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Abstract

Background

Hantaan orthohantavirus (Hantaan virus, HTNV), harbored by Apodemus agrarius (the

striped field mouse), causes hemorrhagic fever with renal syndrome (HFRS) in humans.

Viral genome-based surveillance at new expansion sites to identify HFRS risks plays a criti-

cal role in tracking the infection source of orthohantavirus outbreak. In the Republic of Korea

(ROK), most studies demonstrated the serological prevalence and genetic diversity of ortho-

hantaviruses collected from HFRS patients or rodents in Gyeonggi Province. Gangwon

Province is a HFRS-endemic area with a high incidence of patients and prevalence of

infected rodents, ROK. However, the continued epidemiology and surveillance of orthohan-

tavirus remain to be investigated.

Methodology/Principal findings

Whole-genome sequencing of HTNV was accomplished in small mammals collected in

Gangwon Province during 2015–2018 by multiplex PCR-based next-generation sequencing.

To elucidate the geographic distribution and molecular diversity of viruses, we conducted

phylogenetic analyses of HTNV tripartite genomes. We inferred the hybrid zone using cline

analysis to estimate the geographic contact between two different HTNV lineages in the

ROK. The graph incompatibility based reassortment finder performed reassortment analysis.

A total of 12 HTNV genome sequences were completely obtained from A. agrarius newly col-

lected in Gangwon Province. The phylogenetic and cline analyses demonstrated the genetic

diversity and hybrid zone of HTNV in the ROK. Genetic exchange analysis suggested the

possibility of reassortments in Cheorwon-gun, a highly HFRS-endemic area.
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Conclusions/Significance

The prevalence and distribution of HTNV in HFRS-endemic areas of Gangwon Province

enhanced the phylogeographic map for orthohantavirus outbreak monitoring in ROK. This

study revealed the hybrid zone reflecting the genetic diversity and evolutionary dynamics of

HTNV circulating in Gangwon Province. The results arise awareness of rodent-borne ortho-

hantavirus diseases for physicians in the endemic area of ROK.

Author summary

The genetic and molecular epidemiological studies on small mammals derived from hem-

orrhagic fever with renal syndrome (HFRS)-endemic areas have consistently conducted

for the public health surveillance and mitigation of orthohantavirus outbreak in the

Republic of Korea (ROK). Implementing viral genome-based surveillance at new expan-

sion sites that may identify HFRS risks is critical for tracking the location of orthohanta-

virus infections and diagnosing HFRS. In the present study, whole-genome sequences of

Hantaan virus (HTNV) from small mammals in Gangwon Province were recovered using

multiplex PCR-based next-generation sequencing during 2015–2018. In HFRS-endemic

regions including Cheorwon-gun, Chuncheon-si, and Hwacheon-gun, additional HTNV

genome sequences contribute to establish a high-resolution phylogeographic map for

tracking emerging orthohantavirus-induced diseases. The cline analysis revealed a

remarkable hybrid zone by showing spatial contact regions of HTNV at two sites (Cheor-

won-gun and Hwacheon-gun) and the spatial separation and sequence divergence across

genome segments of HTNV in Gangwon Province. These results demonstrate the genetic

diversity and hybrid zone of HTNV circulating in Gangwon Province. These findings

increase an awareness raising about HFRS in the endemic area of ROK.

Introduction

Hantaan orthohantaviruses (Family Hantaviridae, Order Bunyavirales) are zoonotic negative-

sense single-stranded RNA viruses containing large (L), medium (M), and small (S) segments

[1]. The L segment encodes an RNA-dependent RNA polymerase (RdRp), the M segment

encodes membrane glycoproteins (Gn and Gc), and the S segment contains a nucleocapsid

(N) protein. Rodent-borne orthohantaviruses spread to rodents and humans through the inha-

lation of aerosols from infected animal excreta or rarely a bite. Orthohantavirus infections

cause hemorrhagic fever with renal syndrome (HFRS) and hantavirus cardiopulmonary syn-

drome in humans [2]. HFRS is mainly caused by Old world orthohantaviruses, e.g., Hantaan

virus (HTNV) carried by Apodemus agrarius; Seoul virus carried by Rattus norvegicus and R.

rattus; Dobrava-Belgrade virus carried by A. flavicollis, A. agrarius, and A. ponticus; and Puu-

mala virus (PUUV) carried byMyodes glareolus [3–5]. HFRS poses a critical public health

threat with annual clinical cases of approximately 150,000–200,000 worldwide [6].

Phylogeographic analysis has become an essential tool for the public health surveillance and

molecular epidemiology of infectious diseases when used for tracing the sources of epidemic

infections [7]. Recently, the phylogenetic association between patients with HFRS and natural

reservoirs demonstrated the putative infection location of HTNV [8]. Active surveillance in

HFRS-endemic areas identified the infectious source of HTNV by real-time next-generation

sequencing (NGS), epidemiological interview, and targeted rodent trapping [9]. Emerging
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orthohantavirus infections may occur at any time through contaminated urine, feces, or saliva in

rodent-infested areas. To ascertain geographic prevalence and disease risk assessment of ortho-

hantavirus in HFRS-endemic areas, ROK, genetic and molecular epidemiological studies on

small mammals have consistently been conducted for decades [8,10–17]. Most studies have

demonstrated the serological prevalence and genetic diversity of orthohantaviruses collected

from HFRS patients or rodents in Gyeonggi Province [11–16]. In Gangwon Province, an admin-

istrative province in northeast ROK, approximately 371 HFRS cases have been reported from

2001–2019 [18]: Cheorwon-gun and Hwacheon-gun are highly HFRS-endemic areas. However,

the continued surveillance and genetic study of HTNV remain to be investigated owing to the

lack of virus genome sequences obtained from small mammals in Gangwon Province.

Hybrid zones are geographic regions in which two well-divergent taxa meet and mix [19].

The areas take various shapes from large scales of overlap to narrow contact regions or mosaic

zones [20]. The particular zones are considered stable over evolutionary time [21]. The regions

are characterized by variation in the genotype frequency across hybridization areas. A cline is

formed by the frequencies of different genetic or phenotypic traits across hybrid regions. The

contact zones continued by maintaining a balance between the homogenizing effect of dis-

persal and the diversifying effect of natural selection [22,23]. Hybrid zones were discovered in

a variety of wild organisms [24–27]. Several studies have investigated the occurrence of hybrid

zone between pathogens and their hosts in nature. The contact area plays a role in genetic

diversity and speciation process in beak and feather disease viruses and their reservoirs [28].

Murine cytomegalovirus and their hosts formed a spatial contact in a hybrid zone maintained

by natural selection [29]. Recently, a hybrid zone analysis revealed two distinct Tula virus

(TULV) lineages were co-circulated in a geographical area in which two different evolutionary

clades in the common vole (Microtus arvalis) interact and interbreed [30]. However, to the

best of our knowledge, the hybrid zone of orthohantavirus in the ROK remains unknown.

In this study, epidemiological surveys of small mammals demonstrated the geographic

prevalence of HTNV in Gangwon Province during 2015–2018. Targeted-enriched NGS elic-

ited whole-genome sequences of HTNV acquired at the new expansion sites. The phylogeny of

HTNV showed highly divergence and possible genetic exchanges of tripartite genomes in

nature. In addition, the cline analysis suggested a hybrid zone of HTNV in Cheorwon-gun and

Hwacheon-gun. This study provides significant insights into the phylogenetic diversity and

evolutionary dynamics of orthohantaviruses in HFRS-endemic areas, ROK.

Methods

Ethics statement

All trappings of small mammals were carried out in accordance with the Ethical Guidelines of

the Korea University Institutional Animal Care and Use Committee (KUIACUC #2016–49).

Captured animals were euthanized via cardiac puncture under isoflurane anesthesia. To mini-

mize hazards from potentially infected animals, workers wore thick rubber gloves and protec-

tive clothes. Collected rodents were placed in double plastic bags and transported to Korea

University. Gloved hands were washed with a suitable disinfectant [31]. The experiment was

conducted in the biosafety level 3 facility at Korea University.

Sample collection

Small mammals were captured using Sherman live traps (8 by 9 by 23 cm; H. B. Sherman, Tal-

lahassee, FL, USA) from tall grass and herbaceous vegetation habitats. Field trappings were

performed in multiple sites, including Cheorwon-gun (gun = area) (Jadeung-ri (ri = village),

Wasu-ri, Munhye-ri, Jigyeong-ri, Cheongyang-ri, Gangpo-ri, and Gwanu-ri), Hongcheon-gun
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(Changchon-ri and Daehandong-gil), Hwacheon-gun (Sanyang-ri, Daei-ri, Guman-ri, and

Pungsan-ri), Inje-gun (Seohwa-ri, Deoksan-ri, Gaa-ri, and Cheondo-ri), Pyeongchang-gun

(Nodong-ri and Ganpyeong-ri), and Yanggu-gun (Mandae-ri), in Gangwon Province from

2015 to 2018 (Fig 1). For each day, a total of 100 traps were set at intervals of 1–5 m and exam-

ined for 2–3 days. Traps for small mammals were sequentially numbered, placed in a secure

container, and transported to Korea University where they were euthanized. In Chuncheon-si

(si = city) (Geodu-ri, Sinchon-ri, and Cheonjeon-ri), small mammal trappings were performed

in 20 sites, composed of four different habitats including grasslands, agricultural lands,

ecotone area and forests. The geographic location was shown in the S1 Table. In total, 11 dif-

ferent species of 770 small mammals were collected. The captured animals consisted of 605

Fig 1. Geography of trapping sites of Hantaan virus (HTNV) collected in Gangwon Province, the Republic of Korea. The map shows different trapping

sites where small mammals were captured in Gangwon Province from 2015 to 2018. The colored circle indicates HTNV RNA positive areas: Cheorwon-gun,

green (Gwanu-ri); Chuncheon-si, red (Sinchon-ri); Hwacheon-gun, violet (Sanyang-ri); Yanggu-gun, orange (Mandae-ri). The grey circles represent the areas

negative for HTNV specific RT-PCR: Cheorwon-gun (Jadeung-ri, Wasu-ri, Munhye-ri, Jigyeong-ri, Cheongyang-ri, and Gangpo-ri); Chuncheon-si (Geodu-ri

and Cheonjeon-ri), Hongcheon-gun (Changchon-ri and Daehandong-gil); Hwacheon-gun (Daei-ri, Guman-ri, and Pungsan-ri); Inje-gun (Seohwa-ri,

Deoksan-ri, Gaa-ri, and Cheondo-ri); Pyeongchang-gun (Nodong-ri and Ganpyeong-ri). Adobe Illustrator CS6 (http://www.adobe.com/products/illustrator.

html) was used to create the map.

https://doi.org/10.1371/journal.pntd.0008714.g001
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A. agrarius, 30 A. peninsulae, 61 Crocidura lasiura, 14 C. shantungensis, 5Micromys minutus, 3

Mus musculus, 39M. regulus, 2 R. norvegicus, 4 Sorex mirabilis, 2 Tamias sibiricus, and 5

Tscherskia triton (Table 1). Traps positive for small mammals were sequentially identified by

morphological characteristics [32]. Sera, lung, liver, spleen, and kidney tissues of the rodents

and shrews were collected aseptically. Sera were isolated by centrifugation for 5 min at 4˚C.

Tissue samples were stored at -80˚C until used.

Mitochondrial DNA analysis

Total DNA was extracted from liver tissues using a High Pure PCR Template Preparation Kit

(Roche, Basel, Switzerland). To verify a precise species of small mammals, the cytochrome b
gene of mitochondrial DNA was amplified by universal primers; forward: 5’-CGA AGC TTG

ATA TGA AAA ACC ATC GTT G-3’ and reverse: 5’-CTG GTT TAC AAG ACC AGA GTA

AT’-3’ [33]. The HTNV-positive A. agrarius was phylogenetically confirmed by mitochondrial

DNA cytochrome b gene.

Indirect immunofluorescence antibody (IFA) test

Sera from A. agrarius were diluted 1:32 in phosphate buffered saline (PBS) [34]. The sera were

added to wells of acetone-fixed Vero E6 cells infected with HTNV. The slides were incubated at

37˚C for 30 min. After washing with PBS and distilled water (D.W.), fluorescein isothiocyanate-

conjugated goat anti-mouse immunoglobulin G (IgG) antibody (ICN Pharmaceuticals, Laval,

Quebec, Canada) was added. The plates were incubated at 37˚C for 30 min and then washed

with PBS and D.W. The pattern of virus-specific fluorescence was evaluated to be an indication

of HTNV infection using a fluorescent microscope (Axioscope, Zeiss, Berlin, Germany).

RNA extraction and reverse transcription-polymerase chain reaction

(RT-PCR)

Total RNA was extracted from lung, liver, kidney, and spleen tissues using a FastPrep-24 5G

Instrument (MP Biomedicals, USA) with TRI Reagent Solution (Ambion, Austin, Texas).

Table 1. Summary for small mammals trapping in Gangwon Province from 2015 to 2018.

Species Cheorwon-gun

(%)

Chuncheon-si

(%)

Hongcheon-gun

(%)

Hwacheon-gun

(%)

Inje-gun

(%)

Pyeongchang-gun

(%)

Yanggu-gun

(%)

Total

Apodemus agrarius 93 (83.0) 124 (74.3) 61 (75.3) 124 (80.0) 153 (81.4) 21 (61.8) 29 (87.9) 605

(78.6)

Apodemus peninsulae 1 (0.9) 1 (0.6) 4 (4.9) 2 (1.3) 18 (9.6) 4 (11.8) -a 30 (3.9)

Crocidura lasiura 4 (3.6) 26 (15.6) 4 (4.9) 12 (7.7) 12 (6.4) 3 (8.8) -a 61 (7.9)

Crocidura
shantungensis

1 (0.9) 9 (5.4) 1 (1.2) 2 (1.3) -a 1 (2.9) -a 14 (1.8)

Micromys minutus 2 (1.8) 2 (1.2) -a 1 (0.6) -a -a -a 5 (0.6)

Mus musculus 1 (0.9) -a -a -a -a -a 2 (6.1) 3 (0.4)

Myodes regulus 7 (6.3) 3 (1.8) 7 (8.6) 12 (7.7) 5 (2.7) 4 (11.8) 1 (3.0) 39 (5.1)

Rattus norvegicus 1 (0.9) 1 (1.8) -a 2 (1.3) -a -a 1 (3.0) 2 (0.3)

Sorex mirabilis -a -a 4 (4.9) -a -a -a -a 4 (0.5)

Tamias sibiricus -a 1 (0.6) -a -a -a 1 (2.9) -a 2 (0.3)

Tscherskia triton 2 (1.8) -a -a 2 (1.3) -a -a 1 (3.0) 5 (0.6)

Total 112 167 81 155 188 34 33 770

a No collection

https://doi.org/10.1371/journal.pntd.0008714.t001
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Reverse transcription was conducted with 1 μg of total RNA using a High Capacity RNA-to-

cDNA kit (Applied Biosystems, Foster City, CA, USA) with random hexamers and OSM55

(50-TAG TAG TAG ACT CC-30) [35].

HTNV-specific primer sequences were Han-L-F1 (outer): 5’-ATG TAY GTB AGT GCW

GAT GC-3’, Han-L-R1 (outer): 5’-AAC CAD TCW GTY CCR TCA TC-3’, Han-L-F2 (inner):

5’-TGC WGA TGC HAC NAA RTG GTC-3’ and Han-L-R2 (inner): 5’-GCR TCR TCW GAR

TGR TGD GCA A-3’ for the L segment [36]; G2F1 (outer): 5’-TGG GTG CAA GTG C-3’, G2-

2 (outer): 5’ ACA TGC TGT ACA GCC TGT GCC-3’, G2-1 (inner): 5’-TGG GCT GCA AGT

GCA TCA GAG-3’, G2-4 (inner): 5’-ATG GAT TAC AAC CCC AGC TCG-3’, OSS33 (outer):

5’-GAT ATG AAT GAT TGY TTT GT-3’, OSS34 (outer): 5’- CCA TCA GGG TCT YTC

CA-3’, OSS35 (inner): 5’-TGT ATA ATT GGG ACW GAT TCT AA-3’ and OSS36 (inner):

5’-GCA AAG TTA CAT TTY TTC CT-3’ for the M segment [37,38]; HTN-S6 (outer): 5’-AGC

TCI GGA TCC ATI TCA TC-3’, OSQ84 (outer): 5’-ATC TTA CAT CCT TTG TCG TCC C-

3’, HTN-S4 (inner): 5’-GAI IGI TGT CCA CCA ACA TG-3’ and OSQ85 (inner): 5’-AGT TGT

CCA CAG CCT CCT TT-3’ for the S segment [37,39]. First and second RT-PCR was per-

formed at 94˚C for 5 min, followed by 6 cycles of denaturation at 94˚C for 30 s, annealing at

37˚C for 40 s, and elongation at 72˚C for 1 min; then, 32 cycles of denaturation at 94˚C for 30

s, annealing at 42˚C for 40 s, and elongation at 72˚C for 1 min and a final cycle at 72˚C for 5

min (ProFlex PCR System, Life Technology, CA, USA). PCR products were purified using a

MinElute PCR purification kit (Qiagen, Hilden, Germany) or a QIAquick Gel Extraction Kit

(Qiagen). Sequencing was performed in forward and reversed directions of each PCR product

using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) on an automated

sequencer (ABI 3730XL DNA Analyzer, Applied Biosystems). The whole-genome sequences

of HTNV strains deposited in GenBank (Accession numbers: MT012546-MT012581).

Real-time quantitative PCR (RT-qPCR)

RT-qPCR was performed at 95˚C for 10 min, followed by 40 cycles at 95˚C for 15 s and 60˚C

for 1 min using a Power SYBR Green PCR Master Mix (Applied Biosystems) on a QuantStudio

5 Real-Time PCR System (Applied Biosystems). The primer sequences of HTNV S segment

included a forward primer (5’-TTA TTG TGC TCT TCA TGG TTG C-3’) and a reverse

primer (5’-CAT CCC CTA AGT GGA AGT TGT C-3’) [40].

Multiplex PCR-based next-generation sequencing (NGS)

cDNA was amplified using HTNV-specific primer mixtures and Solg 2X Uh-Taq PCR Smart

mix (Solgent, Seoul, Republic of Korea) according to the manufacturer’s instruction. The

enrichment was performed in 25 μL of reaction mixtures containing 12.5 μL of 2X Uh pre-

mix, 2.0 μL of each primer mixture, 10.5 μL of D.W., and 1.0 μL of DNA template. Multiplex

PCR was performed by a cycle at 95˚C for 15 min, then 40 cycles and/or 25 cycles at 95˚C for

20 s, 50˚C for 40 s, 72˚C for 1 min, and a cycle at 72˚C for 3 min.

DNA libraries were prepared using a TruSeq Nano DNA LT sample preparation kit (Illu-

mina, San Diego, USA) according to the manufacturer’s instructions. To obtain size-selected

amplicons, cDNA templates were mechanically sheared using the M220 focused ultrasonicator

(Covaris, Woburn, MA, USA). The cDNA amplicons were prepared by size-selection, A-tail-

ing, and ligation with indexes and adaptors. The enrichment reaction contained 5 μL of PCR

primer cocktail and 20 μL of enhanced PCR mixture. The quality of libraries was evaluated by

a bioanalyzer using an Agilent DNA 1000 chip kit (Agilent Technologies, Santa Clara, USA).

NGS was performed using MiSeq reagent V2 (Illumina) with 2×150 bp of MiSeq benchtop

sequencer (Illumina).
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Rapid amplification cDNA ends (RACE) PCR

The 3’ and 5’ end sequences of viral genomes were acquired by rapid amplification cDNA end

(RACE) PCR using a SMARTer RACE 5’/3’ Kit (Clontech Laboratories Inc.,Mountain View,

CA, USA) according to the manufacturer’s specifications. Both 3’ and 5’ ends of HTNV strains

were empirically filled up by incomplete complementary sequences [41].

Phylogenetic analysis

Whole-genome sequences of HTNV were aligned by the Clustal W algorithm (Lasergene pro-

gram version 5, DNASTAR Inc. Madison, WI). The phylogenetic trees of HTNV were gener-

ated using the best-fit General Time Reversible (GTR) +gamma (G) +invariable (I) (for L and

M segments) and T92+G (for S segment) models of evolution. Support for the topologies was

assessed by bootstrapping for 1,000 iterations. Model optimizations were calculated for each

data set, followed by the calculation of pairwise genetic distances between HTNV strains using

MEGA 7.0 [42].

Cline analysis

Geographic clines were inferred along one-dimensional transect axes crossing the contact

areas for two diverged HTNV clades using the HZAR package [43]. The software includes

functions for fitting molecular genetic or morphological data from hybrid zones to classic

equilibrium cline models using the Metropolis–Hastings Markov chain Monte Carlo

(MCMC) algorithm. HTNV strains were analyzed by performing 106 generations of an

MCMC sampling after 105 burn-in iterations. Input files for cline analysis include information

on locality distance, genotype frequency, and the number of samples. The hybridization fre-

quency of trapping sites was displayed starting from the western-most locality in Gyeonggi

Province. Genotype frequency data objects were created using the function hzar.doMolecular-

Data1DPops in the software. The hzar.plot.obsData function plots data with mean frequencies

for molecular clines and mean values for morphological clines.

Genetic reassortment analysis

The graph incompatibility based reassortment finder (GiRaF) was performed to confirm reas-

sortment events [44]. Nucleotide alignments of HTNV tripartite segments were used as an

input source for MrBayes [45]. The best nucleotide substitution models were determined

using MEGA 7.0. As input for the software, 1,000 unrooted candidate trees were estimated

using the GTR+G+I substitution model, the burn-in 50,000 iterations (25%), and sampling

every 200 iterations. These trees were used to simulate the phylogenetic uncertainty for seg-

ments; the parameters of the GiRaF were at the default settings. The default value of the confi-

dence threshold was 0.7 for the data set; all events described using GiRaF were at over 0.9

confidence levels [46]. The process was repeated 10 times, with 10 independent MrBayes-

based tree data per segment.

Results

Serological and molecular screening for HTNV

To detect anti-HTNV IgG, IFA test was performed using sera or heart fluid of A. agrarius cap-

tured in Gangwon Province. The representative HTNV-infected sample (Aa15-69) was shown

by IFA test (S1 Fig). A total of 43/605 (7.1%) of A. agrarius samples were seropositive: 14/93

(15.1%) in Cheorwon-gun, 8/124 (6.5%) in Chuncheon-si, 2/61 (3.3%) in Hongcheon-gun, 10/

124 (8.1%) in Hwacheon-gun, 3/153 (2.0%) in Inje-gun, and 6/29 (20.7%) in Yanggu-gun
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(Table 2). Seropositivity of the rodents was not detected in Pyeongchang-gun. The seroposi-

tive samples were examined for viral RNA using HTNV-specific RT-PCR. In total, 26/43

(60.5%) seropositive of A. agrarius harbored HTNV RNA, consisting of 10/14 (71.4%) in

Cheorwon-gun, 7/8 (87.5%) in Chuncheon-si, 4/10 (40.0%) in Hwacheon-gun, and 5/6

(83.3%) in Yanggu-gun.

Multiplex PCR-based NGS of HTNV from A. agrarius captured in

Gangwon Province

The coverage of genome sequences of 15 HTNV strains were 94.7–99.8% for L segments,

97.4–99.6% for M segments, and 99.2% for S segments (Table 3). In total, whole-genome

sequences of 12 HTNV strains were nearly obtained in Cheorwon-gun, Chuncheon-si, Hwa-

cheon-gun, and Yanggu-gun. The whole-genome sequencing of Aa17-338 showed low cover-

ages of the L and M segments corresponding to the lowest viral load. We acquired the 3’ and 5’

termini sequences of Aa17-421 using RACE PCR to complete the whole-genome sequencing

of HTNV.

Phylogenetic analysis

The L and M segments of Aa15-69, Aa15-74, Aa15-82, and Aa15-84 in Hwacheon-gun

(Sanyang-ri) phylogenetically grouped with HTNV in Cheorwon-gun (Munhye-ri) (Fig 2).

The HTNV S segment (Sanyang-ri) clustered with the HTNV in Cheorwon-gun (Gwanu-ri).

Table 2. Serological and molecular screening results of Hantaan virus (HTNV) from Apodemus agrarius captured in Gangwon Province during 2015–2018.

Site Year Number of captured samples Seropositivity for anti-HTNV IgG (%) RT-PCR positivity (%)

Cheorwon-gun 2015 28 6/28 (21.4) 6/6 (100.0)

2016 12 1/12 (8.3) 0/1

2017 49 7/49 (14.3) 4/7 (57.1)

2018 4 0/4 -a

subtotal 93 14/93 (15.1) 10/14 (71.4)

Chuncheon-si 2017 100 7/100 (7.0) 7/7 (100.0)

2018 24 1/24 (4.2) 0/1

subtotal 124 8/124 (6.5) 7/8 (87.5)

Hongcheon-gun 2015 52 1/52 (1.9) 0/1

2018 9 1/9 (11.1) 0/1

subtotal 61 2/61 (3.3) 0/2

Hwacheon-gun 2015 27 5/27 (18.5) 4/5 (80.0)

2016 42 1/42 (2.4) 0/1

2017 55 4/55 (7.3) 0/4

subtotal 124 10/124 (8.1) 4/10 (40.0)

Inje-gun 2015 109 3/109 (2.8) 0/3

2016 44 0/44 -a

subtotal 153 3/153 (2.0) 0/3

Pyeongchang-gun 2015 6 0/6 -a

2018 15 0/15 -a

subtotal 21 0/21 -a

Yanggu-gun 2018 29 6/29 (20.7) 5/6 (83.3)

Total 605 43/605 (7.1) 26/43 (60.5)

a Not-determined

https://doi.org/10.1371/journal.pntd.0008714.t002
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The L segments of Aa17-421 and Aa17-422 in Chuncheon-si (Sinchon-ri) showed a genetic

lineage with HTNV strains in Paju-si (Jangjwa-ri) and Hwacheon-gun (Samil-ri). The HTNV

M segment (Sinchon-ri) formed a distinct group from all other strains in Gyeonggi and Gang-

won Provinces. The HTNV S segment (Sinchon-ri) clustered with the HTNV in Cheorwon-

gun (Munhye-ri) and Hwacheon-gun (Samil-ri). The L and M segments of Aa17-337, Aa17-

353, and Aa17-367 in Cheorwon-gun (Gwanu-ri) clustered with the HTNV in Cheorwon-gun

(Munhye-ri) and Hwacheon-gun (Sanyang-ri). The HTNV S segment (Gwanu-ri) phylogenet-

ically grouped with HTNV in Hwacheon-gun (Sanyang-ri). The L segment of Aa18-164,

Aa18-179, and Aa18-185 in Yanggu-gun (Mandae-ri) shared a common ancestor with HTNV

in Cheorwon-gun (Munhye-ri and Gwanu-ri) and Hwacheon-gun (Sanyang-ri). The HTNV

M segment (Mandae-ri) showed a genetic lineage with HTNV strains in Hwacheon-gun

(Samil-ri). The HTNV S segment (Mandae-ri) formed a homologous genetic lineage with

HTNV in Cheorwon-gun (Gwanu-ri) and Hwacheon-gun (Sanyang-ri).

Hybrid zone analysis

A cline analysis inferred the change in the population frequency of diverged clades, defined by

Gyeonggi and Gangwon Provinces, along geographic transects (Table 4). The frequency varia-

tion was estimated according to each segment, and this analysis showed that the pattern of

transition between HTNV clades in the L and S segments was spatially similar (Fig 3). The

transition pattern of the M segment was heterogeneous and significantly steeper compared to

other segments. Geographic contacts were found between two phylogenetic lineages of HTNV

in the ROK. In the L and S segments, hybrid zones were observed in Cheorwon-gun and Hwa-

cheon-gun (64.3–89.4 km from Paju-si) whereas contact regions were detected only in Hwa-

cheon-gun in the M segment. The range of the hybrid zone is approximately 20–25 km and

Table 3. Next-generation sequencing coverages of Hantaan virus (HTNV) from rodents collected during 2015 to 2018.

Site Strain Ct value Origin IFA titer HTNV genome coverage (%)b

L segment M segment S segment

Sanyang-ri, Hwacheon-gun Aa15-69a 27.2 Lung 1:2048 99.8 99.6 99.2

Aa15-74a 21.7 Lung 1:2048 99.8 99.6 99.2

Aa15-82a 28.9 Lung 1:128 99.8 99.6 99.2

Aa15-84a 28.7 Lung 1:256 99.8 99.6 99.2

Gwanu-ri, Cheorwon-gun Aa17-337a 28.4 Lung 1:2048 99.8 99.6 99.2

Aa17-338 36.1 Spleen 1:64 42.4 54.2 99.2

Aa17-353a 24.9 Lung 1:8192 99.8 99.6 99.2

Sinchon-ri, Chuncheon-si Aa17-367a 25.0 Lung 1:1024 99.8 99.6 99.2

Aa17-421a 23.6 Lung 1:8192 99.8 99.6 99.2

Aa17-422a 20.1 Lung 1:4096 99.8 99.6 99.2

Aa17-434 30.3 Spleen 1:512 94.7 97.6 99.2

Mandae-ri, Yanggu-gun Aa18-164a 16.3 Lung 1:8192 99.8 99.6 99.2

Aa18-177 27.7 Lung 1:16384 98.8 97.4 99.2

Aa18-179a 27.1 Lung 1:16384 99.8 99.6 99.2

Aa18-183 28.1 Spleen 1:8192 96.1 99.6 99.2

Aa18-185a 20.5 Lung 1:4096 99.8 99.6 99.2

Aa, Apodemus agrarius; Ct, cycle threshold; L, large; M, medium; S, small.
a Whole-genome sequences of 12 HTNV strains were nearly recovered by multiplex PCR-based NGS.
b Genome coverages were calculated by comparing genome sequences of the prototype HTNV 76–118 (L segment, 6,533 nt; M segment, 3,616 nt; S segment, 1,696 nt)

https://doi.org/10.1371/journal.pntd.0008714.t003
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distributed in Cheorwon-gun (Aa14-362, Aa14-368, Aa15-56, Aa15-58, Aa17-337, Aa17-353,

and Aa17-367) and Hwacheon-gun (Aa14-266, Aa14-272, Aa15-69, Aa15-74, Aa15-82, and

Aa15-84) (Fig 4). Analysis of the genotype frequency for HTNV L, M, and S segments was

divided into three clades; HTNV strains from Paju-si, Pocheon-si, Yeoncheon-gun, and

Chuncheon-si showed the frequency of clade was Adaa of 1 (Genotype of Gyeonggi) as

referred to the Clade I. The clade frequency of HTNV strains from Yanggu-gun belonged to

Fig 2. Phylogeographic analysis of Hantaan virus (HTNV) from rodents collected in Gangwon Province. Whole-genome sequences of HTNV from lung or spleen

tissues of RT-PCR positive A. agrarius were obtained by multiplex PCR-based NGS and RACE PCR. Phylogenetic trees of HTNV (A) L segments, (B) M segments, and

(C) S segments were generated by ML method. Branch lengths are proportional to the number of nucleotide substitutions, while vertical distances are for clarity. The

numbers at each node are bootstrap probabilities, as determined for 1,000 iterations. The colors indicate specific sites in Gangwon Province; violet, Sanyang-ri in

Hwacheon-gun; red, Sinchon-ri in Chuncheon-si; green, Gwanu-ri in Cheorwon-gun; orange, Mandae-ri in Yanggu-gun, respectively. The following HTNV sequences

were used: Aa03-387 (L segment, KT934958; M segment, KT934992; S segment, KT935026), Aa04-722 (L segment, KU2071740; M segment, KU207182; S segment,

KU207190), Aa05-190 (L segment, KT934959; M segment, KT934993; S segment, KT935027), Aa05-331 (L segment, KT934962; M segment, KT934996; S segment,

KT935030), Aa09-410 (L segment, KU207177; M segment, KU207185; S segment, KU207193), Aa09-948 (L segment, KT934966; M segment, KT935000; S segment,

KT935034), Aa10-288 (L segment, KT934969; M segment, KT935003; S segment, KT935037), Aa10-434 (L segment, KT934970; M segment, KT935004; S segment,

KT935038), Aa10-518 (L segment, KT934971; M segment, KT935005; S segment, KT935039), Aa14-204 (L segment, KT934977; M segment, KT935011; S segment,

KT935045), Aa14-406 (L segment, KT934985; M segment, KT935019; S segment, KT935053), Aa14-172 (L segment, KT934974; M segment, KT935008; S segment,

KT935042), Aa14-362 (L segment, KT934981; M segment, KT935015; S segment, KT935049), Aa14-368 (L segment, KT934982; M segment, KT935016; S segment,

KT935050), Aa14-412 (L segment, KT934987; M segment, KT935021; S segment, KT935055), Aa15-56 (L segment, KU207179; M segment, KU207187; S segment,

KU207195), Aa15-58 (L segment, KU207180; M segment, KU207188; S segment, KU207196), HTNV 76–118 (L segment, NC005222; M segment, M14627; S segment,

M14626), HTNV HV004 (L segment, JQ083393; M segment, JQ083394; S segment, JQ093395), DOBV Saaremaa/160V (L segment, AJ410618; M segment, AJ009774; S

segment, AJ009773) and SEOV 80–39 (L segment, NC_005238; M segment, NC_005237; S segment, NC_005236).

https://doi.org/10.1371/journal.pntd.0008714.g002

Table 4. Frequency of genotype clades of Hantaan virus and the number of samples for the hybrid zone between the Gyeonggi and Gangwon Provinces.

Clade Site Distance (km) L segment M segment S segment Number of samples

Adaa Adab Adaa Adab Adaa Adab

I Paju-si 0 1 0 1 0 1 0 6

Pocheon-si 39.8 1 0 1 0 1 0 3

Yeoncheon-gun 45.3 1 0 1 0 1 0 2

Chuncheon-si 84.8 1 0 -a -a 1 0 2

Hybrid zone Cheorwon-gun 64.3 0.286 0.714 1 0 0.571 0.429 7

Hwacheon-gun 89.4 0.333 0.667 0.667 0.333 0.333 0.667 6

II Yanggu-gun 112.4 0 1 0 1 0 1 5

Adaa; Frequency of clade I, Adab; Frequency of clade II; L, large; M, medium; S, small.
a Not-determined

https://doi.org/10.1371/journal.pntd.0008714.t004
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Adab of 1 (Genotype of Gangwon), as referred to the Clade II. Finally, Cheorwon-gun and

Hwacheon-gun were selected as a hybrid zone between the clades I and II.

Genetic reassortment of HTNV

The occurrence of genetic exchange between segments (L and M, L and S, and M and S) was

confirmed using the GiRaF program. The GiRaF analysis demonstrated that the reassortment

event was detected between the M and S segments of HTNV in Aa15-56 and Aa15-58. The

reassortment events were found in 100% of independent GiRaF runs by 10 times, and all

events were supported over 0.9 confidence levels. However, additional genetic exchanges were

not identified between L and the other two segments.

Discussion

Epidemiological prevalence and genetic diversity of orthohantaviruses in nature reservoirs

play a critical role in understanding of hantaviral diseases in HFRS-endemic areas. In 2005,

HTNV genome sequences acquired from four HFRS patients at training sites near the Demili-

tarized Zone, ROK, showed an epidemiological link with viral sequences obtained by targeted

rodent trapping at six training sites where patients had exercised [13]. These results help early

diagnosis and prevention of HFRS patients by establishing a database to infer epidemiological

and emergent dynamics of hantaviral genomes sequenced in endemic regions [47]. To inten-

sify the resolution of phylogeographic map of orthohantaviruses, whole-genome sequences of

HTNV were recovered from small mammals in Gangwon Province during 2015–2018. Addi-

tional genome sequences from three regions, Cheorwon-gun, Chuncheon-si, and Hwacheon-

gun in Gangwon Province, were obtained to enhance the geographical data available for sur-

veilling HFRS incidence by genomic epidemiology (Fig 2). Here, HTNV strains were first

detected in Chuncheon-si. Thus, there should be vigilance for potential human orthohanta-

virus infections in the region.

Fig 3. Geographic clines and phylogenetic clades representing the transition between genetic lineages of Hantaan virus (HTNV) in the Republic of Korea.

Geographic clines show estimated changes in the population frequency of characters along geographic transects in Gyeonggi and Gangwon Provinces. The symbol sizes

are equivalent to the number of samples and symbol colors to the genotype frequency per location (green, clade I; orange, hybrid zone; violet, clade II). The regions of

95% credible cline are shown in gray shade. Dotted lines indicate the distribution of the hybrid zone.

https://doi.org/10.1371/journal.pntd.0008714.g003
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Hybrid zones are geographic regions in which genetically divergent populations contact

and mix [23]. The areas allow to observe interactions with two different genotypes and the pro-

cess of speciation [21,48]. The two diverged clades of PUUV were circulated in a single host

lineage, and inter-lineage reassortments of PUUV were detected in northern Finland [26]. The

hybrid zone of TULV demonstrates correlation between the distribution of two phylogenetic

lineages in TULV and their host clades in the European common vole (M. arvalis) [30]. The

spatial transition between TULV lineages was narrower than clades of their reservoirs. In this

study, spatial contact regions of HTNV were investigated through the cline analysis. The

results revealed a remarkable hybrid zone at two sites (Cheorwon-gun and Hwacheon-gun) in

Gangwon Province and showed the spatial separation and sequence divergence across genome

segments of HTNV (Fig 3). Although the impact of fitness differences between individuals in

the local population cannot be ignored, one might expect the hybrid zone to move in favor of

the fitter genotype [49–52]. The genotype frequency (Adaa of 1) of the M segment in Cheor-

won-gun indicated the M segment is completely compatible with the clade I. In Hwacheon-

gun, the HTNV M segment showed a selected genetic phenotype of the clade I with the Adaa

Fig 4. The hybrid zone of Hantaan virus (HTNV) found between two diverged clades in Gyeonggi and Gangwon Provinces. This map shows the geographic

distribution of the genetic lineages of HTNV in Gyeonggi and Gangwon Provinces, Republic of Korea. The hybrid zone is observed at two sites (Cheorwon-gun and

Hwacheon-gun) in Gangwon Province. The pink circle indicates the contact regions between two clades of HTNV in the hybrid zone. The colors represent specific

genetic lineages: Green, clade I; orange, hybrid zone; violet, clade II. The geographic map was created by Quantum Geographical Information System (QGIS) software

V.3.4.

https://doi.org/10.1371/journal.pntd.0008714.g004
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of 0.667 and Adab of 0.333. These results demonstrated that the M segment of HTNV may be

preferentially compatible with the clade I in the hybrid zone. The genetic lineage of HTNV L

segment in Cheorwon-gun showed higher frequency of Adab (Genotype of Gangwon) com-

pared with the M and S segments. The results showed that HTNV L segment may be compati-

ble with the L segment depending on the geographic origin.

Segmented RNA viruses have the capacity to exchange genome segments by genetic reas-

sortment [53]. Several orthohantaviruses, including the PUUV, Sin Nombre virus (SNV), and

HTNV, have been described with the intra- and inter-lineage reassortment between closely

related variants [26,54–56]. In the previous study, reassortment analysis reported that a genetic

exchange in HTNV might occur in nature [18]. The genetic exchange of SNV was reported on

the M segment in nature and in vitro [57,58]. Andes virus also has high level molecular diver-

sity in the M segment, resulting in five diverged clades related to geographic origins in the

South Americas [59]. These reports consistently showed that the possible exchanges of the M

segment had lower genetic compatibility requirements and higher genetic tolerance than the L

and S segments [49,60,61]. However, a homologous association between the L and M segments

was observed in PUUV [62]. Genetic reassortments of HTNV strains (2/11; 18.2%) in the

hybrid zone was detected using GiRaF analysis. The GiRaF analysis demonstrated that Aa15-

56 and Aa15-58 from Cheorwon-gun were reassortants that have phylogenetic heterogeneity

between the M and S segments. However, additional reassortants were not found between the

L and the other two segments. The genetic compatibility and homologous relationships among

hantaviral genome segments remain to be studied.

This study led us the hypothesis that genetic exchange rates of HTNV may be associated

with the hybrid zone. Co-circulation of different lineages within hybrid zones presented the

opportunity to confer genetic exchanges and dominance of the virus genome between these

two genetic groups. The genetic exchanges confer viral characteristics including fitness, trans-

mission, and pathogenesis [63]. The genetic reassortments of different segments promoted the

evasion of host immunity and the occurrence of epidemics in influenza A virus and rotavirus

A [64–66]. Continued reassortment of human immunodeficiency virus gave rise to genetic

variants with transmissibility and altered virulence in humans [67]. A genetic exchange of the

M segment of DOBV occurred between low pathogenic DOBV-Aa and highly pathogenic

DOBV-Af [68]. In this study, HTNV in Cheorwon-gun showed genome organization compat-

ible with reassortments between Gyeonggi and Gangwon Provinces. The cline analysis demon-

strated that Cheorwon-gun and Hwacheon-gun were a hybrid zone among HTNV population

in northern areas, ROK. However, some questions remain to be further investigated: 1)

whether the genetic exchange of hantaviruses associates with the co-existence of different

genetic lineages; 2) whether the biological consequence of the reassortment affects the patho-

genicity in humans.

In summary, the prevalence and distribution of HTNV in HFRS-endemic areas of Gang-

won Province enhance the phylogeographic maps for the monitoring and response to ortho-

hantavirus outbreaks in the ROK. The hybrid zone analysis reveals hybridization of HTNV

strains and the reassortment analysis suggests a natural occurrence of HTNV genetic exchange

in the ROK. The finding provides significant insights into the genetic diversity and evolution-

ary dynamics of HTNV circulating in Gangwon Province. This report increases awareness of

the rodent borne-orthohantavirus disease for physicians in the endemic area of ROK.
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S1 Fig. Immunofluorescence on Hantaan virus (HTNV)-infected Vero E6 cells. (A) The

representative HTNV-infected sample (Aa15-69) was shown in the S1 Fig. (B) The negative

control was confirmed by PBS. (C) The positive control was an image of Vero E6 cells infected

with HTNV 76–118 (the prototype of orthohantavirus). The arrow (red) is the antigen spot

identified in the positive sample.

(TIF)

Acknowledgments

We thank Mr. Su-Am Kim for trapping animals and Ms. Kkothanahreum Park for supporting

the autopsy of small mammals at Korea University.

Author Contributions

Conceptualization: Geum-Young Lee, Won-Keun Kim, Kyungmin Park.

Data curation: Geum-Young Lee, Won-Keun Kim, Kyungmin Park.

Formal analysis: Geum-Young Lee, Won-Keun Kim, Kyungmin Park, Seung-Ho Lee.

Funding acquisition: Jin Sun No, Jin-Won Song.

Investigation: Geum-Young Lee, Won-Keun Kim, Kyungmin Park.

Methodology: Geum-Young Lee, Won-Keun Kim, Kyungmin Park, Seung-Ho Lee, Jin Sun

No, Seungchan Cho.

Resources: Kyungmin Park, Seung-Ho Lee, Jusun Hwang, Daesang Lee, Dong-Hyun Song, Se

Hun Gu, Man-Seong Park, Seong Tae Jeong, Young-Su Kim.

Supervision: Jin Sun No, Jin-Won Song.

Validation: Seung-Ho Lee, Jin Sun No, Seungchan Cho.

Visualization: Geum-Young Lee, Won-Keun Kim, Kyungmin Park.

Writing – original draft: Geum-Young Lee, Won-Keun Kim, Kyungmin Park.

Writing – review & editing: Jin Sun No, Jin-Won Song.

References
1. Vapalahti O, Lundkvist A, Fedorov V, Conroy CJ, Hirvonen S, Plyusnina A, et al. Isolation and charac-

terization of a hantavirus from Lemmus sibiricus: evidence for host switch during hantavirus evolution. J

Virol. 1999; 73:5586–5592. https://doi.org/10.1128/JVI.73.7.5586-5592.1999 PMID: 10364307

2. Mattar S, Guzman C, Figueiredo LT. Diagnosis of hantavirus infection in humans. Expert Rev Anti Infect

Ther. 2015; 13:939–946. https://doi.org/10.1586/14787210.2015.1047825 PMID: 26091780

3. Weiss S, Witkowski PT, Auste B, Nowak K, Weber N, Fahr J, et al. Hantavirus in Bat, Sierra Leone.

Emerging Infectious Diseases. 2012; 18:159–161. WOS:000298973000033 https://doi.org/10.3201/

eid1801.111026 PMID: 22261176

4. Vaheri A, Strandin T, Hepojoki J, Sironen T, Henttonen H, Makela S, et al. Uncovering the mysteries of

hantavirus infections. Nature Reviews Microbiology. 2013; 11:539–550. WOS:000321827300011

https://doi.org/10.1038/nrmicro3066 PMID: 24020072

5. Bi Z, Formenty PB, Roth CE. Hantavirus infection: a review and global update. J Infect Dev Ctries.

2008; 2:3–23. https://doi.org/10.3855/jidc.317 PMID: 19736383

6. Jonsson CB, Figueiredo LT, Vapalahti O. A global perspective on hantavirus ecology, epidemiology,

and disease. Clin Microbiol Rev. 2010; 23:412–441. https://doi.org/10.1128/CMR.00062-09 PMID:

20375360

7. Gardy JL, Loman NJ. Towards a genomics-informed, real-time, global pathogen surveillance system.

Nat Rev Genet. 2018; 19:9–20. https://doi.org/10.1038/nrg.2017.88 PMID: 29129921

PLOS NEGLECTED TROPICAL DISEASES Phylogeographic Diversity and Hybrid Zone of Hantaan orthohantavirus, Republic of Korea

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008714 October 9, 2020 14 / 18

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008714.s002
https://doi.org/10.1128/JVI.73.7.5586-5592.1999
http://www.ncbi.nlm.nih.gov/pubmed/10364307
https://doi.org/10.1586/14787210.2015.1047825
http://www.ncbi.nlm.nih.gov/pubmed/26091780
https://doi.org/10.3201/eid1801.111026
https://doi.org/10.3201/eid1801.111026
http://www.ncbi.nlm.nih.gov/pubmed/22261176
https://doi.org/10.1038/nrmicro3066
http://www.ncbi.nlm.nih.gov/pubmed/24020072
https://doi.org/10.3855/jidc.317
http://www.ncbi.nlm.nih.gov/pubmed/19736383
https://doi.org/10.1128/CMR.00062-09
http://www.ncbi.nlm.nih.gov/pubmed/20375360
https://doi.org/10.1038/nrg.2017.88
http://www.ncbi.nlm.nih.gov/pubmed/29129921
https://doi.org/10.1371/journal.pntd.0008714


8. Kim WK, Kim JA, Song DH, Lee D, Kim YC, Lee SY, et al. Phylogeographic analysis of hemorrhagic

fever with renal syndrome patients using multiplex PCR-based next generation sequencing. Sci Rep.

2016; 6:26017. https://doi.org/10.1038/srep26017 PMID: 27221218

9. Kim WK, No JS, Lee D, Jung J, Park H, Yi Y, et al. Active Targeted Surveillance to Identify Sites of

Emergence of Hantavirus. Clin Infect Dis. 2019. https://doi.org/10.1093/cid/ciz234: https://doi.org/10.

1093/cid/ciz234 PMID: 30891596

10. Song DH, Kim WK, Gu SH, Lee D, Kim JA, No JS, et al. Sequence-Independent, Single-Primer Amplifi-

cation Next-Generation Sequencing of Hantaan Virus Cell Culture-Based Isolates. Am J Trop Med Hyg.

2017; 96:389–394. https://doi.org/10.4269/ajtmh.16-0683 PMID: 27895275

11. Klein TA, Kim HC, Chong ST, Kim JA, Lee SY, Kim WK, et al. Hantaan virus surveillance targeting

small mammals at nightmare range, a high elevation military training area, Gyeonggi Province, Republic

of Korea. PLoS One. 2015; 10:e0118483. https://doi.org/10.1371/journal.pone.0118483 PMID:

25874643

12. Klein TA, Kim HC, Chong ST, O’Guinn ML, Lee JS, Turell MJ, et al. Hantaan virus surveillance in small

mammals at firing points 10 and 60, Yeoncheon, Gyeonggi Province, Republic of Korea. Vector Borne

Zoonotic Dis. 2012; 12:674–682. https://doi.org/10.1089/vbz.2011.0618 PMID: 22607077

13. Song JW, Moon SS, Gu SH, Song KJ, Baek LJ, Kim HC, et al. Hemorrhagic fever with renal syndrome

in 4 US soldiers, South Korea, 2005. Emerg Infect Dis. 2009; 15:1833–1836. https://doi.org/10.3201/

eid1511.090076 PMID: 19891878

14. Klein TA, Kang HJ, Gu SH, Moon S, Shim SH, Park YM, et al. Hantaan virus surveillance targeting

small mammals at Dagmar North Training Area, Gyeonggi Province, Republic of Korea, 2001–2005. J

Vector Ecol. 2011; 36:373–381. https://doi.org/10.1111/j.1948-7134.2011.00178.x PMID: 22129409

15. Sachar DS, Narayan R, Song JW, Lee HC, Klein TA. Hantavirus infection in an active duty U.S. Army

soldier stationed in Seoul, Korea. Mil Med. 2003; 168:231–233. PMID: 12685690

16. Kim HC, Klein TA, Kang HJ, Gu SH, Moon SS, Baek LJ, et al. Ecological surveillance of small mammals

at Dagmar North Training Area, Gyeonggi Province, Republic of Korea, 2001–2005. J Vector Ecol.

2011; 36:42–54. https://doi.org/10.1111/j.1948-7134.2011.00139.x PMID: 21635640

17. Kim HC, Kim WK, No JS, Lee SH, Gu SH, Chong ST, et al. Urban Rodent Surveillance, Climatic Associ-

ation, and Genomic Characterization of Seoul Virus Collected at U.S. Army Garrison, Seoul, Republic

of Korea, 2006–2010. Am J Trop Med Hyg. 2018; 99:470–476. https://doi.org/10.4269/ajtmh.17-0459

PMID: 29869603

18. Kim JA, Kim WK, No JS, Lee SH, Lee SY, Kim JH, et al. Genetic Diversity and Reassortment of Han-

taan Virus Tripartite RNA Genomes in Nature, the Republic of Korea. PLoS Negl Trop Dis. 2016; 10:

e0004650. https://doi.org/10.1371/journal.pntd.0004650 PMID: 27315053

19. Barton NH, Hewitt GM. Adaptation, speciation and hybrid zones. Nature. 1989; 341:497–503. https://

doi.org/10.1038/341497a0 PMID: 2677747

20. Arnold ML. Natural Hybridization as an Evolutionary Process. Annual Review of Ecology and Systemat-

ics. 1992; 23:237–261. WOS:A1992JZ28100010

21. Endler JA. Geographic variation, speciation, and clines. Monogr Popul Biol. 1977; 10:1–246. PMID:

409931

22. Slatkin M. Gene flow and selection in a cline. Genetics. 1973; 75:733–756. PMID: 4778791

23. Barton NH, Hewitt GM. Analysis of Hybrid Zones. Annual Review of Ecology and Systematics. 1985;

16:113–148. WOS:A1985AUL3900006

24. Leache AD, Cole CJ. Hybridization between multiple fence lizard lineages in an ecotone:locally discor-

dant variation in mitochondrial DNA, chromosomes, and morphology. Molecular Ecology. 2007;

16:1035–1054. WOS:000244245300010 https://doi.org/10.1111/j.1365-294X.2006.03194.x PMID:

17305859

25. Ottenburghs J. Exploring the hybrid speciation continuum in birds. Ecology and Evolution. 2018;

8:13027–13034. WOS:000454523500058 https://doi.org/10.1002/ece3.4558 PMID: 30619602

26. Razzauti M, Plyusnina A, Sironen T, Henttonen H, Plyusnin A. Analysis of Puumala hantavirus in a

bank vole population in northern Finland: evidence for co-circulation of two genetic lineages and fre-

quent reassortment between strains. J Gen Virol. 2009; 90:1923–1931. https://doi.org/10.1099/vir.0.

011304-0 PMID: 19386780

27. Campbell DR, Faidiga A, Trujillo G. Clines in traits compared over two decades in a plant hybrid zone.

Ann Bot. 2018; 122:315–324. https://doi.org/10.1093/aob/mcy072 PMID: 29800076

28. Eastwood JR, Berg ML, Ribot RF, Raidal SR, Buchanan KL, Walder KR, et al. Phylogenetic analysis of

beak and feather disease virus across a host ring-species complex. Proc Natl Acad Sci U S A. 2014;

111:14153–14158. https://doi.org/10.1073/pnas.1403255111 PMID: 25225394

PLOS NEGLECTED TROPICAL DISEASES Phylogeographic Diversity and Hybrid Zone of Hantaan orthohantavirus, Republic of Korea

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008714 October 9, 2020 15 / 18

https://doi.org/10.1038/srep26017
http://www.ncbi.nlm.nih.gov/pubmed/27221218
https://doi.org/10.1093/cid/ciz234
https://doi.org/10.1093/cid/ciz234
https://doi.org/10.1093/cid/ciz234
http://www.ncbi.nlm.nih.gov/pubmed/30891596
https://doi.org/10.4269/ajtmh.16-0683
http://www.ncbi.nlm.nih.gov/pubmed/27895275
https://doi.org/10.1371/journal.pone.0118483
http://www.ncbi.nlm.nih.gov/pubmed/25874643
https://doi.org/10.1089/vbz.2011.0618
http://www.ncbi.nlm.nih.gov/pubmed/22607077
https://doi.org/10.3201/eid1511.090076
https://doi.org/10.3201/eid1511.090076
http://www.ncbi.nlm.nih.gov/pubmed/19891878
https://doi.org/10.1111/j.1948-7134.2011.00178.x
http://www.ncbi.nlm.nih.gov/pubmed/22129409
http://www.ncbi.nlm.nih.gov/pubmed/12685690
https://doi.org/10.1111/j.1948-7134.2011.00139.x
http://www.ncbi.nlm.nih.gov/pubmed/21635640
https://doi.org/10.4269/ajtmh.17-0459
http://www.ncbi.nlm.nih.gov/pubmed/29869603
https://doi.org/10.1371/journal.pntd.0004650
http://www.ncbi.nlm.nih.gov/pubmed/27315053
https://doi.org/10.1038/341497a0
https://doi.org/10.1038/341497a0
http://www.ncbi.nlm.nih.gov/pubmed/2677747
http://www.ncbi.nlm.nih.gov/pubmed/409931
http://www.ncbi.nlm.nih.gov/pubmed/4778791
https://doi.org/10.1111/j.1365-294X.2006.03194.x
http://www.ncbi.nlm.nih.gov/pubmed/17305859
https://doi.org/10.1002/ece3.4558
http://www.ncbi.nlm.nih.gov/pubmed/30619602
https://doi.org/10.1099/vir.0.011304-0
https://doi.org/10.1099/vir.0.011304-0
http://www.ncbi.nlm.nih.gov/pubmed/19386780
https://doi.org/10.1093/aob/mcy072
http://www.ncbi.nlm.nih.gov/pubmed/29800076
https://doi.org/10.1073/pnas.1403255111
http://www.ncbi.nlm.nih.gov/pubmed/25225394
https://doi.org/10.1371/journal.pntd.0008714


29. Gouy de Bellocq J, Baird SJ, Albrechtova J, Sobekova K, Pialek J. Murine cytomegalovirus is not

restricted to the house mouse Mus musculus domesticus: prevalence and genetic diversity in the Euro-

pean house mouse hybrid zone. J Virol. 2015; 89:406–414. https://doi.org/10.1128/JVI.02466-14

PMID: 25320317

30. Ling J, Smura T, Tamarit D, Huitu O, Voutilainen L, Henttonen H, et al. Evolution and postglacial coloni-

zation of Seewis hantavirus with Sorex araneus in Finland. Infect Genet Evol. 2018; 57:88–97. https://

doi.org/10.1016/j.meegid.2017.11.010 PMID: 29133028

31. Mills JN, Yates TL, Childs JE, Parmenter RR, Ksiazek TG, Rollin PE, et al. Guidelines for Working with

Rodents Potentially Infected with Hantavirus. Journal of Mammalogy. 1995; 76:716–722. WOS:

A1995RQ81100005

32. Wilson DE, Lacher TE. Handbook of the mammals of the world. Volume 7. Publisher: Lynx Edicions;

2017.

33. Irwin DM, Kocher TD, Wilson AC. Evolution of the cytochrome b gene of mammals. J Mol Evol. 1991;

32:128–144. https://doi.org/10.1007/BF02515385 PMID: 1901092

34. Lee HW, Lee PW, Johnson KM. Isolation of the etiologic agent of Korean Hemorrhagic fever. J Infect

Dis. 1978; 137:298–308. https://doi.org/10.1093/infdis/137.3.298 PMID: 24670

35. Song JW, Kang HJ, Song KJ, Truong TT, Benneft SN, Arai S, et al. Newfound hantavirus in Chinese

mole hantavirus in Chinese mole shrew, Vietnam. Emerging Infectious Diseases. 2007; 13:1784–1787.

WOS:000250860500030 https://doi.org/10.3201/eid1311.070492 PMID: 18217572

36. Klempa B, Fichet-Calvet E, Lecompte E, Auste B, Aniskin V, Meisel H, et al. Hantavirus in African wood

mouse, Guinea. Emerging Infectious Diseases. 2006; 12:838–840. https://doi.org/10.3201/eid1205.

051487 WOS:000237187200024 PMID: 16704849

37. Song JW, Baek LJ, Kim SH, Kho EY, Kim JH, Yanagihara R, et al. Genetic diversity of Apodemus agrar-

ius-borne Hantaan virus in Korea. Virus Genes. 2000; 21:227–232. WOS:000165219400012 https://

doi.org/10.1023/a:1008199800011 PMID: 11129640

38. Kim HC, Klein TA, Chong ST, Collier BW, Yi SC, Song KJ, et al. Seroepidemiological survey of rodents

collected at a US military installation, Yongsan Garrison, Seoul, Republic of Korea. Military Medicine.

2007; 172:759–764. WOS:000248010100017 https://doi.org/10.7205/milmed.172.7.759 PMID:

17691691

39. Arthur RR, Lofts RS, Gomez J, Glass GE, Leduc JW, Childs JE. Grouping of Hantaviruses by Small (S)

Genome Segment Polymerase Chain-Reaction and Amplification of Viral-RNA from Wild-Caught Rats

(Vol 47, Pg 210, 1992). American Journal of Tropical Medicine and Hygiene. 1993; 48:R5–R5. WOS:

A1993KX84900002

40. No JS, Kim WK, Kim JA, Lee SH, Lee SY, Kim JH, et al. Detection of Hantaan virus RNA from anti-Han-

taan virus IgG seronegative rodents in an area of high endemicity in Republic of Korea. Microbiol Immu-

nol. 2016; 60:268–271. https://doi.org/10.1111/1348-0421.12370 PMID: 26917012

41. Kim HC, Kim WK, Klein TA, Chong ST, Nunn PV, Kim JA, et al. Hantavirus surveillance and genetic

diversity targeting small mammals at Camp Humphreys, a US military installation and new expansion

site, Republic of Korea. Plos One. 2017; 12: WOS:000400383600092 https://doi.org/10.1371/journal.

pone.0176514 PMID: 28448595

42. Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Big-

ger Datasets. Mol Biol Evol. 2016; 33:1870–1874. https://doi.org/10.1093/molbev/msw054 PMID:

27004904

43. Derryberry EP, Derryberry GE, Maley JM, Brumfield RT. hzar: hybrid zone analysis using an R software

package. Molecular Ecology Resources. 2014; 14:652–663. WOS:000334240000022 https://doi.org/

10.1111/1755-0998.12209 PMID: 24373504

44. Nagarajan N, Kingsford C. GiRaF: robust, computational identification of influenza reassortments via

graph mining. Nucleic Acids Res. 2011; 39:e34. https://doi.org/10.1093/nar/gkq1232 PMID: 21177643

45. Huelsenbeck JP, Ronquist F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics.

2001; 17:754–755. https://doi.org/10.1093/bioinformatics/17.8.754 PMID: 11524383

46. Westgeest KB, Russell CA, Lin XD, Spronken MIJ, Bestebroer TM, Bahl J, et al. Genomewide Analysis

of Reassortment and Evolution of Human Influenza A(H3N2) Viruses Circulating between 1968 and

2011. Journal of Virology. 2014; 88:2844–2857. WOS:000331131700042 https://doi.org/10.1128/JVI.

02163-13 PMID: 24371052

47. Grubaugh ND, Ladner JT, Lemey P, Pybus OG, Rambaut A, Holmes EC, et al. Tracking virus outbreaks

in the twenty-first century. Nat Microbiol. 2019; 4:10–19. https://doi.org/10.1038/s41564-018-0296-2

PMID: 30546099

48. Barton NH. The role of hybridization in evolution. Mol Ecol. 2001; 10:551–568. https://doi.org/10.1046/j.

1365-294x.2001.01216.x PMID: 11298968

PLOS NEGLECTED TROPICAL DISEASES Phylogeographic Diversity and Hybrid Zone of Hantaan orthohantavirus, Republic of Korea

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008714 October 9, 2020 16 / 18

https://doi.org/10.1128/JVI.02466-14
http://www.ncbi.nlm.nih.gov/pubmed/25320317
https://doi.org/10.1016/j.meegid.2017.11.010
https://doi.org/10.1016/j.meegid.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29133028
https://doi.org/10.1007/BF02515385
http://www.ncbi.nlm.nih.gov/pubmed/1901092
https://doi.org/10.1093/infdis/137.3.298
http://www.ncbi.nlm.nih.gov/pubmed/24670
https://doi.org/10.3201/eid1311.070492
http://www.ncbi.nlm.nih.gov/pubmed/18217572
https://doi.org/10.3201/eid1205.051487
https://doi.org/10.3201/eid1205.051487
http://www.ncbi.nlm.nih.gov/pubmed/16704849
https://doi.org/10.1023/a%3A1008199800011
https://doi.org/10.1023/a%3A1008199800011
http://www.ncbi.nlm.nih.gov/pubmed/11129640
https://doi.org/10.7205/milmed.172.7.759
http://www.ncbi.nlm.nih.gov/pubmed/17691691
https://doi.org/10.1111/1348-0421.12370
http://www.ncbi.nlm.nih.gov/pubmed/26917012
https://doi.org/10.1371/journal.pone.0176514
https://doi.org/10.1371/journal.pone.0176514
http://www.ncbi.nlm.nih.gov/pubmed/28448595
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1111/1755-0998.12209
https://doi.org/10.1111/1755-0998.12209
http://www.ncbi.nlm.nih.gov/pubmed/24373504
https://doi.org/10.1093/nar/gkq1232
http://www.ncbi.nlm.nih.gov/pubmed/21177643
https://doi.org/10.1093/bioinformatics/17.8.754
http://www.ncbi.nlm.nih.gov/pubmed/11524383
https://doi.org/10.1128/JVI.02163-13
https://doi.org/10.1128/JVI.02163-13
http://www.ncbi.nlm.nih.gov/pubmed/24371052
https://doi.org/10.1038/s41564-018-0296-2
http://www.ncbi.nlm.nih.gov/pubmed/30546099
https://doi.org/10.1046/j.1365-294x.2001.01216.x
https://doi.org/10.1046/j.1365-294x.2001.01216.x
http://www.ncbi.nlm.nih.gov/pubmed/11298968
https://doi.org/10.1371/journal.pntd.0008714


49. Klempa B. Reassortment events in the evolution of hantaviruses. Virus Genes. 2018; 54:638–646.

https://doi.org/10.1007/s11262-018-1590-z PMID: 30047031

50. Andersen KG, Shapiro BJ, Matranga CB, Sealfon R, Lin AE, Moses LM, et al. Clinical Sequencing

Uncovers Origins and Evolution of Lassa Virus. Cell. 2015; 162:738–750. https://doi.org/10.1016/j.cell.

2015.07.020 PMID: 26276630

51. Drewes S, Ali HS, Saxenhofer M, Rosenfeld UM, Binder F, Cuypers F, et al. Host-Associated Absence

of Human Puumala Virus Infections in Northern and Eastern Germany. Emerg Infect Dis. 2017; 23:83–

86. https://doi.org/10.3201/eid2301.160224 PMID: 27983499

52. Gryseels S, Baird SJ, Borremans B, Makundi R, Leirs H, Gouy de Bellocq J. When Viruses Don’t Go

Viral: The Importance of Host Phylogeographic Structure in the Spatial Spread of Arenaviruses. PLoS

Pathog. 2017; 13:e1006073. https://doi.org/10.1371/journal.ppat.1006073 PMID: 28076397

53. McDonald SM, Nelson MI, Turner PE, Patton JT. Reassortment in segmented RNA viruses: mecha-

nisms and outcomes. Nat Rev Microbiol. 2016; 14:448–460. https://doi.org/10.1038/nrmicro.2016.46

PMID: 27211789

54. Sibold C, Meisel H, Kruger DH, Labuda M, Lysy J, Kozuch O, et al. Recombination in Tula hantavirus

evolution: analysis of genetic lineages from Slovakia. J Virol. 1999; 73:667–675. https://doi.org/10.

1128/JVI.73.1.667-675.1999 PMID: 9847372

55. Mertens M, Kindler E, Emmerich P, Esser J, Wagner-Wiening C, Wolfel R, et al. Phylogenetic analysis

of Puumala virus subtype Bavaria, characterization and diagnostic use of its recombinant nucleocapsid

protein. Virus Genes. 2011; 43:177–191. https://doi.org/10.1007/s11262-011-0620-x PMID: 21598005

56. Nikolic V, Stajkovic N, Stamenkovic G, Cekanac R, Marusic P, Siljic M, et al. Evidence of recombination

in Tula virus strains from Serbia. Infect Genet Evol. 2014; 21:472–478. https://doi.org/10.1016/j.

meegid.2013.08.020 PMID: 24008094

57. Henderson WW, Monroe MC, St Jeor SC, Thayer WP, Rowe JE, Peters CJ, et al. Naturally occurring

Sin Nombre virus genetic reassortants. Virology. 1995; 214:602–610. https://doi.org/10.1006/viro.1995.

0071 PMID: 8553562

58. Rodriguez LL, Owens JH, Peters CJ, Nichol ST. Genetic reassortment among viruses causing hantavi-

rus pulmonary syndrome. Virology. 1998; 242:99–106. https://doi.org/10.1006/viro.1997.8990

WOS:000072353200012 PMID: 9501041

59. Padula PJ, Colavecchia SB, Martinez VP, Gonzalez Della Valle MO, Edelstein A, Miguel SD, et al.

Genetic diversity, distribution, and serological features of hantavirus infection in five countries in South

America. J Clin Microbiol. 2000; 38:3029–3035. https://doi.org/10.1128/JCM.38.8.3029-3035.2000

PMID: 10921972

60. Rizvanov AA, Khaiboullina SF, St Jeor S. Development of reassortant viruses between pathogenic han-

tavirus strains. Virology. 2004; 327:225–232. WOS:000223970900009 https://doi.org/10.1016/j.virol.

2004.07.012 PMID: 15351210

61. McElroy AK, Smith JM, Hooper JW, Schmaljohn CS. Andes virus M genome segment is not sufficient to

confer the virulence associated with Andes virus in Syrian hamsters. Virology. 2004; 326:130–139.

WOS:000222852800013 https://doi.org/10.1016/j.virol.2004.05.018 PMID: 15262501

62. Razzauti M, Plyusnina A, Henttonen H, Plyusnin A. Accumulation of point mutations and reassortment

of genomic RNA segments are involved in the microevolution of Puumala hantavirus in a bank vole

(Myodes glareolus) population. J Gen Virol. 2008; 89:1649–1660. https://doi.org/10.1099/vir.0.2008/

001248-0 PMID: 18559935

63. Vijaykrishna D, Mukerji R, Smith GJD. RNA Virus Reassortment: An Evolutionary Mechanism for Host

Jumps and Immune Evasion. Plos Pathogens. 2015; 11: https://doi.org/ARTNe1004902 10.1371/jour-

nal.ppat.1004902 WOS:000359365200001

64. Iturriza-Gomara M, Isherwood B, Desselberger U, Gray J. Reassortment in vivo: Driving force for diver-

sity of human rotavirus strains isolated in the United Kingdom between 1995 and 1999. Journal of Virol-

ogy. 2001; 75:3696–3705. WOS:000167677800021 https://doi.org/10.1128/JVI.75.8.3696-3705.2001

PMID: 11264359

65. Horimoto T, Kawaoka Y. Influenza: Lessons from past pandemics, warnings from current incidents.

Nature Reviews Microbiology. 2005; 3:591–600. WOS:000230879700010 https://doi.org/10.1038/

nrmicro1208 PMID: 16064053

66. McDonald SM, Matthijnssens J, McAllen JK, Hine E, Overton L, Wang SL, et al. Evolutionary Dynamics

of Human Rotaviruses: Balancing Reassortment with Preferred Genome Constellations. Plos Patho-

gens. 2009; 5: WOS:000272033300038

67. Vijaykrishna D, Poon LLM, Zhu HC, Ma SK, Li OTW, Cheung CL, et al. Reassortment of Pandemic

H1N1/2009 Influenza A Virus in Swine. Science. 2010; 328:1529–1529. WOS:000278859200038

https://doi.org/10.1126/science.1189132 PMID: 20558710

PLOS NEGLECTED TROPICAL DISEASES Phylogeographic Diversity and Hybrid Zone of Hantaan orthohantavirus, Republic of Korea

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008714 October 9, 2020 17 / 18

https://doi.org/10.1007/s11262-018-1590-z
http://www.ncbi.nlm.nih.gov/pubmed/30047031
https://doi.org/10.1016/j.cell.2015.07.020
https://doi.org/10.1016/j.cell.2015.07.020
http://www.ncbi.nlm.nih.gov/pubmed/26276630
https://doi.org/10.3201/eid2301.160224
http://www.ncbi.nlm.nih.gov/pubmed/27983499
https://doi.org/10.1371/journal.ppat.1006073
http://www.ncbi.nlm.nih.gov/pubmed/28076397
https://doi.org/10.1038/nrmicro.2016.46
http://www.ncbi.nlm.nih.gov/pubmed/27211789
https://doi.org/10.1128/JVI.73.1.667-675.1999
https://doi.org/10.1128/JVI.73.1.667-675.1999
http://www.ncbi.nlm.nih.gov/pubmed/9847372
https://doi.org/10.1007/s11262-011-0620-x
http://www.ncbi.nlm.nih.gov/pubmed/21598005
https://doi.org/10.1016/j.meegid.2013.08.020
https://doi.org/10.1016/j.meegid.2013.08.020
http://www.ncbi.nlm.nih.gov/pubmed/24008094
https://doi.org/10.1006/viro.1995.0071
https://doi.org/10.1006/viro.1995.0071
http://www.ncbi.nlm.nih.gov/pubmed/8553562
https://doi.org/10.1006/viro.1997.8990
http://www.ncbi.nlm.nih.gov/pubmed/9501041
https://doi.org/10.1128/JCM.38.8.3029-3035.2000
http://www.ncbi.nlm.nih.gov/pubmed/10921972
https://doi.org/10.1016/j.virol.2004.07.012
https://doi.org/10.1016/j.virol.2004.07.012
http://www.ncbi.nlm.nih.gov/pubmed/15351210
https://doi.org/10.1016/j.virol.2004.05.018
http://www.ncbi.nlm.nih.gov/pubmed/15262501
https://doi.org/10.1099/vir.0.2008/001248-0
https://doi.org/10.1099/vir.0.2008/001248-0
http://www.ncbi.nlm.nih.gov/pubmed/18559935
https://doi.org/ARTNe1004902
https://doi.org/10.1128/JVI.75.8.3696-3705.2001
http://www.ncbi.nlm.nih.gov/pubmed/11264359
https://doi.org/10.1038/nrmicro1208
https://doi.org/10.1038/nrmicro1208
http://www.ncbi.nlm.nih.gov/pubmed/16064053
https://doi.org/10.1126/science.1189132
http://www.ncbi.nlm.nih.gov/pubmed/20558710
https://doi.org/10.1371/journal.pntd.0008714


68. Kirsanovs S, Klempa B, Franke R, Lee MH, Schonrich G, Rang A, et al. Genetic reassortment between

high-virulent and low-virulent Dobrava-Belgrade virus strains. Virus Genes. 2010; 41:319–328.

WOS:000283358100002 https://doi.org/10.1007/s11262-010-0523-2 PMID: 20734125

PLOS NEGLECTED TROPICAL DISEASES Phylogeographic Diversity and Hybrid Zone of Hantaan orthohantavirus, Republic of Korea

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008714 October 9, 2020 18 / 18

https://doi.org/10.1007/s11262-010-0523-2
http://www.ncbi.nlm.nih.gov/pubmed/20734125
https://doi.org/10.1371/journal.pntd.0008714

