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Method comparison for
Japanese encephalitis virus
detection in samples collected
from the Indo-Pacific region

Gary Crispell*, Kelly Williams, Eric Zielinski, Akira Iwami,

Zachary Homas and Karen Thomas

Environmental Molecular Biology Laboratory (EMBL), Division of Laboratory Sciences, US Army

Public Health Command – Pacific, Zama-shi, Japan

Introduction: Japanese encephalitis virus (JEV) is a mosquito-borne viral

pathogen, which is becoming a growing public health concern throughout the

Indo-Pacific. Five genotypes of JEV have been identified. Current vaccines are

based on genotype III and provide a high degree of protection for four of the

five known genotypes.

Methods: RT-PCR, Magpix, Twist Biosciences Comprehensive Viral Research

Panel (CVRP), and SISPA methods were used to detect JEV from mosquito

samples collected in South Korea during 2021. Thesemethods were compared

to determine which method would be most e�ective for biosurveillance in the

Indo-Pacific region.

Results: Our data showed that RT-PCR, Twist CVRP, and SISPA methods were

all able to detect JEV genotype I, however, the proprietary Magpix panel was

only able to detect JEV genotype III. Use of minION sequencing for pathogen

detection in arthropod samples will require further method development.

Conclusion: Biosurveillance of vectorborne pathogens remains an area of

concern throughout the Indo-Pacific. RT-PCR was the most cost e�ective

method used in the study, but TWIST CVRP allows for the identification of over

3,100 viral genomes. Further research and comparisons will be conducted to

ensure optimal methods are used for large scale biosurveillance.

KEYWORDS

Japanese encephalitis virus (JEV), Magpix, SISPA, minION device, MiSeq, Twist

Comprehensive Viral Research Panel (CVRP)

Introduction

Japanese encephalitis virus (JEV) is a mosquito-borne pathogen, which is the

causative agent of Japanese encephalitis, and has become a growing public health concern

throughout Asia. JEV is a flavivirus with five identified genotypes (I, II, III, VI, and V) (1).

JEV genotype I is currently the most prevalent genotype present throughout Asia and the

Indo-Pacific. JEV genotype III was the prevailing genotype until genotype I displaced it

in the 1990’s (2). JEV is primarily vectored by Culex (Cx.) tritaeniorhynchus, but has been
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shown to be present and potentially transmitted through

various other Culex species and Aedes (Ae.) japonicus (3).

In fact, a thorough review of current research on JEV

vector competency determined 14 species of mosquitoes to

be confirmed vectors of JEV: Ae. albopictus, Ae. vexans,

Ae. vigilax, Armigeres (Ar.) subalbatus, Cx. annulirostris, Cx.

bitaeniorhynchus, Cx. fuscocephala, Cx. gelidus, Cx. pipiens,

Cx. pseudovishnui, Cx. quinquefasciatus, Cx. sitiens, Cx.

tritaeniorhyncus and Cx. vishnui (4). Mosquito vectors acquire

viruses from animal reservoirs, mainly pigs and birds (5). In

this fashion, the viruses found in pigs are commonly farmed,

and can present risks to nearby human populations by providing

mosquitos an amplifying host for acquiring JEV, and pigs show

high viremia for 4–5 days after initial infection (6). However,

there are also reports of JEV cases on Japanese islands farther

away from the main island, where there are no pig farms. It

is possible that in these circumstances that wild boar are the

reservoir/amplifying host (7). In South Korea, early May to late

October is the peak activity season for the Cx. tritaeniorhynchus

species and it is when there is the greatest risk of contracting

this disease (8). In a recent study, 274 Cx. tritaeniorhynchus

mosquitos successfully fed on an animal that was infected

with JEV, molecular analysis showed that 261 out of the 274

mosquitoes were found to contain JEV (9).

Most reported cases of JEV infections are asymptomatic or

have non-specific febrile symptoms after 5–15 days incubation

period (10). JEV occasionally leads to severe disease, manifesting

in non-cell necrotic plaques with edema, bleeding, inflammatory

infiltration in multiple regions of the brain, and severe

neurologic sequelae increasing the childhood morbidity and

mortality (11). Case numbers of Japanese encephalitis (JE)

vary from country to country, with the World Health

Organization estimating that there are ∼68,000 cases of JE

each year world-wide (12). JE primarily occurs in children,

with adults in endemic countries showing immunity from

childhood infection. However, it is possible to contract the

disease at any age. The morbidity rate is <1% of the infected

population, but once a patient has on-set of symptoms, there

is no specific treatment, and the main treatment is supportive

therapy (7, 10). JEV prevention measures include the use of

personal protective gear like insect repellents, nets, and long

sleeved clothing.

Vaccination is the most effective means of preventing JEV

infection (13). Past studies have shown that vaccination against

Japanese encephalitis is an important and effective tool for

prevention of disease. The cross protective capacity against other

genotypes has been studied for the current Japanese encephalitis

vaccine, a vaccine based on genotype III which may prevent

infection for other genotypes I–IV (14). Sequence comparisons

of antigenic regions of genotypes I–V indicate nucleotide (nt)

similarities of <90% for JEV genotype I and <80% for JEV

genotype V as compared to JEV genotype III (15). Serum studies

have shown, JEV genotype III inactivated vaccines neutralize

JEV genotype I viruses, but with reduced efficiency (16).

A 2015 study performed in the Republic of Korea tested the

serum of 1,000 soldiers that had never previously deployed to

determine the prevalence of JEV antibodies among personnel in

the U.S. Forces Korea (17). They found that prevalence was as

low as 0.2% of the population studied, and at least one soldier

had titers high enough to indicate current or recent infection.

A 2018 mosquito surveillance project conducted in Camp

Humphreys, ROK sequenced 6,540 Culex spp. in 260 pools.

Analysis revealed 122 distinct virus species in the pools (15).

Two of these pools were positive for JEV genotype V along with

other viruses. Discovery of JEV genotype V in a highly populated

area adjacent to Seoul is of concern, due to questions regarding

vaccine effectiveness against JEV genotype V. Currently, it is

recommended by the U.S. Centers for Disease Control and

Prevention that travelers to JE-endemic countries receive a 2-

dose series of IXIARO prior to travel, particularly for those

travelers with longer plans (greater than a 1 month stay), those

who will frequently travel to JEV-endemic countries, or those

with shorter stays that may be at greater risk due to planned

activities, season of travel, or type of accommodation during

stay (18). Given the potential serious outcomes and effect on

force readiness, it is of great concern for the public health of

both military and civilian populations to accurately detect JEV

to ensure the safety of our military populations.

Viral encephalopathies continue to be a public health

concern in many parts of the world. In this study, we

examine and compare various detection methods for Japanese

encephalitis virus to determine which are the most sensitive,

cost effective, and provide the most data to the investigating

scientists. The methods covered are RT-PCR, Luminex MagPix

technology, the TWIST Comprehensive Viral Research Panel,

direct MinION sequencing, and a SISPA method utilized with

both the MinION and MiSeq.

Materials and methods

Mosquito identification and grouping

Mosquito samples were captured using a Mosquito Magnet

(Woodstream Corporation, Lancaster, PA, USA) trapping

device and then sorted and identified by the submitting

entomologist according to collection date, collection site

(including location coordinates), and species. Specimen pools

consisted of varying numbers of mosquitoes (1–30) in each

microcentrifuge tube. Collections that exceeded more than 30

specimens were sorted in tomultiple tubes. Mosquito pools were

maintained at −80◦C until the time of homogenization and

RNA isolation.
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Materials

All common laboratory supplies and reagents were

obtained through Thermo Fisher Scientific (Waltham,

MA, USA) and its subsidiaries unless specifically

noted. Molecular grade isopropanol and ethanol were

sourced locally through Kanto Chemical Co. (Chuo-ku,

Tokyo, Japan).

RNA isolation

Frozen mosquito samples stored in microcentrifuge tubes

were allowed to thaw at room temperature for up to 15min.

Using the Zymo Direct-zolTM-96 MagBead RNA kit (Zymo

Research, Irvine, CA, USA), 400 µL of TRI reagent and two

RNase-free 3.2mm stainless steel beads (Next Advance, Troy,

NY, USA) were added to each specimen tube. Samples were

lysed using the Qiagen TissueLyser II for 7min at a frequency

of 24/s followed by centrifugation for 10min at 14,000 rcf.

Two hundred microliters of supernatant was removed from

each sample tube and pipetted into a 96-deep well plate. Two

hundred microliters of 99.5% ethanol, 20 µL of MagBinding

beads, and 5 µL of Proteinase K were added to each sample

well before adding the plate to the Thermo Scientific KingFisher

Flex automated instrument. An extraction control, consisting of

all reagents and no mosquito matrix, was added to the sample

plate as well. The elution plate was stored at −20◦C for short-

term storage or used immediately for further analysis on the

Applied Biosystems ABI 7500 Fast DX, MagPix, MinION and

MiSeq. A second extraction was performed on the homogenized

mosquitos with the addition of 50µLDNase added to the sample

prior to being placed on the Thermo Scientific KingFisher Flex

automated instrument.

RT-PCR

RT-PCR was performed within the specifications provided

by the Applied Biosystems TaqMan Fast Virus Master Mix

protocols. Frozen reagents and RNAs were thawed on ice.

The mastermix formula used was 5 µL of TaqMan Fast

Virus, 1 µL of the 10µM gene-specific forward and reverse

primers, 0.80 µL of gene-specific probe at 5µM (Table 1) and

7.20 µL of nuclease free water per reaction. Each reaction

consisted of 15 µL of mastermix along with 5 µL of RNA.

An extraction control, non-template control, and positive

control were used for each plate. The following thermocycling

conditions were used on the ABI 7500 Fast Dx instrument:

50◦C for 5min; 95◦C for 20 s; 40 cycles of 95◦C for 3 s

and of 60◦C for 30 s. The amplification plot and Ct values

were used to determine the presence of Japanese Encephalitis

Virus (JEV).

TABLE 1 Primers and probes used to detect and genotype JEV in this

study.

Japanese encephalitis primers and probes

Name Sequence References

JEV F 5
′
-GGCTCTTATCACGTTCTTCAAGTTT-3

′
(19)

JEV R 5
′
-ACTAGTAAGTTTCATTGCCACACTCT-3

′
(19)

JEV Probe 5
′
-ATTAGCCCCGACCAAGGCGCTTT-3

′
(19)

JEV-G1/G3-F 5
′
-GGTCTGCAACCCAAACAAGAA-3

′
(20)

JEV-G1/G3-R 5
′
-GCCAGCATGAAGGGTATTGACAT-3

′
(20)

JEV-G1-Probe 5
′
-TTGTGGGAGGTCTAGCCGAGTTGG-3

′
(20)

JEV-G3-Probe 5
′
-TCGTAGGTGGTTTGGCCGAGTTG-3

′
(20)

JEV-G5-F 5
′
-TGCGACAAACAAGCCGTGTA-3

′
(20)

JEV-G5-R 5
′
-TTGCACTGACACAGATCTTCTACTTCT-3

′
(20)

JEV-G5-Probe 5
′
-CGTTGCACGAGGACCAGGCACTC-3

′
(20)

MagPix mega mosquito panel

RNA from positive samples, as detected by RT-PCR, were

reacted in accordance to the instructions for use included with

the GenArraytion Inc. MultiFLEXMega Mosquito Borne Panel

(South Orange, NJ, USA). In the first step, RNA was converted

into cDNA before PCR utilizing the Qiagen One-Step PCR

Kit and panel-specific primers according to the instructions

included with the panel. Additionally, five different controls

from GenArraytion were run with the samples to ensure that all

targets amplified as expected. Next, 10 µL of the PCR products

was mixed with 5 µL of panel-specific beads and 35 µL Buffer A

and beads were hybridized to the target DNA/cDNA according

to instructions. Finally, the beads were placed on a magnetic

plate and liquid removed via pipette. The beads were quickly

taken off the magnetic plate and a streptavidin solution of 5 µL

SAPE and 70 µL Buffer B was mixed with the beads and heated

at 52◦C to allow the beads to fluoresce in theMagPix instrument.

Plates were maintained at 52◦C and quickly entered onto the

pre-heated instrument so that analysis could be conducted.

Twist CVRP

Library preparation and target enrichment standard

hybridization workflow followed the guidelines of Twist Next

Generation Sequencing (NGS) protocols Twist Total Nucleic

Acids Library Preparation EF Kit 2.0 for Viral Pathogen

Detection and Characterization along with their Twist Target

Enrichment Protocol. Three previously extracted RNA samples

were diluted along with synthetic controls. cDNA synthesis

and purification followed. Next, DNA fragmentation, telomere

repair, and dA-Tailing were performed. Universal Twist

adapters were then ligated to the cDNA and purified. Finally,

PCR amplification was conducted to index the samples and
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finish the library preparation portion of the study. A single

pooled library was first prepared from the indexed library-

prepped sample pools. This was followed by hybridization

of the targets in solution, which was ∼16 h in total to

complete. Next, the binding of hybridized targets to desired

streptavidin beads occurred. Libraries were then enriched

via PCR amplification and purification utilizing 23 cycles as

recommended by Twist Technical Support. Sample libraries

were ready for sequencing on the Illumina NGS platform

according to manufacturer protocols after PCR amplification

and purification. Sequencing data was processed on the One

Codex bioinformatics online platform and according tomethods

described below.

Sequence-independent,
single-primer-amplification mediated
MiSeq sequencing

Sequence-Independent, Single-Primer-Amplification

(SISPA) is a method of tagged random amplification of

nucleic acid targets that has been shown to be suitable

for preparing samples for whole genome viral sequencing

(21). Random hexamer tagging with 20 nt barcode “K”

(GACCATCTAGCGACCTCCAC) was performed using primer

K8N (GACCATCTAGCGACCTCCACNNNNNNNN) as

described by Chrzastek et al. (22). Library preparation was

performed with an optimized protocol provided by USAMRIID

Center for Genome Sciences using the K/K8N primers as

described above. In short, first strand synthesis is performed

with primer K8N, dNTPs, RNA template and nuclease-free

water. This is heated at 65◦C for 5min, placed on ice and

then 5X SuperScript IV buffer, DTT, RNaseOUT Recombinant

RNase Inhibitor are added to each library before incubating for

10min each at 23, 50, and 80◦C and held at 4◦C. Second strand

synthesis was performed with RNAseH and Klenow 3
′
-> 5

′
Exo

DNA polymerase added to the first strand mix and incubated

for 30min at 37◦C, 20min at 75◦C and held at 4◦C. Cleanup

was performed with AMPureXP beads according to protocol.

Random fragment amplification was performed with primer K,

5x Phusion HF buffer, dNTPs, nuclease-free water, and Phusion

Hot Start II DNA polymerase and template cDNA. This mix was

cycled for 30 s at 98◦C, 40 cycles of 10 s at 98◦C, 10 s at 50◦C,

and 45 s at 72◦C, and a final cycle of 72◦C for 10min before

being held at 12◦C. A new mix was made and added to each

sample for a final cycle of 30 s at 98◦C, 10 s at 50◦C, and 72◦C

for 10min and held at 12◦C. PCR products were then cleaned

using the AgenCourt Ampure XP Beads before moving to

finishing library prep and loading on the MiSeq. PCR products

were fragmented, tagged with adaptors, and appended with

unique dual index sequences via secondary PCR using reagents

from the NEBNext Ultra II Directional RNA Library Prep Kit

for Illumina and NEBNext Multiplex Oligos for Illumina (Dual

Index Primers Set 1) according to manufacturer protocol.

MinION sequencing

Two methods of minION sequencing were attempted.

Unprocessed whole RNA extract as well as SISPA mediated

processing of RNA as described above were used to generate

cDNA. The cDNAwas then processed using theNanopore Rapid

Sequencing Kit SQK-RAD004 for library preparation. 7.5 µl of

undiluted cDNA was used in the library preparation process

to obtain as near to 400 ng of cDNA as possible. The rest of

library prep and loading onto the minION was done according

to manufacturer procedure.

Bioinformatics

Sequence data was treated based on single or paired reads

and aligned to target genomes and visually mapped with Tablet

software (The James Hutton Institute, Scotland, UK). MinION

FASTQ single reads were combined for single file processing

using the concatenate (cat) command and FASTA files were

generated using seqtk (23). MiSeq paired read data were first

joined using FLASH (Fast length adjustment of short reads) for

single file processing (24). FASTQ files were then fed into the

NanoPipe and assembled and aligned against target genomes

(25). Tablet software was used to view the resulting BAM files

mapped against the target genome for visual coverage of the

genome and mismatch data, see Supplementary Figure 1 (26).

All sequencing data was uploaded to NCBI with BioProject

accession PRJNA894324.

Results

Of 549 mosquito pools, 21 pools were found to be

positive, corresponding to a 3.8% positivity rate from Cx.

tritaeniorhynchus as detected using described methods. A

majority of the positive samples analyzed using the ABI 7500

Fast Dx platform and Fast Virus RT-PCR mastermix provided

us with relatively low Ct values upon extraction (Table 2).

Analyzing the positive samples with Qubit provided total RNA

concentrations per sample. The Broad Range Qubit Assay was

suitable for running samples with Ct values up to 20.0, and High

Sensitivity Assay should be considered for samples with higher

Ct values.

Utilizing the primers and probes as shown in Table 1, the

samples were then genotyped via RT-PCR. Table 2 shows that all

21 JEV positive samples produced sigmoidal curves when tested

for JEV genotype I and none of the samples produced any curve

when tested for JEV genotype III or V. The positive control used
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TABLE 2 JEV positive samples, “# in Pool” reflects how many mosquito specimens were in each sample pool tested, with their respective Ct values,

and genotype.

Sample Species # in Pool Ct JEV JEV JEV

G1 G3 G5

A21.2333 Cx. tritaeniorhynchus 21 16.79 ✓ X X

A21.2437 Cx. tritaeniorhynchus 30 18.61 ✓ X X

A21.2560 Cx. tritaeniorhynchus 30 18.61 ✓ X X

A21.2711 Cx. tritaeniorhynchus 30 34.99 ✓ X X

A21.2838 Cx. tritaeniorhynchus 30 20.29 ✓ X X

A21.2886 Cx. tritaeniorhynchus 30 18.67 ✓ X X

A21.3160 Cx. tritaeniorhynchus 30 24.52 ✓ X X

A21.3171 Cx. tritaeniorhynchus 30 20.53 ✓ X X

A21.3232 Cx. tritaeniorhynchus 19 18.82 ✓ X X

A21.3389 Cx. tritaeniorhynchus 30 33.84 ✓ X X

A21.3401 Cx. tritaeniorhynchus 30 24.29 ✓ X X

A21.3402 Cx. tritaeniorhynchus 30 19.48 ✓ X X

A21.3404 Cx. tritaeniorhynchus 30 30.55 ✓ X X

A21.3465 Cx. tritaeniorhynchus 30 19.10 ✓ X X

A21.3577 Cx. tritaeniorhynchus 30 20.08 ✓ X X

A21.3585 Cx. tritaeniorhynchus 30 29.63 ✓ X X

A21.3587 Cx. tritaeniorhynchus 30 18.12 ✓ X X

A21.3675 Cx. tritaeniorhynchus 30 17.70 ✓ X X

A21.3678 Cx. tritaeniorhynchus 30 23.29 ✓ X X

A21.3682 Cx. tritaeniorhynchus 30 23.31 ✓ X X

A21.3683 Cx. tritaeniorhynchus 30 18.62 ✓ X X

JEV 1:1,000 Unknown N/A 26.65 X ✓ X

G1, genotype I; G3, genotype III; G5, genotype V.

did not produce a sigmoidal curve for JEV genotype I, but did so

for genotype III.

In total, 21 JEV positive sample pools and 21 JEV negative

sample pools, were analyzed with the MagPix instrument using

the GenArraytion Mega Mosquito-borne MultiFLEX
R©

Panel

to assess for the presence of JEV, in addition a historical

sample used as a RT-PCR control at a dilution of 1:1,000 was

analyzed. The data in Figure 1 and Supplementary Table 1 show

that the Net MFI was below 200, a negative result, for all JEV

samples tested, with the positive control MBP_CD over 4,000

and the historic RT-PCR control for JEV at a 1:1,000 dilution

was positive at over 500. A signal above 300 is considered

a positive result for each analyte and below 200 is negative,

per manufacturer’s insert. All Internal, Fluorescence and Non-

Specific Binding Controls were acceptable for samples and

controls ran.

Three (3) JEV positive samples were sequenced using the

Twist Comprehensive Viral Research Panel (CVRP) on the

Illumina MiSeq. All three samples were confirmed to contain

JEV via sequencing, and additionally a mosquito specific

virus, the Yichang virus, was detected in two of the three

samples. One sample, sample 3,171, showed evidence of fungal

contamination with the One Codex platform detecting the

presence of Cryptococcus neoformans. MiSeq FASTQ files were

also assembled and aligned to JEV Genotypes I (GenBank

Accession JN381833.1), III (GenBank Accession KP164498.2),

and V (GenBank Accessions HM596272.1 and JF915894.1).

Comparisons indicated significant alignment to Genotype I vs.

III and V with a Kruskal–Wallis test of mismatch percentage

of each type showed a p-value of 0.009343. This information

and the relative abundance are summarized in Table 3 and

Figure 2 below.

Direct minION sequencing of cDNA provided ample

coverage of the Cx. tritaeniorhynchus mitochondrial genome,

however, it was not able to provide any reads necessary to

determine that JEV was present in the sample. SISPA mediated

sequencing on the minIONwas able to provide near full genome

coverage using NanoPipe. Analysis of the various genotypes (G1,

G3, G5) showed agreement with Twist results, but with a higher

mismatch percentage (Table 3). The resulting reads from the

SISPA sequencing on the MiSeq were combined and processed.

Very few reads were aligned to the JEV genomes, so accuracy

of the mismatches cannot be assessed, however they appear to

match Twist results (Table 3).
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FIGURE 1

MFI values for MagPix MultiFLEX® panel analytes. Red line represents 300 MFI; samples above 300 MFI are positive. Samples labeled A21.xxxx are

positive for JEV as determined by RT-PCR. Samples labeled GU-22-58-xx are negative for JEV. JEV 1:1,000 (G3) is an archived sample. Internal

Control, Fluorescence Control and Non-specific Binding Control had comparable values between specimen types. MFI, median fluorescent

intensity; MBP_CD, positive control.

Discussion

RT-PCR was the quickest, easiest, and most cost-effective

method for detection of JEV in our study, requiring <2 h

from setup to results. The ABI 7500 provided accurate and

reproducible results for both genotypes I and III, while the

MagPix Mega Mosquito panel was able to detect JEV genotype

III from an archived sample, but not JEV genotype I in our

recently extracted mosquito samples. Due to lack of Genotype

II, IV, and V sample material, it has yet to be determined if

the panel can detect the remaining JEV genotypes. For proper

public health surveillance, our lab requires the ability to test for

and detect all genotypes of JEV. Currently, the Mega Mosquito

panel does not instill confidence to support the Public Health

Command—Pacific’s goal of vector-borne disease detection in

high risk areas where JEV infection is possible, especially

when considering lower throughput, increased analytical time

compared to RT-PCR, and 10-times the analysis cost per

pool. Because of these factors combined, future surveillance

will be conducted using the RT-PCR centric approach and

genotype identifications will be carried out using NGS based

solutions. Future considerations for surveillance could also

include analysis of reservoir hosts, such as wild boars and pigs,

within a radius of 7.5 km of locations discovered to have JEV

positive mosquitoes, which is the reported maximum flight

range of Cx. tritaeniorhynchus (27).

This study focused primarily on the detection of JEV types I,

III, and V as the majority of our arthropod samples originated

in Eastern Asian countries and the Pacific Islands. There is

conflicting data regarding if the current Japanese encephalitis
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FIGURE 2

Distribution of sequences identified by Twist CVRP. Three of the JEV positive samples analyzed with the Twist Biosciences CVRP are shown with

their read counts and individual distributions of Japanese encephalitis virus, Yichang virus, Cryptococcus neoformans, and other sequences.

TABLE 3 Bioinformatics results of TWIST CVRP and SISPA sequencing

data.

Sample JEV G1 JEV G3 JEV G5Muar JEV G5 XZ0934

Twist mismatch percentages

A21.2333 2.7 9.3 17.1 17.4

A21.2886 3.1 10.7 18.9 19.0

A21.3171 3.4 10.2 18.0 18.2

SISPAmismatch percentage

MinION pool 1 14.4 19.9 21.7 23.1

MinION pool 2 12.6 19.4 22.4 22.6

MiSeq pool 1 2.7* 9.3* 18.3* 17.7*

Sample names and mismatch percentage for each genotype. *MiSeq Pool 1 results are

estimates due to low number of aligned reads.

vaccine, derived from G3 JEV, can induce protective immunity

against the remaining genotypes. Furthermore, vaccine potency

against the emerging G5 genotype has not yet been reported

(28). More detailed studies demonstrating increased levels of

protective antibodies against JEV Genotype V are needed.

Research suggests that JEV genotype V re-emerged after nearly

a half century hiatus. The first strain or the Muar strain was

isolated in Malaya in 1952. The second was extracted from

mosquito samples collected in China in 2009 and designated

strain XZ0934. The emergence of JEV genotype V has been

detected in the Republic of Korea (ROK) as recently as

2016–2018. A JEV genotype shift may be occurring in the

ROK. Initially, the prevalent JEV genotype was identified as

Genotype III until ∼1990s when it shifted to Genotype I,

and it may be shifting once again to Genotype V, which

was first identified in 2010 (15). Therefore, delivering optimal

surveillance detection methods against all predominant JEV

genotypes in the surrounding area is critical for the overall

wellbeing of both civilian and military personnel.

Identifying predominant genotypes by area will allow

public health officials to make informed and more effective

decisions concerning prevention, testing, and vaccine

allocation/development. Utilizing the real-time PCR with

universal and genotype specific primers/probes (Table 1), we

successfully genotyped all positive samples as JEV genotype I

as shown in Table 2. This supports current data indicating JEV

genotype I is the predominant genotype within our testing areas

of the Indo-Pacific. We further confirmed findings using the

Twist Comprehensive Viral Research Panel on the Illumina

MiSeq platform. OneCodex software provided for use with

the Twist panel detected JEV, but did not provide typing

information. However, we were able to use the sequencing data

generated from the protocol to analyze via our own pipeline.

Using a Kruskal–Wallis Rank Sum Test comparing the amount

of aligned base pairs from each sample to each genotype,

provided alignment data that suggested JEV genotype I. With a

p-value of 0.009343, the differences in alignment between Type

I and Types III and V were highly significant. This method
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is certainly useful for pathogen discovery, however, given the

multiple days and hours of hands on bench time required

as well as the very significant cost of reagents required for

the protocol, we cannot recommend this method for routine

screening for pathogens. Additionally, more optimization of

the assay is required for higher sensitivity when analyzing

arthropod samples, and possibly the use of an arthropod specific

blocking agent. The number of cycles for the panel would also

need to be adjusted from manufacturer recommendations to

ensure maximum optimization. SISPA library preparation has

the benefit of requiring less bench time to sequencing compared

to the Twist CVRP protocol. Additionally, we found that the

MinION’s capability for long sequencing reads, was able to

provide better coverage of the genome overall as compared

to our attempt at SISPA on the MiSeq platform. Given the

relative ease of library preparation and the technical difficulties

of sequencing pathogens found within arthropod specimens

without first isolating and culturing, SISPA sequencing on the

MinION may be a less expensive alternative that is capable of

field deployment. The downside is that there can be a higher rate

of errors in reads when using the minION platform.While more

data is required to determine the sensitivity of our genotyping

RT-PCR assay, it seems likely that RT-PCR will be sufficient

for providing not only screening of JEV but also typing of

positive samples.

Future investigations might be able to implement the use

of bioassays for JEV specific biomarkers as they could serve

as rapid and cost-effective options to consider for screening

because most JEV antigen detection assays are electrochemical-

based, expensive, difficult to fabricate, required skilled handling,

and are not portable point of care devices (29). Our laboratory

is currently geared toward mass surveillance on a plethora of

various arthropod vectored pathogens. In order to support the

needs of our laboratory’s mission, RT-PCR currently grants the

laboratory a greater range of pathogen detection.

Conclusion

This study demonstrates that utilization of the Direct-zol-

96 MagBead RNA kit with the KingFisher Flex for automated

nucleic acid isolation coupled with RT-qPCR techniques on

the ABI 7500 remain the most sensitive, fastest, and cost-

effective method for detection and genotyping of JEV in Cx.

tritaeniorhynchus samples. These methods are especially useful

when processing large batches of samples. For broader passive

pathogen discovery, other sequencing based techniques such as

SISPA or Twist panels may be appropriate depending on the

goal of the laboratory, as these methods do not require target

specific reagents and interpretation of results is only limited by

the availability of viral genomic data. SISPA in particular has

the potential to be performed in the field for passive detection

of novel or emerging pathogens, but suffers from the lack of

sequencing depth acquired through random amplification. The

Twist panel shows greater promise for broad detection and

potential genotyping despite the extended bench time required

to prepare and sequence the hybridized libraries.
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