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G o W N

Abstract: Seoul virus (SEOV), an etiological agent for hemorrhagic fever with renal syndrome,
poses a significant public health threat worldwide. This study evaluated the feasibility of a mobile
Biomeme platform for facilitating rapid decision making of SEOV infection. A total of 27 Rattus
norvegicus were collected from Seoul Metropolitan City and Gangwon Province in Republic of Korea
(ROK), during 2016-2020. The serological and molecular prevalence of SEOV was 5/27 (18.5%)
and 2/27 (7.4%), respectively. SEOV RNA was detected in multiple tissues of rodents using the
Biomeme device, with differences in Ct values ranging from 0.6 to 2.1 cycles compared to a laboratory
benchtop system. Using amplicon-based next-generation sequencing, whole-genome sequences
of SEOV were acquired from lung tissues of Rn18-1 and Rn19-5 collected in Gangwon Province.
Phylogenetic analysis showed a phylogeographical diversity of rat-borne orthohantavirus collected
in Gangwon Province. We report a novel isolate of SEOV Rn19-5 from Gangwon Province. Our
findings demonstrated that the Biomeme system can be applied for the molecular diagnosis of SEOV
comparably to the laboratory-based platform. Whole-genome sequencing of SEOV revealed the
phylogeographical diversity of orthohantavirus in the ROK. This study provides important insights
into the field-deployable diagnostic assays and genetic diversity of orthohantaviruses for the rapid
response to hantaviral outbreaks in the ROK.

Keywords: Seoul virus; hemorrhagic fever with renal syndrome; Biomeme system; portable diagnostic
assay; molecular diagnosis; next-generation sequencing; whole-genome sequencing; genetic diversity;

hantavirus isolation

1. Introduction

Hantaviruses (order Bunyavirales, family Hantaviridae, and genus Orthohantavirus) are
enveloped, single-stranded, negative-sense RNA viruses, consisting of large (L), medium
(M), and small (S) genome segments [1]. The tripartite RNA segments encode an RNA-
dependent RNA polymerase, two surface glycoproteins (G, and G¢), and a nucleocapsid (N)
protein, respectively [2]. The natural reservoirs of hantaviruses include rodents (Rodentia),
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bats (Chiroptera), and insectivores (Soricomorpha), supporting the coevolution between
viruses and their hosts [3,4]. In humans, orthohantaviruses are zoonotic pathogens that
account for hemorrhagic fever with renal syndrome (HFRS) in Eurasia and hantavirus
cardiopulmonary syndrome in the Americas [5]. HFRS is mainly caused by Hantaan virus
(HTNV), Seoul virus (SEOV), Dobrava—Belgrade virus, and Puumala virus (PUUV), which
are transmitted to humans via inhalation of contaminated excreta, aerosols, or rarely, bites
from infected rodents [6,7].

SEOV-related HFRS is responsible for approximately 20% of clinical cases with a
mortality rate of <1% [8]. SEOV infection occurs in Asia, Europe, the Americas, and Africa
owing to the global distribution of reservoir hosts (brown rat, Rattus norvegicus; black rat,
R. rattus) [9]. Previous studies demonstrated SEOV outbreaks in patients directly exposed
in the vicinity of infected wild rats in the United States of America (USA) [10-12]. SEOV-
induced HFRS cases were reported in humans engaged in occupation handling infected
laboratory rats or tissue culture lines in Japan and the United Kingdom (UK) [13,14]. Recent
clinical cases of autochthonous SEOV infection have been primarily associated with contact
with pet rats and feeder rats in the USA, UK, France, and the Netherlands [15-18]. SEOV-
induced HFRS cases are considered an underestimation worldwide due to the limited
knowledge in the transmission and epidemiology of viruses and their hosts [19].

The Franklin system (Biomeme, Philadelphia, PA, USA) is a handheld portable
real-time polymerase chain reaction (PCR) instrument that weighs approximately 1.4 kg
with a rechargeable battery [20,21]. The quantitative PCR (qPCR) assay with Biomeme
technologies offers a rapid and sensitive molecular diagnosis of infectious agents, includ-
ing African swine fever virus, foot-and-mouth disease virus, Ebola virus (EBOV), and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in animal and human
samples [22-25]. Here, we evaluated whether the handheld Biomeme platform could
be used for a molecular diagnostic assay of SEOV to facilitate rapid decision making in
point-of-care testing (POCT).

The acquisition of viral genomic sequences plays an important role in the diagnosis,
characterization, epidemiological surveillance, and risk mitigation of hantaviral outbreaks
by tracking the precise causative agents and putative infection sites. The high molecular
identities of genome sequences of PUUV derived from humans and voles revealed clear
phylogeographical association and spatial evolution of each virus clade in Germany [26].
Comparative genomic analyses of HTNV elicited epidemiological links of patients with
HEFRS and natural reservoir Apodemus agrarius captured at the putative exposed sites in
the Republic of Korea (ROK) [27]. The serological and molecular investigation of small
mammals demonstrated the epidemiological characteristics and risk of SEOV carried by
urban rodents in Seoul Metropolitan City, ROK [28]. Multiplex-PCR-based next-generation
sequencing (NGS) elucidated the global phylogenetic shape of SEOV from clinical and
reservoir host specimens [29]. However, our knowledge of the epidemiologic dynamics of
SEOV infection is limited owing to the lack of viral sequences.

In this study, a small-scale epidemiological survey of wild rodents was conducted in
the rat population from 2016 to 2020 to determine the serological and molecular prevalence
of SEOV in the ROK. We report the development of a TagMan probe-based one-step gPCR
assay with a portable Biomeme system for real-time identification of SEOV. Whole-genome
sequencing and isolation of SEOV, Gangwon Province, delineate the phylogeographic
diversity in the ROK. These findings provide important insights into the field-deployable
diagnostic assays and the genetic diversity of rat-borne orthohantavirus for the rapid
response to hantaviral outbreaks in the ROK.

2. Materials and Methods
2.1. Ethics Statement
Animal trapping was approved in accordance with the ethical guidelines of the Korea

University Institutional Animal Care and Use Committee (KUIACUC #2016-49 and 2020-14).
Autopsy was performed at an animal biosafety level 3 facility at Korea University.



Pathogens 2022, 11, 1047

30f12

2.2. Sample Collection

Small mammals were collected using Sherman live traps (8 cm x 9 cm x 23 cm; H.
B. Sherman, Tallahassee, FL, USA) from multiple sites including Seoul Metropolitan City
and Gangwon Province (Cheorwon-gun and Chuncheon-si), ROK, during 2016-2020. The
trapping and transportation procedures were described in a previous study [30]. The posi-
tive traps were sequentially numbered, identified by morphological characteristics, placed
in a sealed container, and then transported to Korea University, Seoul, ROK. Additionally,
two R. norvegicus, two A. agrarius, two Crocidura lasiura, and two Mus musculus, captured
from Gangneung-si in Gangwon Province, were provided by the HFRS vector surveillance
program of the ROK Army in 2019. The serum samples and tissues (lung, liver, kidney, and
spleen) of captured animals were collected aseptically and stored at —80 °C until use.

2.3. Mitochondrial DNA Analysis

Total DNA was extracted from the liver tissues of rodents using a High Pure PCR
template preparation kit (Roche, Basel, Switzerland). The mitochondrial DNA cytochrome
b gene was amplified using the conventional PCR method [31]. The obtained sequences
were deposited in GenBank (accession numbers: OK746255-OK746256).

2.4. Indirect Immunofluorescence Assay (IFA)

The heart fluids of rats were initially diluted 1:2 with phosphate-buffered saline (PBS),
placed in SEOV-infected Vero E6 cells fixed with cold acetone for 10 min, and incubated at
37 °C for 30 min. The plates were washed with PBS and distilled water. The slides were
treated with fluorescein isothiocyanate-conjugated goat antibody to rat immunoglobulin
G (IgG; ICN Pharmaceuticals, Laval, Quebec, Canada). The cells were incubated at 37 °C
for 30 min and washed with PBS and distilled water. The virus-specific fluorescence was
examined using a fluorescence microscope (Carl Zeiss, Berlin, Germany).

2.5. Reverse Transcription-PCR (RT-PCR)

Total RNA was extracted from the lung tissues of rats using TRI Reagent Solution
(Ambion, Austin, TX, USA) according to the manufacturer’s instructions. cDNA was
synthesized using a High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City,
CA, USA) with OSM55 (5-TAG TAG TAG ACT CC-3'). PCR conditions and oligonucleotide
primers were previously described [32].

2.6. gPCR

gqPCR was performed using the TOPreal™ One-step RT qPCR Kit (Enzynomics, Dae-
jeon, ROK) according to the manufacturer’s instructions. The optimal reaction mixture
contained 1 pL of the RNA template, 1 uL of TagMan probe (10 nM), 1 puL of forward and
reverse primers (each 10 nM), 5 pL of TOPreal One-step RT-qPCR kit mix, and 12 uL of
nuclease-free water in a final volume of 20 pL. The primer and probe sequences were SEOV-
SF-1 (forward primer), 5'-GAC AGG ATT GCA GCA GGG AA-3/, SEOV-SR-1 (reverse
primer): 5-CGG CTC TAC CCC TGT AGG ATC-3/, and SEOV-SP-1 (probe): 5'-FAM-AAC
ATC GGG CAA GAC CG-MGB-3'. The PCR was performed in triplicate on a Biomeme
Franklin Three Real-Time PCR thermocycler system (Biomeme) and a Quantstudio 5 Flex
Real-Time PCR System (Applied Biosystems) using the following cycling conditions: 30 min
at 50 °C and 10 min at 95 °C, followed by 45 cycles of 5 s at 95 °C and 30 s at 60 °C. The
cutoff value is 40.

2.7. Multiplex-PCR-Based NGS

c¢DNA was amplified using SEOV-specific primer mixtures and Solg 2X Uh-Taq PCR
Smart Mix (Solgent, Daejeon, ROK) according to the manufacturer’s instructions. The
PCR program and primer information for DNA libraries were described in the previous
study [29]. The amplified products were prepared using a TruSeq Nano DNA LT sample
preparation kit (Illumina, San Diego, CA, USA) according to the standard protocol. DNA
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libraries were sheared using an M220 focused ultrasonicator (Covaris, Woburn, MA, USA).
The libraries were A-tailed, ligated to indexes and adaptors, and enriched by PCR. The
quality and concentration of the libraries were assessed using the Agilent DNA 1000 chip on
a bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The samples were sequenced
on a MiSeq benchtop sequencer (Illumina) with 2 x 150 bp using a MiSeq reagent kit v2
(lumina). The raw data were trimmed from the adaptor sequences using CLC Genomics
Workbench version 7.5.2 (Qiagen, Hilden, Germany). The filtered reads were mapped onto
the reference sequences of SEOV 80-39, and consensus sequences were extracted.

2.8. Rapid Amplification of cDONA Ends (RACE) PCR

To complete the 3’ and 5 terminal genome sequences of SEOV, RACE PCR was
performed using a RACE System for Rapid Amplification of cDNA Ends, Version 2.0,
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s specifications. The
obtained genome sequences of SEOV were deposited in GenBank (accession numbers:
OK746249-OK746254).

2.9. Phylogenetic Analysis

The genome sequences of SEOV were aligned using the Clustal W tool in the Lasergene
program, version 5 (DNASTAR, Madison, WI, USA). Phylogenetic trees were generated
using the Markov chain Monte Carlo (MCMC) method, MrBayes 3.2.7a, with optimal
evolutionary models estimated using the maximum-likelihood statistical method in MEGA
7 [33,34]. Bayesian analysis consisted of independent duplicate runs with 10 million
MCMC generations sampled every 100 generations with a 25% burn-in. The phylogeny
was visualized using FigTree 1.4.4 (available at: http://tree.bio.ed.ac.uk/software/figtree;
accessed on 14 September 2022).

2.10. Cell Lines

Vero E6 cells (ATCC, #DR-L2785) were purchased from ATCC. The cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% HEPES buffer (Lonza, Basel, Switzerland), 1% L-glutamine (Lonza),
and 0.1% gentamicin (Gibco, Life Technologies, Carlsbad, CA, USA). The cultures were
incubated at 37 °C in an incubator with 5% CO,.

2.11. Virus Isolation

SEOV-positive lung tissues were ground in DMEM. After centrifugation, the super-
natant was inoculated into the Vero E6 cells. After 1.5 h of adsorption, the excess inoculum
was discarded, and the viral suspension was replaced with 5.5 mL of DMEM containing
5% FBS, 1% HEPES buffer (Lonza), 1% L-glutamine (Lonza), and 0.1% gentamicin (Gibco).
The cells were incubated at 37 °C in an incubator with 5% CO, and passaged at 2 weeks
intervals. At each passage level, the cell culture was tested for the presence of SEOV antigen
and RNA using the IFA and RT-PCR, respectively.

2.12. Plaque Assay

Vero E6 cells were seeded in 6-well plates at a density of 2 x 10° cells per well. After
overnight incubation at 37 °C with 5% CO,, the cells were washed twice with PBS and
inoculated with 10-fold serially diluted SEOV. After a 1.5 h absorption at 37 °C with constant
shaking, the monolayer was overlaid with the overlay medium and medium-melting-point
agarose mix (2:1 ratio). The plaques were incubated at 37 °C for 14 days and then visualized
by staining the cells with 5% neutral red solution (Sigma-Aldrich, Burlington, VT, USA).

2.13. Statistical Analysis

Student’s t-test was conducted to determine significant differences in performance
between Franklin (Biomeme) and QuantStudio 5 (Applied Biosystems) platforms.
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3. Results
3.1. Serological and Molecular Prevalence of SEOV

A total of 27 R. norvegicus were collected from multiple locations, including Seoul
Metropolitan City, Cheorwon-gun, Chuncheon-si, and Gangneung-si in the ROK, 2016—
2020 (Figure 1). Geographic locations of the trapping are shown in Table S1. The serological
prevalence of anti-SEOV IgG was 5/27 (18.5%), of which 3/23 (13.0%), 1/1 (100%), and
1/2 (50%) were detected in Seoul Metropolitan City, Chuncheon-si, and Gangneung-si,
respectively; no seropositive rats were observed in Cheorwon-si (Table 1 and Figure S1). The
molecular prevalence of SEOV RNA was 2/27 (7.4%), including 1/1 (100%) in Chuncheon-
si and 1/2 (50%) in Gangneung-si. The positivity of SEOV RNA was undetectable in the
rodents captured in Seoul Metropolitan City and Cheorwon-gun.
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Figure 1. A geographic map of trapping sites for small mammals collected in Seoul Metropolitan
City and Gangwon Province, Republic of Korea (ROK), from 2016 to 2020. The red circles indicate the
SEOV RNA-positive areas: a, Chuncheon-si; b, Gangneung-si in Gangwon Province, respectively.
The black circle represents the locations where no SEOV RNA was confirmed: ¢, Seoul Metropolitan
City; d, Cheorwon-gun in Gangwon Province. The map was created using a Quantum Geographical
Information System (QGIS) 3.10 for Mac and modified in Adobe Illustrator CC 2019.

3.2. Comparison between Handheld and Benchtop gPCR for SEOV

To compare the relative sensitivity between handheld and benchtop qPCR systems
for SEOV analysis, qPCR was performed on the lung, liver, kidney, and spleen tissues
(Figure 2). SEOV RNA was detected in all tissues of rodents, Rn18-1 and Rn19-5, using two
qPCR machines. RT-PCR negative samples showed that SEOV RNA was not detectable. In
all tissue types, the cycle threshold (Ct) values generated from the Biomeme portable device
were consistently higher than those of the laboratory benchtop system. The differences in
Ct values ranged from 0.6 to 2.1 cycles between the Biomeme device and QuantStudio 5
system with the significance (p < 0.05), except for the Rn19-5 spleen tissue.
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Table 1. Serological and molecular prevalence of SEOV in Rattus norvegicus collected in the Republic
of Korea, 2016-2020.

. Number of Captured Seropositivity for SEOV RNA
Characteristic R. norvegicus Anti-SEOV IgG (%) Positivity (%)
Region (n = 27)
Seoul Metropolitan City 23 3/23 (13.0) 0/23
Cheorwon-gun 1 0/1 0/1
Chuncheon-si 1 1/1 (100) 1/1 (100)
______ Gangneungsi 2 ey oo /260
Sex (n =27)
Male 19 4/19 (21.1) 2/19 (10.5)
,,,,,,,, Female 8 o uys@y 08
Weight (n = 27)
<50 10 1/10 (10) 0/10
51-100 11 2/11(18.2) 0/11
101-150 3 0/3 0/3
151-200 3 2/3 (66.7) 2/3(66.7)
Total 27 5/27 (18.5) 2/27 (7.4)
SEOV, Seoul virus; IgG, immunoglobulin G.
Bl Franklin (Biomeme)
QuantStudio 5 (AppliedBiosystems)
40+
ns
mr
354 =
g 30- "R * l_l
s - 5
> 25 4 . — 2‘ _ — -
= — - _
% 20 —
[=1)]
S 154
D)
E 104
5 4

Liver Liver  Kidney

Rnl9-5

Lung

Kidney Spleen
Rnl8-1

Lung Spleen

Tissue type

Figure 2. Comparison of Cycle threshold (Ct) values between two qPCR platforms for Seoul virus
(SEOV) RNA loads in various rodent tissues. qPCR was performed in triplicate on both Biomeme
Franklin and Applied Biosystems QuantStudio 5. Ct values were determined for the S segment
of SEOV RNA in the lung, liver, kidney, and spleen tissues acquired from the infected rats. SEOV
RNA was not detectable in negative control group. The cutoff value is 40. Asterisk (*) indicates
the significant difference of Ct values between qPCR machines, using the student’s t-test (* p < 0.05;
*** p < 0.001; ns: non-significant). Ct, cycle threshold; S, small.

3.3. Whole-Genome Sequencing of SEOV

Using multiplex PCR-based NGS, nearly whole-genome sequences of SEOV were
obtained from the lung tissues of Rn18-1 and Rn19-5 captured in Gangwon Province,
ROK. The coverage of the genomic sequences of SEOV was 97.3-99.6% for L segments,
96.5-98.9% for M segments, and 90.0-97.3% for S segments, respectively (Table 2). The
mean numbers of mapped viral reads and depth are shown in Table S2. The 3’ and 5’
termini sequences were obtained by RACE PCR. The 3” and 5 end sequences of three
SEOV segments were 5'-GGA GUC UAC UAC UA-3' and 5'-UAG UAG UAU GCU CC-3'.
The nucleotide identity of SEOV Rn18-1 and Rn19-5 tripartite genomes was 97.7-98.4%
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for the L segment, 97.3-98.6% for the M segment, and 98.2-98.6% for the S segment with
prototype SEOV 80-39. The similarity in the amino acid levels of SEOV was 99.5% for the L
segment, 98.9-99.2% for the M segment, and 99.8-100% for the S segment, respectively.

Table 2. Next-generation sequencing coverage of Seoul virus (SEOV) from rats captured in Gangwon
Province, Republic of Korea, during 2016-2020.

Anti-SEOV Ct SEOV Genomes, % Coverage b

Sample Region Origin .

P 8 8 IgG Titer Value ? L Segment M Segment S Segment
Rn18-1 Chuncheon-si Lung 1:256 21.6 97.3 96.5 90.0
Rn19-5 Gangneung-si Lung 1:256 25.8 99.5 98.9 97.3

IgG, immunoglobulin G; Ct, cycle threshold; Rn, Rattus norvegicus; L, large; M, medium; S, small. ?; determined
using Biomeme system-based quantitative PCR for the S segment of SEOV. ; genome coverage was calculated
using consensus sequence matching to the genome positions of the SEOV 80-39 strain.

3.4. Phylogenetic Analysis of SEOV

Phylogenetic analysis showed that SEOV harbored by R. norvegicus in Gangwon
Province were closely related to those of rat- and human-derived viral genomes collected
in ROK (Figure 3). In particular, the SEOV Rn19-5 strain from Gangneung-si formed a
distinct genetic lineage with all other viral genomes, ROK. The phylogenies of the L and
M segments of SEOV Rn18-1 from Chuncheon-si shared a common ancestor with the
SEOV Rn11-44 collected in Seoul Metropolitan City, whereas the S segment formed an

independent genetic group in SEOV, ROK.

(4) Rn10-134/Scoul MF149938 (B) Hu02-258/Incheon/MF149946 © Rn11-53/Scoul/MF149950 Boosinp
Rnl1-53/Scoul/ MF149941 - Rn10-134/Scoul/MF 149942 = Rn10-134/Scoul MF149947
5315 z
g Rn10-145/Seoul MF149943 S -145/Scoul MF 149948
Rn10-145/Scoul/ MF149939 o] £ RaL(-1455combME1 94
£ Rnl1-53/Scoul/MF149945 = 80-39/Seoul/NC005236 7
Hu02-258/Incheon/MF 1499951 5 5 @ & S
e 80-39/Seoul/NC_005237 o Rnl1-44/Scoul MF149949 £
80-39/Seoul/NC_005238 o) 5 199 . . =
39/Scoul/NC_00S o Hu02-668/Suwon/MF 149957 z Hu02-112/South KoreaMF149952 |5 o3
Rnl1-44/Seoul/ MF 149940 S Rn11-44/Scoul/ MF149944 z HU02-294/Seoul MF149955 =
g . 4
Rn18-1/Chuncheon/OK746249 | = Rn18-1/Chuncheon/OK746251 Hu02-529/Scoul/MF149956 §
)
Rn19-5/Gangneung/OK746250 Rnl9-5/Gangneung/OK746252 Hu02-180/0san/MF 149953 g
B1/Japan/X53861 2.258/Inche 995
DN2/CHANKX289952 p: Hu02-258/Incheon/MF 149954
o Y Kigs-1/Japan/D17593 1/Chuncheon/OK746253
Y0032 FraoeKFR TR KISS-15/Japan/D17594 neung/OK746254
ZT71/China/EF190551

Fj372

L ZT10/China/EF581094

Z37/China/AF285266

China/KP645196

DPRKO8/North Korea/JX853574

-2011/China/KP900346

1.99/China

IR1
IR47.

IR46!

0.004

JiangxiXianj

VAF288297

Geltherland Rn84/Netherlands’MG972931

~————Humber/UK/JX879770
Northeast Baltimore/UK/KT897724

Cherwel /UK/KM948594

IR33/UK/KX079471

62/UK/KX079474
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1/UK/KM948595

KI83-262/Japan/D 17592

Sapporo rat virus/Japan/M34882
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Gelderland Rn84/Netherlands/MG9729
Humber/UK/JX879768
Cherwel/UK/KM948593

Northeast Baltimore/UK/KT897725
—IR461/UK/AFA458104
UIR473/UK/KX079469

0005

Sapporo rat virus/Japan/M34881
Gelderland Rn22/Netherlands/MG972937

Gelderland Rn84/Netherlands/MG972939
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ZTT1/China/AY 750171
ZT10/China/AY 766368
Z37/China/AF187082
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0003

Figure 3. Phylogenetic analysis of the L, M, and S segments of Seoul virus (SEOV) from wild rats
collected in Gangwon Province, Republic of Korea. The phylogenies were generated using Markov
chain Monte Carlo (MCMC) methods MrBayes 3.2.7a with best-fit evolutionary models GTR+G
(for L segment), GTR+G+I (for M segment), and HKY+G (for S segment) based on the SEOV (A) L
(1-6,530 nt), (B) M (1-3,651 nt), and (C) S (1-1,769 nt) segments, respectively. The red letter indicates
genomic sequences of SEOV obtained in this study. The bootstrap score (0.5-1) was illustrated at the
tip of each node. L, large; M, medium; S, small.

3.5. Virus Isolation

SEOV was isolated from the lung tissues of Rn19-5 using a cell-culture-based method.
The first isolate of SEOV was confirmed at 42 days post-inoculation, and the number of
infectious particles was 3.2 x 10? PFU/mL (Figure S2).
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4. Discussion

The establishment of a rapid and sensitive diagnostic assay is required for the detec-
tion and characterization of SEOV [6,9]. Numerous serological and molecular methods
have been developed for the diagnosis, including enzyme-linked immunosorbent assay,
IFA, loop-mediated isothermal amplification, and RT-PCR [35-38]. qPCR has several ad-
vantages of being faster, sensitive, and reproducible, with a precise quantitation of viral
loads [39-42]. However, the application of JPCR assays for pathogen detection has been
limited by thermocycler size, testing consumables, and maintaining power in outdoor
environments. Physicians and epidemiologists need a portable diagnostic approach for
rapid decision making in the POCT of patients. The Biomeme Franklin system, a mobile
qPCR thermocycler, enables the monitoring of multiple fluorophores with real-time di-
agnosis, making it an appropriate device to be used in field diagnostics for the detection
of infectious diseases [20,43]. The portable point-of-encounter assay showed the early
detection of EBOV with comparable specificity and sensitivity to laboratory-based sys-
tems [24]. Onyilagha et al. demonstrated the application of a field-deployable point-of-care
real-time qPCR with a mobile Biomeme system for rapid, specific, and sensitive detection
of SARS-CoV-2 in animal and human samples [25]. In this study, we evaluated a TagMan
probe-based one-step qPCR assay using the Biomeme platform for real-time detection and
quantification of SEOV. These results showed that the portable Biomeme device can be used
to detect and monitor SEOV, with comparable performance to the laboratory-based qPCR
system under laboratory testing conditions. However, further studies need to validate the
performance of the assay from patients with SEOV-related HFRS in the field.

The generation of viral genomic sequences plays an important role in clinical diag-
nosis, patient precision management, epidemiological surveillance, and risk mitigation
of virus outbreaks [44,45]. NGS is a robust tool for monitoring and tracking emerging
viral infections to link viral genomic sequences and epidemiologic information. Genomic
surveillance of NGS has been applied to understand the characteristics and transmission
dynamics of zoonotic viruses including EBOV, Zika virus, Dabie bandavirus, and SARS-
CoV-2 [46-49]. In a previous study, whole-genome sequences of HTNV generated from
multiplex-PCR-based NGS enabled defining the phylogenetic association between patients
with HFRS and reservoir hosts captured at potentially exposed sites in the ROK [50]. Re-
cently, NGS-based active surveillance, including targeted animal trapping in the suspected
locations of hantaviral outbreaks, demonstrated the phylogeographical correlation be-
tween patients with HFRS and HTNV to identify precise etiological agents and putative
infection areas within a relatively short distance (5 km) [51]. The establishment of viral
sequence-based surveillance revealed the putative epidemiological relationship of patients
with infectious sources and the development of preventive strategies for mitigating HFRS
incidences [27,52]. Here, we reported the full-length genome sequences of SEOV newly
obtained from wild rats (R. norvegicus) collected in Gangwon Provinces (Chuncheon-si and
Gangneung-si), enhancing the resolution of a phylogeographic map of orthohantaviruses
for the sophisticated prevention and diagnosis of hantaviral outbreaks. To our knowledge,
these findings are the first molecular evidence of rodent-borne SEOV circulating in the
Gangwon Province, ROK. Tripartite genomes of SEOV Rn19-5 from Gangneung-si formed
an independent phylogenetic lineage with other SEOV derived from the ROK, indicating
the well-supported genetic diversity of rodent-borne hantaviruses in the restricted areas.
Given that the brown rat (R. norvegicus) is ubiquitous, our findings suggest that continued
and large-scale surveillance are needed to understand the evolutionary diversification and
geographic distribution of SEOV in the ROK.

The isolation of viruses imparts well-characterized and cell-adapted strains that can
be applied for the development of potential antiviral and vaccine candidates [53,54]. In
1980, the first SEOV isolation occurred from R. norvegicus captured in Seoul Metropolitan
City, ROK [36]. Further SEOV isolation was conducted in China (1982), Japan (1983),
Egypt (1983), the UK (1984), the USA (1984), and Germany (1988) [14,55-59]. Although
hantaviruses are difficult to isolate using the cell-culture-based method, SEOV is the only
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hantavirus species isolated from four continents [9]. In this study, we report an isolation
of SEOV Rn19-5 strain from wild rat captured in Gangwon Province, which is the second
SEOV isolate in the ROK. Our findings will allow the evaluation of the infectivity and
pathogenicity of the divergent SEOV strain, facilitating the development of antiviral and
vaccine candidates in humans.

In conclusion, a real-time one-step qPCR assay was implemented to the mobile
Biomeme system for the rapid diagnosis and quantification of SEOV. The complete-length
genomic sequences of two SEOVs were newly recovered from wild R. norvegicus captured
in Gangwon Province, ROK. The molecular evidence of SEOV improved the resolution
of the phylogeographic map of orthohantaviruses for elaborated prevention and tracking
of hantavirus outbreaks in the ROK. Finally, we report the isolate of SEOV Rn 19-5 from
the brown rat collected in Gangwon Province. This study provides important insights
into the field-deployable diagnostic assays and the phylogeographic diversity of rat-borne
orthohantaviruses in response to hantaviral outbreaks in the ROK.
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Trapping sites and GPS coordinates in this study; Table S2: Summary of mapped reads and depth of
coverage for Seoul virus using next-generation sequencing in this study.
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