islands have a popula-
tion of 46,078 to as low as 229 or less. In general, the number of positive DENV cases can be
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Fig 7. Dengue positive samples per 1000. The figure shows the population of each island in Vanuatu with the number
of cases per 1000 island population included.

https://doi.org/10.1371/journal.pone.0227550.9007
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correlated with the island population, where for most islands, the incidence of DENV infection
was not significantly different to the average national incidence (0.416 per 1000 people). How-
ever, the islands of Aniwa (P = 0.0035), Ambae (P<0.00001), Tongoa (P<0.00001), and Emae
(P<0.00001) had a higher number of positive cases than would be expected from the number
of residents alone. Interestingly the island of Santo, with a population of 46, 078, showed a sta-
tistically significant decrease in the number of dengue cases recorded (0.018 per 1000;

P =0.0016) compared to the national average. However, the most striking examples are the
islands of Emae, Tongoa and Ambae. Ambae has a population of 11061 with 14 confirmed
dengue cases while Tongoa and Emae had 2243 and 684 residents with a total of 5 and 6 cases
respectively. Aniwa had 1 case of dengue and is home to only 229 inhabitants thus can be
excluded as a reservoir of increased dengue infection due to the small population and only 1
case of infection. Although this study is relatively small with a total of 116 confirmed cases
from the whole Vanuatu region, perhaps the islands Emae, Tongoa and Ambae had a higher
number of mosquitoes harbouring DENV thus leading to the increased number of positive
cases observed in residents of the island (Fig 7).

In summary the pan-flavivirus, pan-alphavirus and pan-dengue assays have a high sensitiv-
ity and specificity when using whole viral nucleic acids and intact viral particles. No cross reac-
tivity was observed with a wide range of non-target organisms and the assay performed well, if
not better than other assays used in laboratories worldwide when tested on confirmed refer-
ence materials and international standards (QCMD). The pan-flavivirus, pan-alphavirus, pan-
dengue virus PCR works well in an outbreak situation and triple positive signals give extra
confidence in results. NS1 and pan-flavivirus were in 100% concordance where data was avail-
able. Interestingly there was 1 triple positive, pan-flavivirus/pan-dengue/dengue-2 RT-PCR
sample that was NSI antigen negative possibly due to improved sensitivity of the 3base assay.

Results are obtained in just over 3 hours, enabling patients to receive results on the same
day. The automated extraction platform and PCR instrument have a small footprint and the
assay is easy to use even for staff with no formal molecular training making it ideal to use in sit-
uations with limited resources. Finally, the assays as described would be ideally suited as gen-
eral screening tools or for vector surveillance studies, as any flavivirus or alphavirus can be
quickly and sensitively detected regardless of the geographical region or viruses endemic in the
region.

Supporting information

S1 Fig. An example of data obtained from a matched patient urine/serum and swab sam-
ple.
(TIF)

Acknowledgments

We thank all the staff of the Vila Central Hospital for their support and help during the study
period. We also thank Kalkie Sero, Senior Scientist at the Vila Central Hospital Laboratoy and
Public Health Surveillance Unit, Ministry of Health for data on Zika and Chikungunya preva-
lence. Finally, we thank Dr. John Waitumbi, Lab Research Director, Molecular Biology/Immu-
nology. USAMRD-A/K for proof reading the manuscript and providing detailed feedback.

Author Contributions
Conceptualization: Douglas Spencer Millar.

Data curation: Rohan Baker.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227550 January 17, 2020 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227550.s001
https://doi.org/10.1371/journal.pone.0227550

@ PLOS|ONE

3base technology and its application to dengue diagnosis

Investigation: Kalkoa Kalo, George Junior Pakoa, Douglas Spencer Millar.

Methodology: Kalkoa Kalo.

Project administration: Crystal Garae, George Junior Pakoa, Phill Isaacs.

Resources: Phill Isaacs.

Supervision: Crystal Garae.

Writing - original draft: Douglas Spencer Millar.

Writing - review & editing: Crystal Garae, George Junior Pakoa, Rohan Baker, Phill Isaacs.

References

1.

10.

11.

12

13.

14.

15.

16.

Shi P-Y, (editor) (2012). Molecular Virology and Control of Flaviviruses. Caister Academic Press. ISBN
978-1-904455-92-9

Faye Oumar, Faye Ousmane, Diallo Diawo, Diallo Mawlouth, Weidmann Manfred et al. Quantitative
real-time PCR detection of Zika virus and evaluation with field-caught Mosquitoes. Virology Journal
2013; 10:311. hitps://doi.org/10.1186/1743-422X-10-311 PMID: 24148652

http://viralzone.expasy.org/all_by_species/24.html

Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The global distribution and
burden of dengue. Nature. 2013; 496(7446):504+7. https://doi.org/10.1038/nature 12060 PMID:
23563266; PubMed Central PMCID: PMC3651993.

Baltimore D. Expression of animal virus genomes. Bacteriological reviews, 1971; 35(3), 235-41 PMID:
4329869

Lwande OW, Obanda V, Bucht G, Mosomtai G, Otieno V, Ahim C et al. Global emergence of Alpha-
viruses that cause arthritis in humans. Infect Ecol Epidemiol. 2015; Dec 18; 5:29853. https://doi.org/10.
3402/iee.v5.29853 PMID: 26689654

LaBeaud AD, Banda T, Brichard J, Muchiri EM, Mungai PL, Mutuku FM, et al. High rates of o’nyong
nyong and Chikungunya virus transmission in coastal Kenya. PLoS Negl Trop Dis. 2015; 2015 Feb 6; 9
(2):e0003436. https://doi.org/10.1371/journal.pntd.0003436 eCollection 2015 Feb. Erratum in: PLoS
Negl Trop Dis. 2015 Apr;9(4):e0003674. PMID: 25658762

Harley D, Ritchie S, Bain C, Sleigh AC. "Risks for Ross River virus disease in tropical Australia". Interna-
tional Journal of Epidemiology. 2005; 34 (3): 548-555. https://doi.org/10.1093/ije/dyh411 PMID:
15659466

Diaz LA, Spinsanti LI, Almiron WR, Contigiani MS. "UNA virus: first report of human infection in Argen-
tina". Rev Inst Med Trop Sao Paulo. 2003; 45(2): 109—-10. https://doi.org/10.1590/s0036-
46652003000200012 PMID: 12754579

Hommel D, Heraud JM, Hulin A, Talarmin A. Association of Tonate virus (subtype I1IB of the Venezue-
lan equine encephalitis complex) with encephalitis in a human. Clin Infect Dis. 2000; Jan; 30(1):188—
90. https://doi.org/10.1086/313611 PMID: 10619752

Wamala JF, Malimbo M, Okot CL, Atai-Omoruto AD, Tenywa E, Miller JR, et al. Epidemiological and
laboratory characterization of a yellow fever outbreak in northern Uganda, October 2010-January 2011.
Int J Infect Dis. 2012; Jul; 16(7)

Murray KO, Ruktanonchai D, Hesalroad D, Fonken E, Nolan MS. West Nile virus, Texas, USA, 2012.
Emerg Infect Dis. 2013 Nov; 19(11): 1836-8 https://doi.org/10.3201/eid1911.130768 PMID: 24210089

National Vector Borne Diseases Control Programme (NVBDCP), Directorate-General of Health Ser-
vices, Government of India. Dengue cases and deaths in the country since. 2010. accessed on June
18, 2016]. Available from: http://www.nvbdcp.gov.in/den-cd.html

Coldn-Gonzélez FJ, Peres CA, Steiner Sao Bernardo C, Hunter PR, Lake IR. After the epidemic: Zika
virus projections for Latin America and the Caribbean. PLoS Negl Trop Dis. 2017 Nov; 1; 11(11).

Yeh CY, Chen PL, Chuang KT, Shu YC, Chien YW, Perng GC, et al. Symptoms associated with
adverse dengue fever prognoses at the time of reporting in the 2015 dengue outbreak in Taiwan. PLoS
Negl Trop Dis. 2017; Dec 6; 11(12).

Sahu SS, Dash S, Sonia T, Muthukumaravel S, Sankari T, Gunasekaran K, et al. Entomological investi-
gation of Japanese encephalitis outbreak in Malkangiri district of Odisha state, India. Mem Inst Oswaldo
Cruz. 2018 May; 14; 113(6).

PLOS ONE | https://doi.org/10.1371/journal.pone.0227550 January 17, 2020 16/17


https://doi.org/10.1186/1743-422X-10-311
http://www.ncbi.nlm.nih.gov/pubmed/24148652
http://viralzone.expasy.org/all_by_species/24.html
https://doi.org/10.1038/nature12060
http://www.ncbi.nlm.nih.gov/pubmed/23563266
http://www.ncbi.nlm.nih.gov/pubmed/4329869
https://doi.org/10.3402/iee.v5.29853
https://doi.org/10.3402/iee.v5.29853
http://www.ncbi.nlm.nih.gov/pubmed/26689654
https://doi.org/10.1371/journal.pntd.0003436
http://www.ncbi.nlm.nih.gov/pubmed/25658762
https://doi.org/10.1093/ije/dyh411
http://www.ncbi.nlm.nih.gov/pubmed/15659466
https://doi.org/10.1590/s0036-46652003000200012
https://doi.org/10.1590/s0036-46652003000200012
http://www.ncbi.nlm.nih.gov/pubmed/12754579
https://doi.org/10.1086/313611
http://www.ncbi.nlm.nih.gov/pubmed/10619752
https://doi.org/10.3201/eid1911.130768
http://www.ncbi.nlm.nih.gov/pubmed/24210089
http://www.nvbdcp.gov.in/den-cd.html
https://doi.org/10.1371/journal.pone.0227550

@ PLOS|ONE

3base technology and its application to dengue diagnosis

17.

18.

19.

20.
21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.

Kabir I, Dhimal M, Miller R, Banik S, Haque U. The 2017 Dhaka chikungunya outbreak. Lancet Infect
Dis. 2017 Nov; 17(11):1118. https://doi.org/10.1016/S1473-3099(17)30564-9

https://www.theage.com.au/national/victoria/ross-river-virus-150-more-victims-in-victoria-as-outbreak-
tally-tops-1000-20170217-guf7bg.html

Normile D. "Tropical medicine. Surprising new dengue virus throws a spanner in disease control
efforts". 2013 October; Science 342.

http://www.cdc.gov/dengue/clinicalLab/real Time.html#required

Alm E, Lesko B, Lindegren G, Ahlm C, Séderholm S, Falk KI, et al. Universal single-probe RT-PCR
assay for diagnosis of dengue virus infections. PLoS Negl Trop Dis. 2014 Dec 18; 8(12):e3416. https://
doi.org/10.1371/journal.pntd.0003416 PMID: 25522325

Frommer M, Mcdonald C, Millar DS, Collis CM, Watt F, Grigg GW, et al. 5-Methylcytosine in the kinino-
gen gene promoter revealed by a positive strand-specific reaction. Proc Nat Acad Sci. USA 1992; 89:
1827-1831. https://doi.org/10.1073/pnas.89.5.1827 PMID: 1542678

Baleriola C, Millar D, Melki J, Coulston N, Altman P, Rismanto N et al. Comparison of a novel HPV test
with the Hybrid Capture Il (hcll) and a reference PCR method shows high specificity and positive predic-
tive value for 13 high-risk human papillomavirus infections. J Clin Virol 2008; 42(1): 22—6. https://doi.
org/10.1016/).jcv.2007.12.008 PMID: 18262463

Siah SP, Merif J, Kaur K, Nair J, Huntington PG, Karagiannis T, et al. Improved detection of gastrointes-
tinal pathogens using generalised sample processing and amplification panels. Pathology. 2014; Jan;
46(1):53-9. https://doi.org/10.1097/PAT.0000000000000022 PMID: 24300711

Andries AC, Duong V, Ly S, Cappelle J, Kim KS, Lorn Try P, Ros S, et al. Value of Routine Dengue
Diagnostic Tests in Urine and Saliva Specimens. PLoS Negl Trop Dis. 2015 Sep; 25; 9(9).

Pasquier C.; Joguet G.; Mengelle C.; Chapuy-Regaud S.; Pavili L.; Prisant, et al. Kinetics of anti-ZIKV
antibodies after Zika infection using two commercial enzyme-linked immunoassays. Diagn Microbiol
Infect Dis. 2018; 90, 26-30. https://doi.org/10.1016/j.diagmicrobio.2017.09.001 PMID: 29107414

van Meer MPA, Mégling R, Klaasse J, Chandler FD, Pas SD, van der Eijk et al. Re-evaluation of routine
dengue virus serology in travelers in the era of Zika virus emergence. J Clin Virol. 2017 Jul; 92:25-31.
https://doi.org/10.1016/j.jcv.2017.05.001 PMID: 28505571

A microbial detection array (MDA) for viral and bacterial detection. Gardner SN, Jaing CJ, McLoughlin
KS, Slezak TR. BMC Genomics. 2010 Nov 25; 11:668. https://doi.org/10.1186/1471-2164-11-668
PMID: 21108826

A Next-Generation Sequencing Data Analysis Pipeline for Detecting Unknown Pathogens from Mixed
Clinical Samples and Revealing Their Genetic Diversity. Gong YN, Chen GW, Yang SL, Lee CJ, Shih
SR, TTsao KC. PLoS One. 2016 Mar 17; 11(3):e0151495. https://doi.org/10.1371/journal.pone.
0151495 eCollection 2016. PMID: 26986479

Roth A, Mercier A, Lepers C, Hoy D, Duituturaga S, Benyon E, et al. Concurrent outbreaks of dengue,
chikungunya and Zika virus infections—an unprecedented epidemic wave of mosquito-borne viruses in
the Pacific 2012—2014. Euro Surveill. 2014; 19(41).

“2016 Post-TC Pam Mini-Census Report”.vnso.gov.vu. Government of Vanuatu. 21 July 2017.

Arima Y, Matsui T. Epidemiologic update of dengue in the Western Pacific Region, 2010. Western
Pacific Surveillance and Response Journal, 2011, 2:4-8. https://doi.org/10.5365/WPSAR.2011.2.2.
005 PMID: 23908882

https://www.cdc.gov/dengue/clinicallab/laboratory.html

Anker M, Arima Y. Male-female differences in the number of reported incident dengue fever cases in six
Asian countries. Western Pac Surveill Response J. 2011 Jun 30; 2(2):17-283. https://doi.org/10.5365/
WPSAR.2011.2.1.002 PMID: 23908884

https://en.wikipedia.org/wiki/Demographics_of_Vanuatu

PLOS ONE | https://doi.org/10.1371/journal.pone.0227550 January 17, 2020 17/17


https://doi.org/10.1016/S1473-3099(17)30564-9
https://www.theage.com.au/national/victoria/ross-river-virus-150-more-victims-in-victoria-as-outbreak-tally-tops-1000-20170217-guf7bg.html
https://www.theage.com.au/national/victoria/ross-river-virus-150-more-victims-in-victoria-as-outbreak-tally-tops-1000-20170217-guf7bg.html
http://www.cdc.gov/dengue/clinicalLab/realTime.html#required
https://doi.org/10.1371/journal.pntd.0003416
https://doi.org/10.1371/journal.pntd.0003416
http://www.ncbi.nlm.nih.gov/pubmed/25522325
https://doi.org/10.1073/pnas.89.5.1827
http://www.ncbi.nlm.nih.gov/pubmed/1542678
https://doi.org/10.1016/j.jcv.2007.12.008
https://doi.org/10.1016/j.jcv.2007.12.008
http://www.ncbi.nlm.nih.gov/pubmed/18262463
https://doi.org/10.1097/PAT.0000000000000022
http://www.ncbi.nlm.nih.gov/pubmed/24300711
https://doi.org/10.1016/j.diagmicrobio.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29107414
https://doi.org/10.1016/j.jcv.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28505571
https://doi.org/10.1186/1471-2164-11-668
http://www.ncbi.nlm.nih.gov/pubmed/21108826
https://doi.org/10.1371/journal.pone.0151495
https://doi.org/10.1371/journal.pone.0151495
http://www.ncbi.nlm.nih.gov/pubmed/26986479
http://vnso.gov.vu
https://doi.org/10.5365/WPSAR.2011.2.2.005
https://doi.org/10.5365/WPSAR.2011.2.2.005
http://www.ncbi.nlm.nih.gov/pubmed/23908882
https://www.cdc.gov/dengue/clinicallab/laboratory.html
https://doi.org/10.5365/WPSAR.2011.2.1.002
https://doi.org/10.5365/WPSAR.2011.2.1.002
http://www.ncbi.nlm.nih.gov/pubmed/23908884
https://en.wikipedia.org/wiki/Demographics_of_Vanuatu
https://doi.org/10.1371/journal.pone.0227550

