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Abstract: Avian influenza virus (AIV) subtypes H5 and H7, possessing the ability to mutate spon-
taneously from low pathogenic (LP) to highly pathogenic (HP) variants, are major concerns for
enormous socio-economic losses in the poultry industry, as well as for fatal human infections.
Through antigenic drift and shift, genetic reassortments of the genotypes pose serious threats of
increased virulence and pathogenicity leading to potential pandemics. In this study, we isolated
the H7-subtype AlIVs circulating in the Republic of Korea during 2018-2019, and perform detailed
molecular analysis to study their circulation, evolution, and possible emergence as a zoonotic threat.
Phylogenetic and nucleotide sequence analyses of these isolates revealed their distribution into
two distinct clusters, with the HA gene sharing the highest nucleotide identity with either the
A/common teal/Shanghai/CM1216/2017, isolated from wild birds in Shanghai, China, or the
A/duck/Shimane /2014, isolated from Japan. Mutations were found in HA (S138A (H3 numbering)),
M1 (N30D and T215A), NS1 (P42S), PB2 (L89V), and PA (H266R and F277S) proteins—the mutations
had previously been reported to be related to mammalian adaptation and changes in the virulence
of AIVs. Taken together, the results firmly put forth the demand for routine surveillance of AIVsin
wild birds to prevent possible pandemics arising from reassortant AIVs.

Keywords: H7; avian influenza; highly pathogenic

1. Introduction

Influenza A viruses (IAV), belonging to the family Orthomyxoviridae, possess the ability
to adapt to multiple hosts, including wildlife, domestic animals, and humans, causing
yearly outbreaks with high rates of morbidity and fatality [1]. The virus can reassort or
mutate continuously to acquire point mutations while circulating in several hosts, ranging
from aquatic birds to mammals, including humans. IAV can be transmitted from wild birds
to domestic birds, causing large scale mortality, sporadically followed by transmission to
humans, commonly referred to as zoonotic infections [2]. Genetic reassortments between
avian influenza viruses affecting different species, and their attainable human transmission,
continue to pose a serious challenge to the prediction of, and ground level readiness to
deal with, the emergence of new pandemic viruses.

Among the IAVs, H5 and H7 subtypes have been reported to undergo genetic muta-
tions in their HA gene, and thereby transform from low pathogenic (LP) to high pathogenic
(HP) [3,4]. Wild birds are well known as natural factors for IAV re-assortment, since they
assist in spreading the virus to geographically distinct regions across major water bodies,
through migration [5]. An interesting characteristic of the AIV H7 subtype is interspecies
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transmission, which determines its evolution and ecology [6]. The H7-subtype HA gene has
been found in combination with nine NA subtype genes [7]. To date, H7N2, H7N3, H7N4,
H7N7, and H7N9 subtypes have been reported to infect humans [7-9], H7N9 being the
most virulent. The H7N7 AIV originated in 1902 in Italy as a virus infecting chickens [10],
followed by the first reported human infection in Netherlands [8] in 2003. H7N7 AIV strains
were further detected in migratory birds in China in 2013 [11]. Recently, a new strain of
H7N7 ALV, designated as CM1216, was isolated from wild birds in Shanghai, which is an
important stopover place for many migratory birds in the East Asia-Australia migratory
flyway, suggesting possible genetic exchanges between the various H7 isolates [12]. Four
genetically distinct strains of H7 LPs had been detected in domestic duck farms in the
Republic of Korea during 2008-2011, which were closely related to viruses circulating in
migratory birds [13]. H7-subtype LP isolates from wild bird habitats in the Republic of
Korea have been characterized since 2010 up to early 2017 [14].

The Republic of Korea has a climate with long and dry winters, which seem to provide
preferrable conditions for the continued evolution of influenza viruses by increasing the
possibility of mixed genomes occurring between lineages within subtypes [15]. Therefore,
surveillance and effective monitoring of AIVs has immense practical significance in the
prevention of possible pandemics.

In this study, through national surveillance of IAVs, we isolated nine strains of H7N7
from wild birds during 2018, and four strains of H7N7 and one strain of H7N3 during
2019 in the Republic of Korea. To gain extensive knowledge about the evolution pattern
of these viruses and the possible zoonotic threats thereby, we performed phylogenetic
analysis based on each segment of the isolates, and compared them with other potent IAV
sequences. In addition, we investigated the possible mutations affecting crossover from
one species to another, and assessed the possible evolution of H7 IAV subtypes and their
potential as a future zoonotic threat.

2. Materials and Methods
2.1. Sampling and Virus Isolation

During December 2018 and 2019, fresh fecal samples were collected from wild bird
habitats early in the morning before sunrise. Among the 2019 isolates, KNU18-104 (A /wild
duck/South Korea/KNU18-104/2018(H7N7)) and KNU18-113 (A /wild duck/South Korea/
KNU2018-113/2018(H7N1)) samples were isolated from the feces of wild ducks, ob-
tained nearby Geumho river, Gyeongsang province (35°54'34.31", 128°49'43.61"") and
Wonju river, Wonju-si, Gangwon-do (37°22/56.11"", 127°56'29.93"'), respectively. KNU18-
119 (A /White-fronted Goose/South Korea/KNU18-119/2018(H7N7)) samples were iso-
lated from the feces of white fronted geese, obtained nearby Sihwa lake, Hwaseong-si,
Gyeongii-do (37°13/49.20", 126°40'16.65""). KNU18-106~110 (A /wild duck/South Ko-
rea/2018(H7N7)) were isolated from the feces of wild ducks, obtained nearby Nam-
dae stream, Yangyang-gun, Gangwon province. Among the 2019 isolates, KNU2019-
14 (A /Mallard (Anas platyrhynchos)/South Korea/KNU2019-14/2019(H7N?7)) was iso-
lated from the feces of mallards, obtained nearby Gunpyeong-ri, Osong-eup, Chungbuk
province ((36°37/31.36", 127°20'59.71""), KNU2019-25 (A /Mallard /South Korea/KNU2019-
25/2019(H7N3)) from Sangrim-ri, Jillyang-eup, Gyeongsangbuk province (36°45'27.47",
127°29'8.11""), KNU2019-30 (A /Mallard /South Korea/KNU2019-30/2019(H7N?7)) from
Sin-dong, Chuncheon, Gangwon province (37°55'10.37", 127°44’10.07""), KNU2019-33
(A/Mallard /South Korea/KNU2019-33/2019(H7N7)) from Gahyeon-dong, Weonju, Gang-
won province (37°23'0.40", 127°56/28.28""), and KNU2019-39 (A /White fronted Goose/
South Korea/KNU2019-39/2019(H7N?7)) from the feces of mallards obtained nearby
Songchon-dong, Paju-si, Gyeonggi province (37°45'17.28"/, 126°42/1.16""). The fecal sam-
ples were transported in viral transport medium (VIM) supplemented with antibiotics.
Two hundred microliters of VIM containing the fecal samples were inoculated into the
allantoic cavities of 9-11-day-old specific-pathogen-free (SPF) embryonated eggs. The eggs
were then incubated at 37 °C, and embryonic status was checked every day thereafter.
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After 5 days of incubation, the eggs were chilled, and allantoic fluids were subsequently
harvested and tested for the presence of viruses by estimating hemagglutination activity us-
ing chicken erythrocytes, or by genetic confirmation through qRT-PCR using gene-specific
primers. For host species determination, the mitochondrial gene and cytochrome c oxidase
I (COI) gene were amplified with specific primers.

2.2. RNA Extraction and Next-Generation Sequencing (NGS)

A NucleoSpin RNA kit MACHEREY-NAGEL, Diiren, Germany) was used to extract
viral RNA directly from the allantoic fluid of embryonated chicken eggs (ECEs) according
to the manufacturer’s instructions. In a nutshell, virus-containing egg fluid was com-
bined with -mercaptoethanol-containing lysis buffer. Filtration through a NucleoSpin
filter lowered the suspension’s viscosity, and ethanol was added to alter the RNA-binding
conditions. Desalting was accomplished by adding a membrane desalting solution to
solubilized RNA attached to a NucleoSpin RNA column membrane. Because rDNase
treatment could potentially reduce RNA stability, the DNA digestion step was skipped.
After washing the desalted membrane with wash buffers, elution was conducted imme-
diately. The first-strand cDNA was transcribed using a Superscript III first-strand cDNA
synthesis kit (Invitrogen, Carlsbad, CA, USA) in a final volume of 20 puL, according to
the manufacturer’s instructions, using a universal primer for influenza A virus (Unil2:
5'-AGCRAAAGCAGG-3').

NGS was conducted by GnCBio (Daejeon, Korea) following the HiseqX method, as
reported previously [16]. The cDNA library was constructed using fragments amplified
by the REPLI-g SensiPhi DNA polymerase enzyme in the QIAGEN (Hilden, Germany)
QI Aseq FX single-cell RNA library kit. Qualitative evaluation of the constructed library
was performed using the LightCycler qPCR instrument (Roche, Penzberg, Upper Bavaria,
Germany), and its size was verified using Agilent TapeStation D5000 ScreenTape system
(Agilent, Santa Clara, CA, USA). The library was placed into a flow cell for cluster syn-
thesis, where fragments were immobilized on a lawn of surface-bound oligos that were
complementary to the library adapters. Through bridge amplification, each fragment was
amplified into different clonal clusters. After cluster creation, the templates were ready to
be sequenced. For analysis, the sequencing data was converted to raw data. Non-influenza
virus reads were eliminated using Deconseq (iden = 60), and raw sequence reads were
quality-trimmed using “trim galore” (q = 20). The amount of data was adjusted using
a Python script up to 600,000 reads. Using Gsmapper (iden = 80, mL = 40), a database
of only segments four (HA), six (NA), and eight (NS1) from the influenza virus genome
information in NCBI was created and aligned to those of the reference. Using the obtained
consensus, the open reading frame (ORF) was observed, and a result with an ORF similar
to the reference was adopted.

2.3. Phylogenetic Analysis

In this study, the gene sequences of influenza A virus, available from the GISAID
(https:/ /platform.gisaid.org/epi3/frontend#22c194) and NCBI, were downloaded on
31 May 2021. Each nucleotide sequence of the isolated subtype virus was queried against
the downloaded database using nucleotide BLAST (NCBI) with default parameters, and
sequences of the top 100 hits were collected. Thus, for each gene, 800 similar sequences
were obtained, and sequences with the same strain name were removed. Phylogenetic anal-
ysis was performed for two rounds using MUSCLE and the maximum-likelihood method
implemented in MEGA v.6.017. In the first round, 200 bootstrap replicates were run for
all sequences. Based on the result of first round, in the second round, we selected several
representative reference sequences, and pulsed H7N7 Korea strain sequences, forming
smaller data sets. Phylogenetic analysis was repeated using the method described above
with bootstrap 1000.
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2.4. Temporal Dynamics of the H7 Isolates

To understand the evolutionary dynamics of seasonal influenza in the Republic of
Korea from 2018 to 2019, all available HA sequences of the H7 isolates during this period
were compared with those of other AIVs. For the H7 hemagglutinin genes of the isolates
from Korea, a Bayesian time-resolved phylogenetic tree was created using BEAST v1.10.4.
We employed the SRD06 nucleotide substitution model with a log-normal distributed
uncorrelated relaxed clock. For the analysis, the Bayesian skyline coalescent was chosen as
tree prior. Tracer v1.7.1 used a Markov chain Monte Carlo (MCMC) approach, sampling
every 5000 steps to obtain a post burn-in effective sample size (ESS) of at least 200 in all
parameters. The maximum clade credibility tree was obtained by using Tree Annotator
v1.10.4 with 10% burn-in. The final MCC tree was visualized using FigTree v1.4.4.

2.5. Accession Numbers

Nucleotide sequences were deposited in the GenBank with the accession numbers
mentioned in Table S1.

3. Results
3.1. Isolation and Genomic Characterization of H7 IAV's during 2018-2019 in the Republic
of Korea

During 2018-2019, we isolated a total of 14 H7 isolates from wild bird habitats in the
Republic of Korea, out of which, nine were isolated in 2018, and five in 2019. Genome
sequence information of the isolates was deposited in GenBank with the accession numbers
mentioned above. GenBank accession numbers of the eight gene segments and the highest
nucleotide identities from the GenBank database are shown in Tables S1-513, with sequence
identities from 98.16 to 99.12% when compared to other IAV sequences.

In the isolate KNU2019-14 from 2019, surface gene HA and polymerase basic protein
(PB)1 were closely related to A/common teal/Shanghai/CM1216/2017 (H7N7), which orig-
inated from China, whereas NA was closely related to A /mallard duck/Georgia/10/2016
(H7N7), with nucleotide identities of 99.51%, 99.64%, and 97.88%, respectively—the HA,
PB1, and NA segments of another isolate KNU2019-33 were closely related to A /common
teal/Shanghai/CM1216/2017 (H7N7). Most of the H7N7 isolates had homology associated
with the isolates from China, except for one H7N3 isolate KNU2019-25, where HA was
closely related to A/Jiangsu/1/2018 (H7N4). However, PB1 and NP were closely associ-
ated with sequences from the isolates obtained from ducks in Cambodia, namely H10N7
and H7N4, respectively.

3.2. Molecular Characteristics of the H7 Isolates of 2018-2019 from the Republic of Korea

The 14 H7 isolates were subjected to molecular characterization (Tables 1 and 2).
The molecular characteristics of whole-genome sequences were compared with those of
reference sequences, including that of A/Italy/3/2013/H7N7, A/Jiangsu/1/2018/H7N4,
and A/Shanghai/1/2013/H7N9. In contrast to the polybasic PKRRERR/GLF sequence
of A/Jiangsu/1/2018/H7N4, most HA genes of H7 isolates encoded PELPKGR/GLF
sequences at the cleavage site, which implies the low pathogenic status of the viruses.
However, the H7N7 viruses isolated from Korea during 2018-19 lacked a well-known
essential molecular marker linked with mammalian adaptation, such as Q226L in HA,
similar to that of A/Jiangsu/1/2018/H7N4 and A /Shanghai/1/2013/H7N9. Furthermore,
almost all of them lacked S138A mutation, known to be responsible for increased binding
to mammalian receptors, and also present in the HA segment of A/Jiangsu/1/2018/H7N4.
The identified mammalian adaptive markers, such as E627K and D701N in PB2, as well as
specific amino acid changes at residue 66 in PB1-F2, residue 15 in M1, and residue 31 in
M2, were not discovered in any of the H7 viruses. The P42S mutation in the NS1 protein
was found in the majority of H7 isolates, which has been demonstrated to improve viral
pathogenicity in mice.
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Table 1. Summary of data obtained from the mutational analysis of PB2, PB1, PA, and HA segments from the H7 isolates sampled during 2018-2019 in the Republic of Korea.

PB2 PB1 PB1-F2 PA HA
L89V E627K D701IN L13P R207K N66S H266R F277S K356R S409N Cleavage Site S138A Q226L
= o v v ~ - g v —
= £ £ g g g g 5 _E £ 8 &8
g 2 ¢ 2 28 v 9 o ST E 275 ® Ew
. = =] E 89 5= £ g = ) ¥ 28 & g g3 8
Virus Sub-Type g — o —_ ESNEAY R RN~ R £ g S B g = - T =
s PE g2 >E 223 PEr Tiiz  EER ary
== o = ~ g = "85 ~ 5 o= .0 S 2ES 82—4 T e
S5 28 T2 25 PTsi $EE Toy 5% § 2 2
g & €8 gz s e > 852 $E5 SEER 2% £75 g
R g 8= 3 2 RN 58S SE=R/ £g g g s 5
B £ .5 S o & 5 & S U ,H ;E'c g= B G 4 B =i
El _g — 5 < S E < > — < U .= 'E < : ‘_g
=2 S~ & 5352
A/Italy/3/2013 H7N7 \% E D P K N R S K S PELPKGR|GLF A Q
A/Jiangsu/1/2018 H7N4 \% K D P K N R S K S PKRRERR|GLF A Q
A/Shanghai/1/2013 H7N9 \Y K D P K N R S R N PELPKGR|GLF S Q
KNU2018-104 H7N7 \% E D P K N R S K S PELPKGR|GLF A Q
KNU2018-106 H7N7 \% E D P K N R S K S PELPKGR|GLF A Q
KNU2018-107 H7N7 \Y E D P K N R S K S PELPKGR|GLF A Q
KNU2018-108 H7N7 \% E D P K N R S K S PELPKGR|GLF A Q
KNU2018-109 H7N7 \% E D P K N R S K S PELPKGR|GLF A Q
KNU2018-110 H7N7 \Y E D P K N R S K S PELPKGR|GLF A Q
KNU2018-113 H7N1 \% E D P K S R S K S PELPKGR|GLF A Q
KNU2018-114 H7N7 \% E D P K S R S K S PELPKGR|GLF A Q
KNU2018-119 H7N7 \Y E D P K S R S K S PELPKGR|GLF A Q
KNU2019-14 H7N7 \% E D P K S R S K S PELPKGR|GLF A Q
KNU2019-33 H7N7 \% E D P K S R S K S PELPKGR|GLF A Q
KNU2019-39 H7N7 \Y E D P K S R S K S PELPKGR|GLF A Q
KNU2019-25 H7N3 \% E D P K N R F K S PELPKGR|GLF A Q
KNU2019-30 H7N7 \% E D P K S R S K S PEPPKGR|GLF A Q
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Table 2. Summary of data obtained from the mutational analysis of NP, NA, M1, M2, and NS1 segments from the H7 isolates sampled during 2018-2019 in the Republic of Korea.
NP NA M1 M2 NS1
Virulence
V41l A184K D210E M2e6l 1107V R294K V151 N30D T215A 128V S31IN L55F P/A42S
Virus Sub-Type %E v% %§ _5072 82,33 .cgg :é Ty
§% g = 5= £E s R B~ £ S £S5 8
£ EE  EZ S5 E CERE £5 5 £ S
= <
A/Italy/3/2013 H7N7 I K E I I R \% D A I S L S
A/Jiangsu/1/2018 H7N4 1 K E L I R \% D A I S L S
A/Shanghai/1/2013 H7N9 I K E I \Y% K I D A A% N F S
KNU2018-104 H7N7 I K E I \% R \% D A v S L A
KNU2018-106 H7N7 I K E I \% R \Y D A I S L S
KNU2018-107 H7N7 I K E I \Y R \Y D A I S L S
KNU2018-108 H7N7 1 K E I \% R \% D A I S L S
KNU2018-109 H7N7 I K E I \% R \% D A I S L S
KNU2018-110 H7N7 I K E I \Y% R \Y D A I S L S
KNU2018-113 H7N1 1 K E I \% R \% D A I S L S
KNU2018-114 H7N7 1 K E I \% R \% D A I S L S
KNU2018-119 H7N7 I K E I \Y% R \Y D A I S L S
KNU2019-14 H7N7 I K E I \% R \% D A I S L S
KNU2019-33 H7N7 1 K E I \% R \% D A I S L A
KNU2019-39 H7N7 I K E I \Y R A% D A I S L S
KNU2019-25 H7N3 I K E I \% R \% D A I S L S
KNU2019-30 H7N7 1 K E I \% R \% D A I S L S
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PB2

3.3. Hypothesis for Reassortment Event in Each Gene Segment

The maximume-likelihood technique implemented in MEGA v.6.017 was used to
phylogenetically assess all eight segments of the H7 isolates, as well as accessible sequences
downloaded from the NCBI Influenza Virus Resource and the Global Initiative on Sharing
All Influenza Data (GISAID; http:/ /www.gisaid.org) on 31 May 2021 (Figure 1).

0.010

PB1

0.010

f
~

Alwild duck/South Korea/KNU18-106/2018/H7N7
Alwild duck/South Korea/KNU18-108/2018/H7N7
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Alwild duck/South Korea/KNU18-107/2018/H7N7
Alwild duck/South Korea/KNU18-109/2018/H7N7
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Alwild duck/South Korea/KNU18-104/2018/H7N7
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A/mallard/Kagoshima/KG1C/2017/H4N9
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Amallard/Korea/F94-16/2017/HANG
Alenvironment/Kagoshima/KU-ngr-C/2018
Awild waterfowl/Korea/F7-18/2018/H4N8
A/mallard/Shanghai/JDS110851/2017/H12N5
Alduck/Cambodia/4T-MM4-D10/2018
A/duck/Cambodia/12T-24-1-D3/2018/H7N4
A/duck/Mongolia/926/2019/H5N3
A/duck/Bangladesh/38292/2019/H2N2

A/Bean Goose/South Korea/KNU 2019-16/2019/HIN2
A/White-fronted goose/South Korea/KNU2019-37/2019/H1N1

Alwild duck/South Korea/KNU2018-113/2018/H7N1

AlAnas platyrhynchos)/South Korea/KNU2019-33/2019/H7N7
A/White-fronted goose/South Korea/KNU2019-39/2019/H7N7
A/White-fronted Goose/South Korea/KNU18-119/2018/H7N7
Alcommon teal/Shanghai/CM1216/2017/H7N7
Amallard Tottori31C/2019HTNT
Alwild duck/South Korea/KNU18-114/2018/H7N7
A/Shoveler/Omsk Region/152019/HANG

0.010

Figure 1. Cont.

? Kaearow 2015 Araovsis oV aHANS
intailNovosibirsk regit

Awild bird/China/Y13/2019/H4N2 Nm?mnmvcmymgzmwa
AEmeonmenCUBgiiZI01920 191N Alduck/Bangladesh/18D769/2017/HEN7
AlduckMongolia/8T6/2019H3NS Alduck/Bangladesh/33676/2017AHANG

3422019 H1IN1 “ 37/2015/H3N8
/Anas platyrhynchos/South Korea/KNU2019-30/2019/H7N7 — Europe lineage
Alduck/Bangladesi/382852019H11N3 ~
Alduck/Korea/H438/2020H5N8 0.010 i i
AlchickenKorea/H532/2020H5NS H7 AlVisolates in

Republic of Korea (2018-2019)
—

Closely related strains
——

Alspot-billed duck/South Korea/JB31-86-90/2019/HEN2
ANorthern PintailRussia Primorje/137/2019 | A/ HENG

Amallard/Korea/CL45/2017 | A/ HAN6

Alchicken/Taiwan/A4/2019 | A/ H5N2

Alchicken/Taiwan/A5/2019| A/ H5N2

AlSouth Korea/KNU2019-25/2019/H7N3

Aduck/baraki/99/2016 | A/ H11N9

Alwhite-fronted goose/Korea/F56-3/2017 | A/ HEN2

A/mallard/Koreal/A42-4/2017 | A/ H5N2

Alduck/Mongolia/837/2015|AH1N1
AJEnvironment/Guangxi’25019/2019AH10N3

A/South Korea/KNU2019-30/2019/H7N7

AMallard/South Korea/KNU2019-33/2019/H7N7

IciQuery 32725 Almaliard/Tottori/31C/2019JAHTNT

IcliQuery 32724 Aimallard/Anhui/3-683/20 19JAHGN2

A/Mallard/South Korea/KNU2019-14/2019/H7N7

Icl|Quey 32727 Alcommon teal/Shanghai/CM1216/2017|AH7N7|
Awild duck/South Korea/KNU2018-113/2018/H7N1

ASph-biled duck/South KoreaWKU2019-1/2019H7N3

A/WHite-fronted goose/South Korea/KNU2019-39/2019/H7N7
Awild duck/South Korea/KNU18-114/2018/H7N7
A/White-fronted Goose/South Korea/KNU18-119/2018/H7N7

H7 AlVisolates in
Republic of Korea (2018-2019)

Closely related strains
—
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Amallard/Tottori/31C/2019 | A/ H7NT
Alcommon teal/Shanghai/CM1216/2017 | A / HTN7

A/Mallard/South Korea/KNU2019-33/2019/H7N7
A/White-fronted Goose/South Korea/KNU18-119/2018 2018/12/31/H7N7

I AWhite-fronted goose/South Korea/KNU2019-39/2019/H7N7
|- AMallardRussia Primorje/153/2019 | A/ HANG
Auiangsu/1/2020(HSNG) | A/ HSNG

T Amalardnur3 51772010 A HoN

- A/Mallard /South Korea/KNU2019-14/2019/H7N7
Alduck/BangladeshV35669:2018 | A/ HING
Amigratory birdindia1722760/2017/H4N6
AlgadwallChany/893/2018 | A/ H3N8
Alduck/Bangladesh/37525/2019 | A/ HEN4
AduckMongoiia/374/2018 | A/ HANG
AduckMongoia/398/2018 | A/ HIN8
Amallard/ShanghailJDS120662/2018 | A/ H10N4
Amallard/Novosibirsk region/999k/2018 | A/ H12NS
AmalardNovosibirsk region/964ki2018 | A/ H12N5
AmallardNetherlands/18015513.001/2018 | A/ HINT
A/Anas platyrhynchos/Belgium/11025 4412017 | A/ H11N1
AteallChany324/2017 | A/ H12N5
Alduck/Bangladesi/31227/2016 | A/ HGN2

ild duck/South Korea/KNU18-104/2018 2018/12/10/H7N7
Korea/KNU 2019.

teal(Anas
Aspotbill duck/Korea/WA159/2018 | A/ HSNG

Alchicken/Korea/H241/2018 | A/ HSNG
Alwild duck/South Korea/KNU2018-113/2018 2018/12/27/H7N1

AMallard (Anas platyrhynchos)/South Korea/KNU2019-65/2019/H4NG
A/duck/Mongolia/690/2019 | A/ H4NG
A/duck/Mongolia/619/2019 | A/ H3NG

|A/duck/Mongolia/543/2015 | A / H4NG
Almallard/Beijing/10/2016 | A/ H4NS
Amallard/Beijing/25/2016 | A/ HANG

0.010

ADuck/Mongolia/751/2017 | A/ H7N3/2017.666
Alduck/Bangladest/37203/2019/H7N1/2019
Alduck/Bangladesh/37203/2019/H7N1/2019.038
Alduck/Bangladesh/37529/2019H7N3/2019.044

Alduck/Bangladesh/36227/2018/H7N6/2018 934
Almallard duck/Georgia/10/2016/H7N7/2016.746

Amaliard/Dagestan/1051/2018/H7N3/2018.060

Amallard/Dagestan/1050/2018/H7N3/2018 060
Alduck/Mongolia/1/2019/H7N7/2019.696
Alduck/Mongolia/6/2019/H7N7/2019 696

Alcommon teal/Shanghai/CM1216/2017/H7N7/2017.956
Amallard/Tottori/31C/2019/H7N7/2019.033
Alwild duck/South Korea/KNU18-114/2018/H7N7/2018.00

ASpot.
A/White-fronted Goose/South Korea/KNU18-119/2018/H7N7/2018.00
A/White-fronted goose /South Korea/KNU2019-39/2019/H7N7/2018.00
Awild duck/South Korea/KNU2018-113/2018/H7N1/
AMallard /South Korea/KNU2019-33/2019/H7N72019.00
AMallard /South Korea/KNU2019-30/2019/H7N7/2019.00
AMallard /South Korea/KNU2019-14/2019/H7N7/2019.00

N 055
Alduck/Gunma/100213/2015/H7N7/2015.085
Alduck/baraki/1/2015/H7N2/2015.000
Alenvironment/Korea/W478/2014/H7N7/2014.995
Alenvironment/Korea/MA-478/2016/H7N7/2016.000
Alduck/Shimane/321108/2014 |2014.833
Alwild duck/South Korea/KNU18-107/2018/H7N7/2018.00
Alwild duck/South Korea/KNU18-108/2018/H7N7/2018.00
Awild duck/South Korea/KNU18-109/2018/H7N7/2018.00
Alwild duck/South Korea/KNU18-110/2018/H7N7/2018.00
Awild duck/South Korea/KNU18-106/2018/H7N7/2018.00
AMallard /South Korea/KNU2019-25/2019/H7N3/2019.00
Nenvironment/Kagoshima/KU-H4/2018|(H7N9) [2018 940
Alwild duck/South Korea/KNU18-104/2018/H7N7/2018.00
Alduck/Cambodia/C50W8M1/2018/H7N4/2018.148
Alduck/Cambodia/12T-24-1-D7/2018/H7N4/2018.219
Alduck/Cambodia/12T-24-1-D3/H7N4/2018 219
Alduck/Cambodia/C70W14M/2018(H7N5)[2018 258
AlJiangsu/1/2018/H7N4/2018.014
Aliangsu/1/2018/H7N4/2018.014
A/Chicken/Jiangsw/103/2018/H7N4/2018.014

Jiangsu/2018

Figure 1. Cont.

KNU2019-30/2019/H7N7
Aleurasian wigeon/Kagoshima/KU-21/2016 | A/ HSNG
Aleurasian wigeon/Kagoshima/KU-21/2016 | A/ HSNG
Aleurasian wigeon/Kagoshima/KU-20/2016 | A / HSN&
Alchicken/Miyazaki/2-3C/2017 | A/ HSNG
Alchicken/Miyazaki/2-5T/2017 | A/ HSNG

‘Alcommon porchard/Yamaguchi/35018002/2017 | A/ H5SN6
AlduckMongolia/820/2019 | A/ HAN2

Amalard/Korea/H906-3/2017 | A/HTNT

Amallard/Korea/H1055-2/2017 | A/ HTNT

Alduck/Kagoshima/KU-d46/2016 | A/ HING

Amallard/Korea/H910/2017 | A/ HTNT

Algreen-winged tealKorea/H1105-3/72017 | A/H5N3

Algreen-winged tealKorea/H1105-32017 | A/ HSN3
Qu

B8/2018 | A/HANG

IclQuery 52011 IciQuery 3840 Aduck/Bangladesh/33638/2017 | A/ HAN2
A/Eurasion wigeon/Shanghai/NH101834/2017 | A/ H11N2

Almallard/Korea/CL45/2017 | A / H:
Awild bird/South Korea/WKU2019-4/2019 | A/ HIN1
AlchickenTaiwan/Ad12019 | A/ HSN2
f——— Alducki( 1362/2017 | ATHSN3
{— A/mallard/Korea/H836-10/2017 | A/ H7N3

IchQuery
IclQuery 52000 lciQuery 3838 Alenvironment/Kagoshima/KU-D212018 | A/ HAN1

]
|
i Hi
i
i
! 14N
|
i
h /Chongaing/S4:
!
I ' EA/W"G duck/South Korea/KNU18-114/2018 2018/12/27/H7N7
A/duck/Hunan/11.30 YYGK54E3-0C/2017 | A/ HENG
latiorea 2017

A/Mallard (Anas platyrhynchos)/South Korea/KNU2019-25/2019/H7N3

Alduckfibaraki/F10-2-32017 | A/ HTNT
(— Alchicken/Saga/1-3C/2017 | A/ HSNG

[~ Avchicken/Kumamoto/1-7T/2016 | A/ HSNG

|~ A/mandarin duck/Korea/WB246/2016(H5N6) | A / HSNS
- Alenvironment/Korea/W541/2016 | A / HSN6

Alwild duck/South Korea/1920/2019/H5N6
Alduck/Korea/ES2/2016/H5N6

A/Anas platyrhynchos/South Korea/1702/2017/HSN6
Alenvironment/Kagoshima/KU-4a/2018 | A/ HEN2

0.010

Awild bird/China/Y13/2019 | A/ HAN2

Alwild duck/South Korea/KNU18-106/2018 2018/12/20/H7N7
Alwild duck/South Korea/KNU18-107/2018 2018/12/20/H7N7
Alwild duck/South Korea/KNU18-109/2018 2018/12/20/H7N7
Alwild duck/South Korea/KNU18-108/2018 2018/12/20/H7N7
Alwild duck/South Korea/KNU18-110/2018 2018/12/20/H7N7

H7 AlVisolatesin

Republic of Korea (2018-2019)
——

Closely related strains
———

Korea 2016/2017
{— Avduck/Jiangxi/1.07 NCDZT35N-C/2016/H7N7

A/Duck/Dongting/D76-1/2016/H5N7
A/duck/baraki/102/2016/H7N7
A/duck/ibaraki/107/2016/H7N7

Alspot-billed duck/Korea/AQ09/2016/H7N7
A/duck/ibaraki/F 10-2-3/2017/H7N7

Aduck/ibaraki/F 10-2-5/2017/H7N7
= — A/duck/baraki/F4-2-1/2017/H7N7
A/duck/C: lia/C8W6M1/2018/H10N7

iId
A/mallard/Korea/A15/2016/H7N7

A/mallard/Korea/H982-6/2017/H7N7
Alred-crowned crane/Korea/H1026/2017/H7N7

—
0.010

A/mallard/Korea/H1065-1/2017/H7N7
A/mallard/Korea/H1066-5/2017/H7N7
A/mallard/Korea/H1029-5/2017/H7N7
A/mandarin duck/Korea/H1030-2/2017/H7N7
A/mallard/Korea/WB963/2017/H7N7
A/mallard/Korea/H917/2017/H7N7

f‘ Alduck/Bangladesh41866/2019(H7N7)

(HTN7)
L Alenvironment/Bangladesh/41896/2019(H7N7)
Alduck/Bangladesh/18D770/2017
Alduck/Bangladesh/18D769/2017
Almallard duck/Georgia/10/2016

|
! Alduck/Mongolia/6/2019(H7N7)

Alduck/Bangladesh/44491/2020(H10N7)
Alduck/Bangladesh/44494/2020(H10N7)

Alenvironment/Bangladesh/42636/2020(H10N7)
)

AmalardTottori31C/2019
Alcommon teal/Shanghai/CM1216/2017

AEurasian teal/South Korea/JB32-15/2019(H10N7)

H7 AlV isolates in

Alwild duck/South Korea/KNU18-109/2018/H7N7
Alwild duck/South Korea/KNU18-110/2018/H7N7
Alwild duck/South Korea/KNU18-108/2018/H7N7
Alwild duck/South Korea/KNU18-107/2018/H7N7
Alwild duck/South Korea/KNU18-106/2018/H7N7
Jwild duck/South Korea/KNU18-104/2018/H7N7

AMallard/South Korea/KNU2019-14/2019/H7N7

AMallard/South Korea/KNU2019-33/2019/H7N7

Alwild duck/South Korea/KNU18-114/2018 2018/12/27
A/White-fronted Goose/South Korea/KNU18-119/2018/H7N7
AMallard/South Korea/KNU2019-30/2019/H7N7

A/White-fronted Goose/South Korea/KNU2019-39/2019/H7N7

Republic of Korea (2018-2019)
e LIl

Closely related strains
——



9of 16

Viruses 2021, 13, 2260
F G
NA1 NA3
L \ AmalardKorealA14-22017 | A/ HEN3
s b ; —INmallardIKorealA114/2017|AIH5N3
— Awhite-fronted goose/Korea/H952/2017 | A/ HBN1 \‘
ﬂ% {11 ABengusetupsicstaoto o A e | [ Alspot-illed duck/KoreaH10-1/2017| A/ H5N3
— AWhite-fronted goose/South Korea/kNU2019-37/2019H1N1 i Alspot-billed duck/Korea/A09-1-2/2017 | A/HSN3
'," AlGreater white-fronted goose/South Korea/KNU2018-64/2018HIN1 \ — A/mallard/Korea/Ad4-5/2017 | A/H5N3
' Alwild duck/South Korea/KNU2018-113/2018/H7N1 L AlduckJiangsu/SE0261/2018 | A/ HSN3
H Alemvironment/Kagoshima/KU-J2/2018 | A/ HAN1 ‘
/ AbidvatefowlKoreaF 14512016 | A/ HON { AMallard /Sguth Korea/KNU2019-25/2019/H7N3
— i  Almandarin ducklKorealH994-7/2017 | A/ HTN1 ! Alduck/Chongaing/S4362/2017 | ATHEN3
L — : Albean goose/Korea/F54-8/2017 | A/ HBN1 4 AEnvironment/Guangxii25019/2019 | A/ H1ON3
H- i Albean goose/KorealF27-6/2017 | A/HBN1 b L AJEnvironment/Guangxi/t3425/2018 | A/ H1ON3
— ’,‘
“ ;
H7 AlVisolates in
L] — Republic of Korea (2018-2019)
0.0020 0.002 —
Wstrains
H.
NP

0.010

IcQuery 38153 A/duck/Tokushima/361002/2015 | A/ H5N3
AMallard/South Korea/KNU2019-53/2019/H3N8
Ainorthern shoveler/Alaska/UGAI16-5347/2016/HEN2
A/duck/Yamaguchi/351211/2015| A/ H5N3

Alaquatic bird/South Korea/sw007/2015/H5N3

Alspot-billed duck/Korea/H604-1/2016 | A/ HSN3
A/duck/Fukui/181111/2015 | A/ HIN3

A/duck/Akita/51019/2017 | A/ H5N3

A/mandarin duck/Korea/H993-10/2017 | A/ H7N2
Alwild duck/South Korea/KNU18-104/2018/H7N7
A/mallard/Korea/H15-1/2017 | A HSN2

A/Mallard/Korea/KNU2019-14/2019(H7N7
A/Bean Goose/Hubei/chenhu XVI311-2 /2016/H5N8
Alduck/Okinawa/471017/2015 | A/ HANG
Alduck/Viet Nam/QN-2623/2016 | A/ H6

Alwild bird feces/Korea/H55/2017 | A / HEN2

Alduck/Kyoto/261007/2014 | A/ HENS
Alwild bird feces/Korea/H2512/2015 | A/ H5N3

Alduck/Assam/DUOR1512100028/2015/H3N8
Alwild duck/South Korea/KNU18-108/2018/H7N7
Alwild duck/South Korea/KNU18-106/2018/H7N7
Alwild duck/South Korea/KNU18-109/2018/H7N7
Alwild duck/South Korea/KNU18-107/2018/H7N7
Alwild duck/South Korea/KNU18-110/2018/H7N7

A/goose/Pingtung/15050014/2015/H5N8
A/duck/Shimane/321004/2014 | A/ HSN2
Alhooded crane/Korea/1176/2016/H1N1
A/Mallard/South Korea/KNU2019-25/2019/H7N3
A/duck/Cambodia/12T-24-1-D3/2018 | A/ H7N4
A/Bean Goose/Hubei/chenhu XV110-1/2016 HBN1 | A/ HEN1

e

e

A/Bean Goose/Hubei/chenhu XVI268-1/2016 HIN1 | A/H1N1

H7 AlVisolates in
Republic of Korea (2018-2019)
——

Closelz related strains

0.010

Figure 1. Cont.

————— KNU18-119/2018/H7N7
— A/green sandpiper/Kurgan/1050/2018 | A / H3N8
AsGallus mM/3497 0001/2019/H3N1

Asduck/Mongolia/543/2015 | A/ HANG

A/mallard/Korea/F94-16/2017 | A / H4AN6

A/Mallard/South Korea/KNU2019-65/2019/H4NG6
Avspot-billed duck/Korea/A45-1/2017 | A/ HSN2
AVEN/HUNan/03259/2015 | A/ H3N3

Asa 01/201
A/mallard/Korea/A32-3/2017 | A/ HSN2
729/201

AlduckMongolia/961/2019/H3N8
Alduck/Mongolia/876/2019 | A/ H3N8
Alcommon teal/Shanghai/JDS110203/2019| A/ H12N8
Alwild duck/South Korea/KNU18-114/2018/H7N7
Amallard/Anhui/3-617/2019 | A/ HEN1
Amallard/Anhui/1-474/2019 | A/ HEN1
Amallard/Anhui’2-682/2019 | A/ HBN2
Alteal/Chany/324/2017 | A/ H12N5
[ Alduck/Mongolia/451/2018/H4N1
Allayer her/Slovakia/A-chicken-Slovakia-Pah 14-2020 HSN8
— A/mallard/Bangladestv37909/2019 | A/ H8N4
_LNgadwaIIChany/SQSODIS |A/H3N8
A/Shoveler/Omsk Region/15/2019 | A/ HANG
A/garganey/Bangladesh/38920/2019/H7N4
Almallard/Shanghai/JDS120662/2018/H10N4
Almallard/Tottori/31C/2019 | A/ HTN7
|A/mallard/Tottori/31C/2019H7N7
Alcommon teal/Shanghai/CM1216/2017 | A/ H7N7
Alwild duck/South Korea/KNU2018-113/2018/H7N1
A/Anas platyrhynchos/South Korea/KNU2019-33/2019/H7N7
A/White-fronted goose/South Korea/KNU2019-39/2019/H7N7|
A/Spot-billed duck/South Korea/WKU2019-1/2019/H7N3

A/Mallard/South Korea/KNU2019-30/2019/H7N7
Alduck/Hokkaido/WZ1/2014 | A/ H11N2

A/Anas platyrhynchos/South Korea/JB29-91-95/2019(H11N2)
Alduck/Hokkaido/166/2014 | A/ HSN2
A/duck/Mongolia/MN18-13/2018/H3N8

Awild waterfowl/Hubei/B51/2017 | A / HON2
A/duck/Aichii231009/2014 | A/ HENG
Alduck/Tottori/311018/2015 | A/ H3NG

A/northern pintailAlaska/UGAI16-3997/2016/H8N4
Alduck/Hokkaido/WZ1/2014 | A/ H11N2

A/duck/Hokkaido/OBF2/2018 | A/ H3N2
J2019-35/2019/H1N1
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Awild duck/South Korea/KNU18-109/2018 2018/12/20H7N7
Awild duck/South Korea/KNU18-110/2018 2018/12/20H7N7
Alwild duck/South Korea/KNU18-107/2018 2018/12/20/H7N7
Awild duck/South Korea/KNU18-106/2018 2018/12/20/H7N7

Alwild duck/South Korea/KNU18-108/2018 2018/12/20/H7N7
Alduck/Mongolia/826/2019 | A/ HANG

AEurasian wigeon/Kagoshima/KU-D45/2018 | A/ HEN2

A/Green-winged teal(Anas crecca)/South Korea/KNU/2019-69/HEN2
AlFalcated duck/South Korea/JB42-30/2020/HIN2
Alduck/Bangladesh/26992/2015 | A/ HTN9
Alduck/Bangladesh/26980/2015 | A/ H7NS
Alduck/Thailand/NA01/2003H3N2
Alduck/Aichi/231008/2016| A/ HIN2
RNAY Alduck/Hokkaido/X9/2016 | A/ HBN4

Alwild bird/South KoreaWKU2019-4/2019/H1N1

AJmallard/Korea/M174/2014 | A/ HAN6
A/mallard/Korea/M174/2014(H4N6)
Alcrane/Kagoshima/KU-T40/2015 | A/ H11N9
Alblack-necked crane/Zhaotong/ZT-12/2013 | A/ HIN2
Alblack-necked crane/Zhaotong/ZT-12/2013 | A/ HIN2

(LR

Alspot-billed duck/Korea/AQ09/2016 | A/ H7N7
AJEN/Sichuan/03404/2015 | A/ H3N6
KNU18-104/2018 2018/12/10/H7N7
AJduck/Viet Nan/HN-2634/2016 | A / HEN6
Alduck/Chongqing/S4362/2017/H5N3
Alchicken/Jiangsu/2/2018 | A/ H7TN4
A/duck/Jiangsw/1/2018 | A/ H7N4

A/Mallard/South Korea/KNU2019-30/2019/H7N7
N A/mallard/Shanghai/JDS110851/2017/H12N5
A/Anser anser/Hubei/Chenhu936/2014 HGN1 | A/HE6N1
Alchicken/Vietnam/HU1-976/2014/HIN2
' | = Al/duck/Akita/51019/2017 | A/ H5N3

A/mallard/South Korea/JB21-22/2019/H4AN6

Alenvironment/Kagoshima/KU-C6/2018 | A/ HAN2
_m/common teal/ShanghailJDS110203/2019 | A/ H12N8
Amallard/Anhui/1-47412019 | A/ HGN1

_LNAnas poecilorhyncha/South Korea/JB32-81/2019 | A/ H11N2
AAnas platyrhynchos/South Korea/JB29-91-95/2019| A/ H11N2

—— Alwild duck/South Korea/KNU2018-113/2018 2018/12/27/HN1

! | I Alcommon teal/ShanghailCM1216/2017 | A/ HTN7

i [| AMhite-fronted Goose/South Korea/KNU18-119/2018 2018/12/31 HTNT

i | | Awild duck/South Korea/KNU18-11412018 2018/12127/H7NT

¢ | | AMallard (Anas platyrhynchos)/South Korea/KNU2019-33/2019/H7N7

1| |AMallardRussia Primorie/532019| A/ HANG

B AmallardTottori/31C/2019| A/ HINT

: Anser albifrons)/South Korea/KNU2019-39/2019/H7N7

~ AlAnser albifrons/South Korea/KNU2019-39/2019/H7N7

A/duck/Tottori/311217/2014 | A/ H11N9
Alduck/Fukui/181015/2016 | A / HEN2
A/Mallard /South Korea/KNU2019-25/2019/H7N3
Alenvironment/Kagoshima/KU-H4/2018 | A/ HTN9

A/mallard/Republic of Georgia/3/2010(H7N3)
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Figure 1. Maximum-likelihood phylogenetic trees of eight gene segments. Taxa are colored according to Korea H7 virus
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Alduck/Akita/51019/2017/H5N3
Alcommon teal/Shanghai/NH1106-20/2017 | A/ H8N4
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A/Mallard/South Korea/KNU2019-25/2019/H7N3
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Reeublic of Korea (2018-2019)
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Alspot-billed duck/Korea/H422-7/2016 | A/ HSN3

Alwild duck/South Korea/KNU18-104/2018/H7N7
Alwild waterfowl/KorealF14-5/2016 | A / HBN1

R Ep B P =y

Almallard/Korea/A33-5/2017 | A/ H5N2
Awild bird feces/Korea/H33/2017 | A/ HSN2

Aispot-billed duck/Korea/H10-12017 | A/H5N3
AftealBuryatia/57/2018 | A/ HANG

! AlduckMongolia/401/2018 | A/ HANG

\ AttealBuryatia/100/2018 | A/ HANG

\ ACommon TealBuryafia/88i/2019| A/ H4NG

2018/2019 isolates (red) and closely related strains (originated before 2018), based on highest nucleotide similarities to the
2018-2019 Korea H7 viruses (purple). (A) polymerase basic 2 (PB2); (B) polymerase basic 1 (PB1); (C) polymerase acidic (PA);

(D) haemagglutinin (HA); (E) neuraminidase (NA7); (F) neuraminidase (NA1); (G) neuraminidase (NA3); (H) nucleoprotein
(NP); (I) matrix (M); (J) non-structural (NS).

Through further evolutionary reassortment tracking analysis of our isolates (Figure 2),

and on the basis of the available evidence, we proposed all H7 isolates from the Republic
of Korea during 2018-2019 to be distinguishable into two clusters.
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Figure 2. The SRD06 partitioned-substitution model, an uncorrelated lognormal relaxed clock, and a Bayesian skyline
coalescent model in BEAST v1.10.4 were used to estimate the time-scaled maximum clade credibility (MCC) phylogeny for
all HA sequences isolated between 1992-2019.

In cluster 1, involving isolates KNU106,/2018, KNU107 /2018, KNU108/2018, KNU110/
2018, KNU109/2018, KNU104 /2018, and KNU25/2019, NA, and HA gene reassortment
prevailed in the H7N7 isolates from the Republic of Korea in 2016-2017. The highest se-
quence similarities of these isolates (~98%) with A/duck/Assam/DUOR1512100028/2015
(A/H3NB) predict inheritance of the NP gene, and that of the MP gene through ducks from
Bangladesh (A/duck/Bangladesh/26980/2015 (A/H7N9)) and Fukui, Japan. The NS gene
from A/teal/Egypt/2016 got reassorted into a duck in Hunan with H6N6, and further
transferred to our isolates of category 1. The PB2/PA were predicted to be transmitted
from isolates in Mongolia with H7N3 in 2017. All the isolates had Eurasian lineage.

In cluster 2, involving most of our isolates from 2019 and a few from 2018, such as
KNU114, KNU113, and KNU119, most of the segments were inherited from the reassorted
viruses of 2017, the Korean isolates of 2016 and 2017, and from isolates in Japan from 2014-
2016. The 2017 reassorted viruses possessed PB2 from Netherlands/2015/H3N8, NP/MP
from A/teal/Chany/2017/H12N5-like viruses, NP/MP and NS from AIVs isolated from
Egypt/2015-2016, HA/NA from A/mallard duck/Georgia/2016/H7N7, and PB2/PB1/PA
from Mongolia/2015/2017. Detailed information on the evolutionary reassortment is
presented in Figure 3.
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Figure 3. Original reassortment events of the novel avian influenza H7 isolates isolated during 2018-2019 in the Republic of
Korea. (A) Cluster 1 represents possible reassortment events associated with KNU106/2018, KNU107 /2018, KNU108/2018,
KNU110/2018, KNU109/2018, KNU104/2018, and KNU25/2019. (B) Cluster 2 involves possible reassortment events
associated with most of our isolates from 2019 and a few from 2018, such as KNU114, KNU113, and KNU119.
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4. Discussion

The major force guiding the evolution of AlVs is the adjustment with new hosts or
the escape from the pre-existing host community [31]. This process of evolution is assisted
by nucleotide substitutions involving amino acid mutations and reassortments [32]. In
this study, we genetically characterized 14 H7 LP IAVs isolated from wild bird habitats in
the Republic of Korea from 2018 to 2019. LPAIVs produce minor respiratory syndromes
in chicken, as well as reduced feed intake and egg production, resulting in significant
financial losses. The H7 subtype of AlVs is reported to infect a broad range of species,
including wild birds, poultry, pigs, seals, and humans [33-36]. There have been instances
of reassortment of H7 LP AIVs to HP AlIVs. Ten outbreaks, caused by HP AV, are known
to have been preceded by circulation of a predecessor LP AIV in poultry [7]. Therefore,
acute surveillance is necessary to prevent large scale economic losses.

We identified 26 changes in the human and similar avian H7 viruses’ genomes that
could be involved in human adaptation or increased viral replication. Mutation in the
HA segment may produce structural changes in the protein, affecting receptor binding
affinity. All of the H7 viruses tested lacked Q226L and S138A [26] in HA, similar to that
of A/Jiangsu/1/2018/H7N4 and A/Shanghai/1/2013/H7N9, known to be responsible
for increased binding to mammalian receptors. This confirms their avian receptor binding
specificity. Another important mutation, E627K [17] in the PB2 segment of human H7N4
virus, known for mammalian adaptation, was also absent in all of the isolates, further
confirming their avian adaptivity. Apart from most of the mutations signifying avian host
specificity, the P42S mutation in the NS1 protein was found in the majority of H7 isolates,
which has been demonstrated to improve viral pathogenicity in mice, speculating further
concerns for the mammalian adaption of these viruses in the future.

From our analysis, it is predicted that in 2018-2019, two different subgroups of H7
viruses might have been introduced into the Republic of Korea via different migratory bird
populations through fecal contamination. The locations of circumpolar arctic and subarctic
breeding grounds of migrating birds flying over numerous flyways in Eurasia overlap,
with some sharing common breeding areas [37]. Thus, surveillance and monitoring of H7
subtype AIVs in wild birds are essential for avoiding large-scale morbidities.

On the basis of available resources, we proposed an evolutionary mechanism that
could have led to the generation of novel H7 LPIAVs. The first phase of reassortment might
have occurred among the cluster 1 viruses and other LP AIVs circulating in the Eurasian
migratory bird pathway from 2015 to 2017. In the second phase, all the accumulated reas-
sortments in the H7 viruses isolated between 2015-2016 from the Republic of Korea [14],
together with other H7 viruses from other parts of Asia, such as Bangladesh, India, and
Japan, may have led to the cluster 1 reassorted H7 isolates of 2018-2019. However, consid-
ering the HPAI outbreak that was caused by A/chicken/Italy/16vir1873/2016 (H7N7) in
Italy in 2016, the unusually high prevalence of H7 viruses belonging to cluster I in wild
bird habitats during the winter of 2018-2019 raised concerns of further outbreaks in poultry
by this viral lineage.

In our proposed cluster 2 H7 reassorted viruses, the reassortments may have occurred
through multiple phases. From phylodynamic analysis, it seemed that some H7 viruses
of 2018-2019 had reemerged from the circulating viruses of 2011-2015. The PB2 segment
from Netherlands/2015/H3NS8, HA /NA from A /mallard/Georgia/2016/H7N7, PA from
Bangladesh, and NP/MP from A /teal/Chany/H12N5-like viruses might have reassorted
initially, and led to the evolution of a group of reassorted H7 viruses in 2017, which, further
with segments from Korean isolates of 2016-2017 and isolates from Japan, might have led
to the cluster 2 of H7 reassorted viruses of 2018-2019 in Korea. Thus, novel H7 reassortant
viruses could have undergone further genetic reassortment with other LP IAVs, and spread
across migratory bird species in these breeding sites prior to their subsequent dissemination
during southern migration in 2016.
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5. Conclusions

In summary, the study provided valuable information about the geographical distri-
bution, representation, genetic diversity, and possible evolutionary pathways of novel H7
reassortants in wild bird habitats of the Republic of Korea during 2018-2019. H7 viruses in
both the clusters with considerable genetic diversity were detected at an unusually high
frequency in the winter of 2018-2019. The efficient subclinical replication and shedding of
viruses by chickens might facilitate their silent spread among poultry. Phylogenetic and
nucleotide sequence analyses of these isolates from the Republic of Korea revealed their
distribution into two distinct clusters, with mutations that have been previously reported
to be related to mammalian adaptation and changes in the virulence of AIVs. Thus, the
recent appearance of novel H7 reassortants in migratory bird habitats highlighted the need
for continued influenza surveillance in both wild birds and poultry in the Republic of
Korea to prevent future pandemics, as well as huge economic losses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/v13112260/5s1, Tables S1-513: Individual gene segments of H7 AIV isolates from Korea
during 2018-2019 with the highest nucleotide identity with respective strains obtained through
nucleotide sequence blast in the influenza isolates database (GISAID). Tables S1-513 represent the
specific information about the H7 AIV isolates from Republic of Korea during 2018-2019.
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