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Abstract: A novel avian influenza virus (A/wild duck/Korea/K102/2018) (H2N9) was isolated from wild
birds in South Korea in 2018, and phylogenetic and molecular analyses were conducted on complete
gene sequences obtained by next-generation sequencing. Phylogenetic analysis indicated that the
hemagglutinin (HA) and neuraminidase (NA) genes of the A/wild duck/Korea/K102/2018 (H2N9)
virus belonged to the Eurasian countries, whereas other internal genes (polymerase basic protein 1
(PB1), PB2, nucleoprotein (NP), polymerase acidic protein (PA), matrix protein (M), and non-structural
protein (NS)) belonged to the East Asian countries. A monobasic amino acid (PQIEPR/GLF) at the HA
cleavage site, E627 in the PB2 gene, and no deletion of the stalk region in the NA gene indicated that
the A/wild duck/Korea/K102/2018 (H2N9) isolate was a typical low pathogenicity avian influenza
(LPAI). Nucleotide sequence similarity analysis of HA revealed that the highest homology (98.34%) is
to that of A/duck/Mongolia/482/2015 (H2N3), and amino acid sequence of NA was closely related to
that of A/duck/Bangladesh/8987/2010 (H10N9) (96.45%). In contrast, internal genes showed homology
higher than 98% compared to those of other isolates derived from duck and wild birds of China
or Japan in 2016–2018. The newly isolated A/wild duck/Korea/K102/2018 (H2N9) strain is the first
reported avian influenza virus in Korea, and may have evolved from multiple genotypes in wild
birds and ducks in Mongolia, China, and Japan.
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1. Introduction

Influenza viruses are classified based on 18 hemagglutinin (HA) and 11 neuraminidase (NA)
surface proteins into a large variety of subtypes, some of which are a public health threat [1]. Among
these various subtypes, 16 subtypes of HA (H1–H16) and 9 subtypes of NA (N1–N9) belong to avian
influenza viruses (AIV), while H17N10 and H18N11 subtypes are only detected in bats [2]. The wide
circulation of AIVs in various hosts may lead to exchange of gene segments, which in turn leads
to antigenic variation and formation of new AIVs. This can cause severe outbreaks and epidemics,
resulting in huge economic losses to the poultry industry, and poses a serious threat to human
health [3]. HA plays a central role in the life cycle of influenza A viruses through its involvement in
receptor recognition, virus attachment, membrane fusion, and entry [4]. HA is a single-pass type I
transmembrane glycoprotein present as a homotrimer on the viral surface that extends ~130 Å from the
membrane. Each HA monomer contains two subunits, HA1 and HA2, produced by protease cleavage
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of the inactive precursor, HA0. The globular head of HA1 carries a shallow grove, a receptor-binding
site (RBS), which is responsible for receptor recognition and host tropism [5].

The prevalence of H2 subtype AIV is much lower than that of other subtypes such as H5, H7,
and H9, [6] but H2 influenza viruses are found in wild birds [7], swine [8], and humans. The Asian
pandemic of H2N2 influenza A virus resulted from reassortment of previously circulating human
H1N1 and avian H2N2 viruses from 1957 to 1968 [8]. In 2006, an H2N3 virus isolated from swine in
the United States of America, belonging to the American AIV lineage, shared 84–85% similarity with
the H2N2 viruses of the 1957 influenza pandemic [9,10]. In wild waterfowl birds, the H2 subtype was
mainly identified in mallard ducks in comparison to other subtypes [7,11,12].

Based on three patients infected by human H7N9, the constructed phylogenetic trees of NA genes
showed H7N9, H2N9, or H11N9 as its origin. However, the Korean H7 subtype was suggested as
the origin of highly pathogenic avian influenza (HPAI) H7N9 2013 [13]. H7N9 AIV has all three of its
genes reasserted: hemagglutinin (HA) gene derived from H7N3, NA gene potentially from H7N9,
H2N9, or H11N9 and six internal genes derived from H9N2 viruses [13]. Furthermore, the pandemic
human H2N2 subtype (1957) originated upon reassortment between a previously circulating seasonal
human A/H1N1 virus and an avian A/H2N2 virus [14].

Therefore, continuous surveillance of H2 subtype AIV in Korea is imperative.
To date, H2N9 has been absent in Korea but avian LPAI H7N9 has been recently detected in

migratory birds [15,16]. Furthermore, the Food and Agriculture Organization of the United Nations
(FAO) assessed that the likelihood of H7N9 transmission is low with high uncertainty for the Russian
Federation, Mongolia, Japan, and the Republic of Korea through movements of migratory or nomadic
wild birds [17].

Therefore, continuous surveillance of H2N9 and LPAI H7N9 is highly recommended to predict
the potential spread of HPAI H7N9 in Korea. Other subtypes (H7N3, H9N2, and H11N9), have been
co-circulating in Korea [18–20]. The NA gene of the H7N9 influenza virus is more closely related to
that of H2N9 viruses found in migratory wild birds in Hong Kong in 2010–2011 during the evolution
of HPAI H7N9 [14].

For AIV surveillance in wild birds, AIV genomic analysis by next-generation sequencing (NGS) is
ideal, as the mutation rate of influenza A viruses has been traditionally determined by sequencing
different cDNA clones obtained from multiple plaques descending from a plaque-purified influenza A
virus [21]. In addition, NGS has the advantage of allowing the sequencing of multiple gigabases of
DNA in a single run, whereas RT-PCR amplification of each of the eight genomic RNA segments is
difficult [22].

In the present study, we describe the characterization of a H2N9 isolate from a wild duck in Korea
for the first time. The complete genomic sequence of this isolate was obtained using NGS and its
genetic/antigenic variation was analyzed.

2. Materials and Methods

2.1. Sample Collection

A total of 500 fresh fecal droppings of wild birds were sampled and pooled in groups of up to
three using sterile swabs in Korea on December 11, 2018. The samples were stored at 2 to 8 ◦C and
shipped to the laboratory within 12 h for further analysis.

2.2. Isolation of Influenza Virus from Samples

The fecal samples were resuspended in phosphate buffered saline (PBS) containing antibiotic
solution (100 U/µL of penicillin and 100 mg/µL of streptomycin) (Merck, St. Louis, MO, USA) and
clarified by centrifugation (3000 rpm for 10 min at 4 ◦C). Supernatants were filtered through a
hydrophilic polyethersulfone membrane (0.45 µm pore size; GVS Syringe) (Novatech, Kingwood, TX,
USA) to remove eukaryotic cells and bacteria. Processed samples were inoculated into the allantoic
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cavities of ten-day-old embryonated chicken eggs and incubated at 37 ◦C for 2–3 days. Allantoic
fluids were harvested and viral titers were determined using hemagglutination assays as previously
described [23].

2.3. RNA Extraction for Subtyping

Viral RNA was extracted from allantoic fluid (640 hemagglutination units (HAU)/mL) using a
total RNA extraction kit (Macherey Nagel, Seoul, Korea) according to the manufacturer’s instructions.
Finally, RNA was eluted in 60 µL of RNase-free water, and after addition of 20 U of RNase inhibitor
(Sigma-Aldrich, St. Louis, MO, USA), was stored at −80 ◦C until further use. In the negative control,
sterile water was added instead of the specimen.

2.4. Subtyping Using PCR

To evaluate influenza growth and determine the subtype, conventional real-time RT-PCR for
influenza A virus that amplifies the matrix gene coding sequence was performed using total RNA
following the WHO guidelines [24]. Host identification was confirmed using a DNA barcode and a
539 bp region of the mitochondrial gene cytochrome c oxidase I (COI) using COI sequences from all
260 bird species as previously described [25]. The host of the new isolate was identified using Barcode
of Life Data Systems (BOLD; Biodiversity Institute of Ontario, University of Guelph, Guelph, Ontario,
Canada) [26].

2.5. Sequencing Using Illumina HiSeq X Method for NGS

NGS was conducted by GnCBio (Daejeon, Korea) using HiSeq X as previously reported [26,27].
Briefly, influenza RNA was evaluated using an Agilent RNA 6000 Pico kit (Agilent, Santa Clara, CA,
USA), and the concentration was measured using a spectrophotometer of BioPhotometer® (Eppendorf,
Hamburg, Germany). The cDNA library of influenza RNA was generated using QIAseq FX Single Cell
RNA Library Kit (QIAGEN, Venlo, Netherlands). cDNA concentration was measured using LightCycle
qPCR (Roche, Penzberg, Upper Bavaria, Germany), and library size was checked using Agilent High
Sensitivity D5000 ScreenTape System (Santa Clara, CA, USA).

2.6. Sequence Analysis

Raw sequence reads were quality-trimmed using Trim Galore! (Babraham Bioinformatics, UK)
(q = 20). Influenza and non-influenza viruses were classified by DeconSeq (iden = 60) using a database
created by downloading influenza virus sequences from the National Center for Biotechnology
Information (NCBI) databank. The homology of the segments 4 (HA), 5 (NA), and 8 (NS1), known
to have high variability among influenza virus segments, was examined by Basic Local Alignment
Search Tool for nucleotides (BLASTn) in the influenza virus database. Among the results, the most
homologous and the most common sequences were selected as the reference of this study. Sequence
reads classified as influenza virus were mapped to the selected reference sequence using the gsMapper
program (iden = 70, Coverage = 40). Consensus sequences obtained by mapping were corrected for
sequence errors using a proofread program and open reading frames (ORF) were predicted using
ORFfinder (NCBI) [28].

2.7. Phylogenetic Tree Analyses

The closest relatives of the viral genes sequenced in this study were identified using the BLAST
function in GenBank® (NCBI). Phylogenetic trees were generated by the neighbor-joining method
using MEGA6 (Molecular Evolutionary Genetics Analysis version 6.0, Pennsylvania State University,
PA, USA). Bootstrap values were calculated based on 1000 alignment replicates.
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3. Results

3.1. Virus Isolation from Fecal Samples of Migratory Birds

Virus isolation was performed from fresh fecal samples of migratory birds in Korea, and an AIV
was confirmed from a wild duck (A/wild duck/Korea/K102/2018 (H2N9)) isolate. This isolate was
collected from wild bird feces in the Gyeongbuk area (35◦ 54’ 34.31”, 128◦ 49’ 43.61”) on December
11, 2018.

The host was identified as Anas platyrhynchos, A. platyrhynchos x A. crecca, A. poecilorhyncha, and
Tadorna tadorna (Figure S1). Due to the similarity of the genes, the species could not be differentiated
among the four birds and thus, the host was described as wild duck for our isolate. The sequence of
COI (539 bp) is provided in Table S1.

The H2N9 AIV from the wild duck samples (A/wild duck/Korea/K102/2018 (H2N9)) was isolated by
inoculating the virus in embryonated chicken eggs, followed by hemagglutination assays (640 HAU/mL
in stock) and subtype PCR.

The alignment lengths for each small data set were PB2, 2280 nucleotides (nt); PB1, 2278 nt; PA,
2121 nt; HA, 1688 nt; NP, 1482 nt; NA, 1384 nt; M, 980 nt; and NS, 822 nt.

In the sequence analysis, the number of AIV reads was 2,186,688, which accounted for 10.37% of
the raw NGS data. Consensus contigs for eight segments of the AIV were obtained by data assembly
and the error correction process. Investigation with ORFfinder (NCBI) confirmed that these contigs all
have a complete ORF (Table 1). Detailed NGS analysis is provided in Table S2.

Table 1. Genomic sequence of A/wild duck/Korea/K102/2018 (H2N9) obtained by NGS.

Gene
Name

ID # of Mapped
Reads

R_ORF a S_ORF b

Length (bp) S_Positionc E_Positiond Length (bp) S_Position E_Position

PB2 KF260787 17,148 2280 1 2280 2274 19 2292
PB1 KF260543 17,999 2274 1 2274 2274 3 2276
PA KF260299 16,372 2151 1 2151 2151 1 2151
HA KF258945 53,303 1689 1 1689 1689 1 1689
NP KF259811 97,019 1497 1 1497 1506 1 1506
NA KF259722 4713 1413 1 1413 1395 5 1399
M KF259292 333,564 759 1 759 759 1 759

NS1 KF260055 35,329 693 1 693 690 2 691
a R_ORF, ORF of the reference sequence; b S_ORF, ORF of the sample sequence; c S_position, start position at ORF of
consensus sequence; d E_position, end position at ORF of consensus sequence.

3.2. Phylogenic Analysis of the Surface and Internal Genes

Phylogenic analysis for the eight genes of the AIV (A/wild duck/Korea/K102/2018) (H2N9) was
performed to assess their genetic relationships with those of domestic poultry and wild birds in Korea
and neighboring countries, using data from NCBI. All phylogenic analyses of each gene are shown in
the separate supplementary information. The results showed that the surface genes (HA and NA) of
our H2N9 strain were found to be widespread in various Eurasian countries, whereas the internal
genes were found to be limited in East Asia countries.

The HA gene of this virus was similar to that of the H2N3 strain isolated in Mongolia (2015),
whereas the NA gene of our isolate was similar to that of the H10N9 strain isolated in Bangladesh
(2010). The viral genes PB2 and PA were 98.9% and 99.49% identical to the PB2 and PA genes of
A/duck/Jiangsu/SE0261/2018 (H5N3).

The remaining genes from our isolate (PB1, NP, M, and NS) showed a close
relationship with A/Duck/Dongting/D76-1/2016 (H5N7), A/duck/Hokkaido/X9/2016 (H8N4),
A/duck/Chongqing/S4362/2017 (H5N3), and A/wild bird/Jiangxi/P419/2016 (H6N8), respectively. The
percent sequence homology for each gene segment from A/wild duck/Korea/K102/2018 (H2N9)
compared to the closest genetic relative is shown in Table 2. All strains including the gene related to
our strain are shown in Figure 1.
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Table 2. Sequence homology of the whole genome of the A/wild duck/Korea/K102/2018 (H2N9) avian
influenza virus (AIV) compared to influenza sequences available in NCBI.

Gene
A/Wild Duck/Korea/K102/2018

(H2N9)
(GenBank Accession #)

Highest Percentage of Nucleotide Identity
(GenBank Accession #)

% Nucleotide
Identity a

PB2 MN511808 A/duck/Jiangsu/SE0261/2018 (H5N3) (MN171447.1) 98.90%
PB1 MN511809 A/Duck/Dongting/D76-1/2016 (H5N7) (MF362101.1) 98.46%
PA MN511810 A/duck/Jiangsu/SE0261/2018 (H5N3) (MN171449.1) 99.49%
HA MN511811 A/duck/Mongolia/482/2015 (H2N3) (LC121372.1) 98.34%
NP MN511812 A/duck/Hokkaido/X9/2016 (H8N4) (MK978905.1) 99.39%

NA MN511813 A/duck/Bangladesh/8987/2010 (H10N9)
(MH071484.1) 96.45%

M MN511814 A/duck/Chongqing/S4362/2017 (H5N3)
(MN171429.1) 99.07%

NS MN511815 A/wild bird/Jiangxi/P419/2016 (H6N8) (KX867861.1) 99.25%
a Representative viruses with the highest nucleotide sequence identity found in the NCBI database in August, 2019,
are listed.
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Figure 1. Location of putative origins of genomic compositions of the A/wild duck/Korea/K102/2018
(H2N9). Dotted circles indicate the multiple converging flyways in which reassortments occur.

3.3. Molecular Characterization of the HA and NA Amino Acid Sequences

The receptor-binding site (RBS) of HA was assessed by analyzing mutations that change host
tropism from bird to human (Table 3). The RBS structure is conserved across all HA subtypes and is
comprised of the 130 loop (residues 135 to 138), 190 helix (residues 190 to 198), and 220 loop (residues
221 to 228) [29]. In these residues, two adaptive mutations in RBS were necessary to switch the
preference from avian- to human-type receptors: E190D and G225D for H1N1, and Q226L and G228S
in the case of H2N2 and H3N2 [30]. The HA of our isolate was compared with a strain isolated from a
human (A/Korea/426/1968 (H2N2) and three strains isolated from birds (A/northern shoveler/Hong
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Kong/MPL133/2010, A/northern shoveler/Hong Kong/MPL961/2011, and A/wild waterfowl/Hong
Kong/MPL696/2011), which are closely related to the genesis of human H7N9 virus [31].

The HA cleavage site of the A/wild duck/Korea/K102/2018 (H2N9) virus contained the
PQIEPR↓GLF (↓ denotes cleavage site) sequence, with a monobasic amino acid (arginine, R) in
the HA cleavage site, a signature of LPAI [32].

Comparing the receptor-binding sequence of the HA1 gene of our isolate with those of Hong
Kong (H2N9) isolates and the human H2N2 isolate, A/Korea/426/1968(H2N2) showed that the amino
acid residues at positions 138, 190, 194, and 225 (H3 numbering) are similar.

However, the amino acid sequence of avian H2N9 isolates, including our strain, is different from
that of human isolates at positions 226 and 228 (H3 numbering) because only human isolates (H2N2)
exhibit different amino acids in 220 loop (residues 221 to 228) [30]. According to the HA phylogenic tree
of H2 subtypes, H2N9 originated in swine and dispersed to two different clades: human and avian.

Table 3. Comparison of amino acid sequence in HA receptor-binding sites of human and avian H2
influenza virus isolates.

Strains
HA Receptor-Binding Residues (H3 Numbering)

138 190 194 225 226 228 Cleavage Site

K/2018 a A E L G Q G PQIEPR↓GLF

H/MPL133 b A E L G Q G PQIESR↓GLF

H/MPL961 c A E L G Q G PQIESR↓GLF

H/MPL696 d A E L G Q G PQIESR↓GLF

K/426 e A E L G L R PQIESR↓GLF
a K/2018, A/wild duck/Korea/K102/2018 (H2N9); b H/MPL133, A/northern shoveler/Hong Kong/MPL133/2010
(H2N9); c H/MPL961, A/northern shoveler/Hong Kong/MPL961/2011(H2N9); d H/MPL696, A/wild waterfowl/Hong
Kong/MPL696/2011(H2N9); e K/426, A/Korea/426/1968(H2N2).

The NA stalk truncation of 20 amino acids increases virulence in mice and ferrets [33–35]. Our
isolate showed no truncation in the stalk region of NA residues 69 to 73, similar to the NA genes of
H2N9 subtypes isolated in Hong Kong (2010–2011) [33–35] (Table 4).

However, other mutations at positions 26, 107, 144, 146, and 224 in the NA gene, which
increases virulence in mice and mammals, were found in our isolate and the reference strains
(Table S3). Interestingly, the mutation at position 294, arginine (R) to lysine (K), was only found in
A/Shanghai/1/2013 isolated from humans, and this single substitution has been demonstrated to reduce
susceptibility to oseltamivir and zanamivir [36].

Shanghai/2013(H7N9) NA gained a substitution of the amino acid at position 294 from R to K
among four human H2N9 strains and our isolate showed K. This implies the potential susceptibility of
our isolate to anti-influenza drugs.



Viruses 2019, 11, 1046 7 of 12

Table 4. Genetic analysis of the NA and internal gene of H2N9.

Virus Strain
NA PB2 NS1

Truncation at 69–73 aa R294K E627K P42S

K/2018 a QISNT R E No deletion
S/2013 b Deletion K K Deletion
A/2013 c Deletion R K Deletion

H/MPL13 d QISNT R E Deletion
H/MPL961 e QISNT R E No deletion

Comments
Deletion of amino

acids 69–73: Increased
virulence in mice [33]

Reduced susceptibility
to oseltamivir and

zanamivir [36]

Mammalian host
adaptation [37]

Lack of PDZ domain
binding motif: Decreased

virulence in mice [38]
a K/2018, A/wild duck/Korea/K102/2018 (H2N9); b S/2013, A/Shanghai/1/2013 (H7N9-human isolate); c A/2013,
A/Anhui/1/2013 (H7N9-human isolate); d H/MPL133, A/northern shoveler/Hong Kong/MPL133/2010 (H2N9); e

H/MPL961, A/northern shoveler/Hong Kong/MPL961/2011(H2N9).

3.4. Molecular Characterization of the Internal Amino Acid Sequences

Mutation in the ribonucleoprotein complex (PB2, PB1, PA, and NP) could have increased the
replication efficiency of the virus in a different host. Mutations in the internal genes were compared
with those of H2N9 in wild birds to assess new variations and notably different residues were identified,
as shown in Table 4. The mutation E627K that enhances viral replication in mammalian cells in PB2
was not found in our H2N9 isolate [37]. Similar results were observed in other Hong Kong H2N9
isolates, but human H7N9 isolates had this mutation. In addition, the PB2 gene of our H2N9 isolate
had several mutations (L89V, K251R, G309D, and H447Q) that may enhance polymerase activity and
increase virulence in mice and mammals [39–41].

The PB1 protein residues D/A3V, V13P, R207K, and S375N/T are known to increase polymerase
activity and virulence in mammals [42–45]. This mutation was found in our H2N9 isolate, Hong Kong
avian isolates (H2N9, 2010–2013), and Chinese human isolates (Anhui/1/2013 and Shanghai/1/2013).
The PA protein harbored mutations at position 266 (H266R), 277 (F277S), and 515 (S515T) that increase
polymerase activity and virulence in mammals and birds [44,46,47].

Two substitutions in the NP protein, V41I and D210E, contribute to viral transmissibility in
mammalian cells [48]. Moreover, the A184K substitution in the NP protein increases replication and
pathogenicity of H5N1 [49]. All three mutations were found in A/wild duck/Korea/K102/2018 (H2N9).
In addition, our H2N9 isolate had signature mutations in other proteins that are associated with the
increased virulence factor of the influenza virus A H5N1 strain in mice, such as N30D and T215A in
M1 and P42S in NS1 [38,50–52].

In addition, similar to the 1918 H1N1 pandemic strain and avian H5N1 strain, our H2N9 isolate
had a PDZ domain-binding at the C-terminus of NS1, reflecting a potential adaptation in mice. Mutated
residues of NA and six internal genes are summarized in Table 4 and Table S3.

4. Discussion

In wild birds, AIVs co-circulate and their reassortments can cause severe outbreaks in poultry and
other animals by crossing the species barrier. HPAI evolve from LPAI, and one of most notable viral
strains is Chinese H7N9 virus, which evolved from LPAIs (H7N3, H2N11, H2N9, and H9N2) [13]. The
other is human H2N2 in 1957, which evolved from avian H2N2 [14]. Therefore, continuous surveillance
of LPAIs is necessary.

The peninsular Republic of Korea is crossed by the East Asian Australasian and West Pacific
Flyways and is near the Central Asian Flyway. This creates diversity in migratory birds and in
AIVs. In our study, phylogenetic analysis demonstrated that the HA and NA genes of A/wild
duck/Korea/K102/2018 (H2N9) belonged to the Eurasian lineage, with HA and NA genes showing the
closest relationship to A/duck/Mongolia/482/2015 (H2N3) and A/duck/Bangladesh/8987/2010 (H10N9),
respectively. In contrast, the internal genes (PB2, PB1, NP, PA, M, and NS) were of East Asian lineage,
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with the six gene segments of our H2N9 isolate being most closely related to those in other countries
such as China (PB1, PA, M, and NS) and Japan (H8N6). Among the internal genes, only the PB1 gene
of our H2N9 strain was grouped with Korean AIV strains (A/wild waterfowl/Korea/F14-5/2016(H6N1),
A/wild waterfowl/Korea/F7-18/2018 (H4N8), and A/mallard/Korea/F94-16/2017 (H4N6). The remaining
genes were absent from the Korea strain groups.

The monobasic cleavage motif PQIEPR↓GLF (underbar, critical basic residue/s; ↓ denotes cleavage
site) is typically activated by a trypsin-like serine protease and this requirement restricts the tropism of
influenza viruses to the types of tissues that express the proteases for activation, indicating that this
isolate is an LPAI with a monobasic cleavage motif [53].

On the contrary, the multi-basic cleavage motif PQGERRRKKR↓G of the HA belongs to the
consensus site cleaved by furin, a ubiquitously expressed mammalian enzyme that allows viruses to
multiply in mammals rapidly, leading to high pathogenicity of AIV [53,54].

According to HA gene analysis, the motif PQIEPR↓GLF in the cleavage site between HA1 and
HA2 of A/wild duck/Korea/K102/2018 (H2N9) was not different from that of an H2N2 isolate from
a human sample (A/Korea/426/1968) showing PQIESR↓GLF, a monobasic cleavage site. Human
A/Korea/426/1968 may achieve adaptation in humans by substitution of different amino acids in the
220 loop (Table 3).

In avian H2 influenza viruses, HA receptor-binding-site residues corresponding to the amino acids
at positions 138, 190, 194, 225, 226, and 228 (using the H3 numbering system) are highly conserved [28].
Among these sites, the 220 loop (residues 221 to 228) is known to be involved in the increased affinity to
the human receptor [29]. In human H2 and H3 viruses, leucine and serine substitutions at positions 226
and 228, respectively, have been shown to accompany their adaptation from avian to human hosts [55].
The substitutions Q226L and G228S were not found in the HA gene of A/wild duck/Korea/K102/2018
(H2N9), which is consistent with H2N9 isolated from Hong Kong, indicating that the newly isolated
H2N9 in Korea does not have enhanced human infectivity. In the HA gene of A/Korea/426/1968 isolated
from humans, Q226L was not found, whereas position 228 contained a different mutation (228R).
Therefore, receptor tropism of the new Korean H2N9 isolate did not change from avian to human.

A deletion in the NA stalk region at position 69–73 that increases virulence in mice was not
found in our strain and the Hong Kong strains, whereas this deletion is present in human strains
(A/Shanghai/1/2013/H7N9 and A/Anhui/1/2013/H7N9). Interestingly, the mutations M26I, 107V, R144K,
and N144S, which may increase virulence in mammals, were found in both our isolate and the reference
strain of H2N9. The A/wild duck/Korea/K102/2018 (H2N9) harbored no mutation at position E627K of
PB2, which plays an important role in the adaption of AIVs to mammals. These results imply that the
avian A/wild duck/Korea/K102/2018 (H2N9) may not exhibit host tropism to humans.

In contrast, other mutations that enhance polymerase activity and increase virulence in mammals
were commonly present in both our H2N9 isolate and the references isolates. Consequently, the
genotype of the A/wild duck/Korea/K102/2018 (H2N9) strain might be the result of reassortment events
that occurred during wild bird migration.

To date, H2N9 has never been discovered in Korea, and to the best of our knowledge, this is the
first study to describe a reassortant avian H2N9 virus from wild duck fecal samples. Although H2N9
belongs to LPAI, it is still necessary to monitor its presence in Korea because it is known to be one of
the multiple reassortments involved in the induction of HPAI H7N9 from LPAI H7N9 in humans [56].

Although there was no outbreak of H7N9 in Korea, the avian LPAI H7N9 virus was introduced
into Korea [15,16]. Therefore, our study emphasizes the importance of understanding avian influenza
genetic diversity as a H7N9 outbreak may occur in the future. As other subtypes (H7N3 [18], H9N2 [19],
and H11N9 [20]) and multiple reassortments of H7N9 HPAI have been co-circulating in Korea in the
wild within a distance of 500 km (Figure 2), the discovery of H2N9 in Korea must be recognized as
an early warning of the potential for HPAI H7N9 outbreak in the country. As the migratory birds
are capable of non-stop flights of up to 5000 km [57], there is potential for multiple reassortment by
pre-existing subtypes in Korea.
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There is growing evidence of AIV reassortment at stopover sites, where migratory flyways
intersect and thus, the frequency of intercontinental reassortment is likely a reflection of overlapping
migratory pathways [58–60]. In this context, the reassortment of H2N9 may have occurred in Russian
territory as both East Asian-Australasian and Central Asian flyways converge there (dotted line in
Figure 1).

In conclusion, LPAI A/wild duck/Korea/K102/2018 (H2N9) is the first reported isolate in Korea
and may contain properties that would enhance virulence in the mammalian host. Owing to
potential reassortments between H2N9 and other pre-existing viral subtypes in Korea, surveillance
and characterization of all these viral subtypes is essential for management of AIV health risk in the
early stages.

Therefore, continuous surveillance and genetic analysis to characterize LPAI viruses, including
the H7, H9, H11, and H2 subtypes of AIV are strongly encouraged.
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