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ARTICLE INFO ABSTRACT

Keywords: During the 2022-2023 winter season in South Korea, a novel clade 2.3.4.4b H5N1 HPAIV was first detected in
High pathogenicity avian influenza wild birds, which then subsequently caused multiple outbreaks in poultry farms and wild birds. This study aimed
H5N1 . to investigate the genetic characteristics of HSN1 HPAIVs isolated during the 2022-2023, along with their
giil;izem pathogenicity and transmissibility in chickens and ducks. The clade 2.3.4.4b H5N1 HPAIV viruses caused out-
Chicken breaks in 75 poultry farms and detected in 174 wild bird cases. Phylogenetic analysis of hemagglutinin genes

Duck revealed that the South Korean H5N1 HPAIV isolates were closely related to Eurasian and American HPAIVs
isolated between 2022 and 2023. In total, 21 diverse genotypes (22G0-22G20) were identified in virus isolates
from poultry and wild birds, among which 22G7 was the dominant genotype. The 22G1 genotype (A/duck/
Korea/H493/2022(H5N1)) caused high virulence and pathogenicity, with a 100 % mortality rate in specific-
pathogen-free chickens. Ducks inoculated with genotypes 22G1 or 22G7 (A/duck/Korea/H537/2022(H5N1))
showed neurological signs, with 60 %-80 % mortality rate. In the contact groups of ducks, 100 % of trans-
missibility was observed. Notably, in the 22G7-inoculated group, viral shedding via the cloacal route was longer,
and viral replication in the cecal tonsil was higher than that in the 22G1-inoculated group, which may have
contributed to the dominancy of the 22G7 genotype. Therefore, better understanding of the genetic and path-
ogenic features of HPAI viruses is important for effective virus control in the field.

1. Introduction

H5 High Pathogenicity Avian Influenza viruses (HPAIVs) belong to
the A/Goose/Guangdong/1/1996 (Gs/Gd) lineage consistently cause
outbreaks in both domestic poultry and wild birds worldwide, causing
huge economic losses to related industries and becoming a threat to
public health [1-5]. Owing to diverse and extensive reassortment events
in poultry and wild birds, Gs/Gd H5 HPAIVs have evolved into multiple
hemagglutinin (HA) phylogenetic clades [6-8]. Notably, clade 2.3.4.4
viruses have been reported to be circulating globally since 2014. In
2020-2022, clade 2.3.4.4b H5N8 viruses caused outbreaks and subse-
quently H5N1 HPAIVs emerged as the most prevalent viruses world-
wide, including in Europe, Asia, and America [3-5,8-10]. Reportedly,

HS5N1 HPAIVs caused one of the largest HPAIV epidemics in Europe,
extensively affecting both poultry and wild birds in 2021-2022 [11-13].
The virus, thereafter spreading to North and South America, further
causing multiple outbreaks in poultry and wild birds along with spill-
over to wild mammals [4,5,10].

From 2020 to 2022, clade 2.3.4.4b H5Nx HPAIVs were also intro-
duced into South Korea. The HSN8 HPAIV isolate, which was genetically
similar to the European H5 viruses isolated in 2020, caused outbreaks in
poultry and wild birds in the 2020-2021 winter season and classified
into two major genotypes (G1 and G2) [14]. During In the following
winter season of 2021-2022, the novel clade 2.3.4.4b H5SN1 HPAIV was
first isolated from wild birds and poultry farms [15]. Phylogenetic
analysis of HA genes revealed that the close association of HSN1 viruses
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to the 2020-2021 Eurasian H5 and G2 genotypes of HSN8 HPAIVs. The
South Korean H5N1 viruses presented four distinct genotypes, with an
internal gene configuration similar to that of Eurasian low pathogenicity
Al viruses (LPAIVs). Additionally, the H5SN1 HPAIVs exhibited high
virulence, pathogenicity, and transmissibility in specific-pathogen-free
(SPF) chickens. In ducks, even with a longer period of viral shedding
and higher transmission rates, the virus caused no mortality. These
findings were similar to those reported for 2020-2021 H5N8 HPAIV
isolates in South Korea [15,16].

During the 2022-2023 winter season, novel HSN1 HPAIVs belonging
to clade 2.3.4.4b were identified in October 2022 [17], following which,
H5N1 HPAIV caused outbreaks in multiple poultry farms and detected in
many wild bird cases [18]. In this study, we investigated the genetic
characteristics of South Korean clade 2.3.4.4b H5N1 HPAIVs isolated
from poultry in 2022-2023 winter season and examined the pathoge-
nicity and transmissibility of the virus in SPF chickens and ducks.

2. Materials and methods
2.1. Viruses

In the 2022-2023 winter season, H5N1 HPAIVs were isolated from
75 outbreaks in poultry farms and 23 wild bird cases by the Animal and
Plant Quarantine Agency (APQA), South Korea (Table S1). Herein, 96
H5N1 HPAIV isolates (poultry: 75; wild birds: 21) were genetically
characterized. Selected Korean H5N1 HPAIV isolates from wild birds
identified by the National Institute of Wild Disease Control and Pre-
vention (NIWDC) have been included for genetic analysis (https://me.
go.kr/niwdc/web/index.do?menuld=50) [18]. Additionally, a DNA
barcoding system utilizing mitochondrial DNA from feces was used to
determine the species of wild birds, as previously described [19].
A/duck/Korea/H493/2022(H5N1) (H493/22), the first detected H5N1
HPALIV isolate (22G1 genotype), and A/duck/Korea/H537/2022(H5N1)
(H537/22), the 22G7 genotype responsible for most outbreaks, were
tested for pathogenicity and transmissibility in SPF chickens and ducks
[17].

2.2. Sequencing, phylogenetic analysis, and genome constellation

H5N1 HPAIV isolates were sequenced, as previously described [20,
21]. Briefly, viral RNA was extracted using a Patho Gene-spin DNA/RNA
Extraction Kit (iNtRON Biotechnology, Seoul, South Korea) and ampli-
fied via reverse transcription polymerase chain reaction (PCR). The PCR
products were then purified and sequencing libraries were generated
using the Nextera DNA Flex Library Prep Kit (Illumina, San Diego, CA,
USA) following the manufacturer’s instructions. Complete genome
sequencing was performed using the MiSeq next-generation sequencing
platform (Illumina, San Diego, CA, USA). Finally, genome sequences
were assembled directly using the CLC Genomics Workbench software
(Qiagen) and BioEdit software. The viral genome sequences were
deposited in the Global Initiative on Sharing All Influenza Data (GISAID)
database (http://platform.gisaid.org; accessed on May 8, 2023); the
accession numbers of each virus are listed in Table S1.

Hemagglutinin (HA) and neuraminidase (NA) gene sequences from
96 H5N1 HPALIV isolates were subjected to phylogenetic analysis. The
reference dataset used to construct phylogenetic trees based on HA and
NA sequences was obtained from the EpiFlu database of the GISAID
platform (https://www.gisaid.org/). This dataset included HA and NA
gene sequences from H5 and H5N1 viruses detected in Eurasia and
North America (2020-2022) and Eurasia (2017-2022), respectively
(Table S2). Next, maximum-likelihood phylogenies were generated
using MEGA 6.0, with 1000 bootstrap iterations, and a monophyletic
cluster was defined by a high bootstrap support (>70 %). The genome
constellation was assessed based on the genetic diversity of H5N1
HPAIVs, which was determined using RAXML version 8.2.12, with
gamma distribution and a general time-reversible model [22]. A dataset
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including all AI virus sequences collected from January 1, 2012, to
January 5, 2022 (accessed on 12 May 2022), was obtained from the
GISAID and GenBank databases, and this dataset was used for the
phylogenetic analysis of each internal gene (PB2, PB1, PA, NP, MP, NS)
(Fig. S4). Additionally, genotypes were analysed according to tree to-
pology, and a nucleotide sequence identity of >97 % was considered
significant at the bootstrap support value of >70.

2.3. Bayesian phylodynamic analysis (maximum clade credibility (MCC)
tree analysis

The transmission dynamics of South Korean HPAIVs were charac-
terized by host types by constructing an MCC tree for the HA gene using
Bayesian Evolutionary Analysis by Sampling Trees software(BEAST),
version 1.10.4, as previously described [14]. The dataset included H5SN1
HPAIVs isolated from poultry (chickens and ducks) farms and wild birds
in 2022-2023 [18] and the sequences were reduced using the Cluster
Database at High Identity with Tolerance (CD-HIT) Suit. The final data
set contained 117 sequences, including 93 viruses (chickens: 34, ducks:
38, and wild birds: 21) selected from viruses isolated in this study by
host type. An uncorrelated log-normal distribution relaxed clock
method, the Hasegawa-Kishino-Yano (HKY) nucleotide substitution
model, and the GMRF Bayesian Skyride coalescent prior. Three posterior
trees with effective sample sizes of >200 in Tracer 1.7.1 (http://tree.bio.
ed.ac.uk/software/tracer/) after 50 million runs were combined using
LogCombiner v1.10.4 (https://www.beast2.org/programs/). Next, 10 %
of each run was removed as a burn-in and MCC trees were generated
using TreeAnnotator v1.8.1 (http://beast.bio.ed.ac.uk/TreeAnnotator/)
and visualized using FigTree 1.4.4 (http://tree.bio.ed.ac.uk/ softwar-
e/figtree/). The transition of viruses between host types was evaluated
using the discrete ancestral state reconstruction method and asymmetric
host transitions. The Bayesian stochastic search variable selection was
employed to identify the best-supported host transitions using the Bayes
factor (BF) test. The BF and posterior probabilities were calculated using
SpreaD3 v0.9.6. and considered significant when the values were >4
and 0.5, respectively. The number of transitions between host types
(Markov jump) and the time between host-type changes (Markov
reward) in poultry were calculated.

2.4. Animal experiments

For animal experiments, 5-week-old SPF chickens (Gallus gallus
domesticus) were obtained from CAVAC (ChunAn, South Korea), and 2-
week-old ducks were obtained from a commercial duck farm. All birds
were negative for avian influenza (AI) antibodies and were housed in
negative pressure, high efficiency, air filtered isolation cabinets within a
biosafety level 3 facility. Water and feed were provided ad libitum. An
intravenous pathogenicity index (IVPI) test of SPF chickens was per-
formed according to the World Organization of Animal Health (WOAH)
guidelines [19]. SPF chickens were divided into four groups (n =
5/group) and intranasally inoculated with 0.1 mL of H493/22(H5N1)
(genotype 22G1), which was serially diluted 10-fold ranging from 10° to
10% mean egg infectious dose (EIDsg), to determine the mean chicken
lethal dose (cLDsg) of the virus. Similarly, ducks (n = 5/group) were
intranasally inoculated with 10° EID59/0.1 mL of H493/22(H5N1)
(22G1 genotype) and H537/22(H5N1)(22G7 genotype). After 8 h, three
naive chickens or ducks were cohoused with 10® EIDs, virus-inoculated
groups to determine viral transmissibility. Additionally, three birds were
inoculated intranasally with 10° EID50/0.1 mL of the virus to examine
viral replication in the internal organs at 3 d post-inoculation (dpi).
Clinical signs and Mean Death Time (MDT) were observed for 1-14dpi.
Serum samples were collected from any survived birds at 14 dpi, and
hemagglutination inhibition (HI) tests were performed. cLD5y, were
calculated using the method described by Reed and Muench [23]. All
animal experiments were reviewed and approved by the Institutional
Animal Care and Use Committee of APQA (approval no.: 2021-612,
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Fig. 1. Maximum-likelihood phylogenetic tree of the hemagglutinin gene of South Korean H5N1 High Pathogenicity Avian Influenza Virus (HPAIV) isolates from
2022 to 2023. The scale bar represents the number of nucleotide substitutions per site. A monophyletic cluster was defined when bootstrap values (1000 replicates)
were >70 %. Red dot: HSN1 HPAIVs isolated from poultry; Blue dot: HSN1 HPAIVs isolated from wild birds, Green dot: 2021-2022 H5N1 HPALIV isolates in Korea;
Bold: H5N1 HPAIVs isolated from Animal and Plant Quarantine Agency.
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2023-765).

2.5. Viral shedding, virus replication in organs, and HI test in chicken and
ducks

Oropharyngeal (OP) and cloacal (CL) swabs were collected from 10°
EIDsg-inoculated and contact groups at 1, 2, 3, 4, 5, 6, 7, 10, and 14 dpi
to monitor viral shedding. The virus was isolated from swab samples as
previously described [16,20]. Briefly, OP and CL swab samples were
suspended in 1 mL of Dulbecco’s modified Eagle’s medium (Gibco,
Invitrogen, USA) containing antibiotics (Invitrogen), and each tissue
sample was homogenized (10 % wt/vol). Homogenized samples were
centrifuged, and the supernatant was titrated against chicken embryo
fibroblasts (DF-1) to determine the 50 % tissue culture infective dose
(TCIDsp). The viral titers were calculated using the method described by
Reed and Muench [20]. Area under the curve (AUC) analysis were
performed using GraphPad Prism 5 (San Diego, CA, USA) to compare the
virus shedding period between two different virus inoculated ducks. To
detect viral replications in different organs, three birds were euthanized
and necropsied, and 12 organs (trachea, thymus, heart, lung, kidney,
brain, pancreas, cecal tonsil, liver, spleen, muscle, and proventriculus)
were collected. and virus replication were measured in each organ by
DF-1 cell titration. The limit of viral detection was <1 log;¢ TCID50/0.1
mL. Statistical significance was determined by a Student’s t-test for in-
dependent samples using GraphPad Prism 5 (San Diego, CA, USA). The
HI test of serum samples from the remaining birds alive at 14 dpi was
performed according to WOAH standard procedures [16].

2.6. Necropsy and histopathology in ducks

Necropsy and histopathological examinations were conducted in
accordance with an APQA diagnostic protocol. Three euthanized ducks
were necropsied at 3 dpi to examine gross lesions, and their tissues
(trachea, lungs, heart, brain, cecal tonsil, pancreas, liver, spleen,
thymus, kidneys, proventriculus, and skeletal muscle) were collected for
histopathological examination. Collected tissues were fixed for 24 h in
10 % neutral-buffered formalin and embedded in paraffin blocks, which
were then cut into 5-pm-thick sections, dewaxed, and stained with
hematoxylin-eosin. Additionally, four ducks that died during the
experiment were necropsied and sampled following the same procedure.

3. Results
3.1. Detection of H5N1 HPAIVs isolated in 2022-2023 in South Korea

Clade 2.3.4.4b H5N1 HPAIV was first detected in a wild mandarin
duck in October 2022 [17]. From October 2022 to April 2023, 75 out-
breaks in poultry farms (chickens (n = 34), ducks (n = 38), and minor
poultry (n = 3)) were reported across the country (Fig. S1; Korean An-
imal Health Integrated System). In addition, 174 H5N1 HPAIV were
detected in wild birds by APQA (n = 23) and NIWDC (n = 151) [18].

3.2. Genetic characterization of HSN1 HPAIV isolates

The genetic characteristics of isolated HPAIVs were investigated
using a phylogenetic tree analysis of the HA and NA genes. In total, 96
South Korean H5N1 virus isolates from poultry (n = 75) and wild birds
(n = 21) were analysed (Table S1). All H5N1 HPALIV isolates harboured
multibasic amino acid sequences (PLRERRKR x GLF) at the HA cleavage
site (Table S1). Analysis of the HA gene confirmed the clade 2.3.4.4b and
a close relation of viruses with HPAIVs isolated from Eurasian and
American countries in 2021-2023 (Fig. 1). Most South Korean H5N1
HPAIVs belonged to the G2c genotype group, with only one belonging to
the G2d group. In addition, three H5N1 virus isolates (H625/22,
WAS537/22, and H633/22) clustered with North American H5N1 viruses
isolated in 2021-2023 [17]. Phylogenetic analysis of the NA gene also
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Table 1
Virus transition between different host species (chicken, ducks and wild birds) in
South Korea.

Transition  Transition = Mean Markov Posterior Bayers

From to actual jump Probability  factor
migration
rate’
(95 % HPD)

wild birds  duck 1.50 13.98 1.00 3682.16
(0.14-3.20)  (9.00-19.00)

wild birds  chicken 1.34 12.28 1.00 2629.76
(0.13-2.93)  (7.00-17.00)

Duck chicken 0.80 3.69 0.96 29.62
(0.00-2.12)  (0.00-8.00)

Duck wild birds ~ 0.22 0.14 - -
(0.00-2.69)  (0.00-1.00)

Chicken duck 0.54 1.76 0.69 2.68
(0.00-2.32) (0.00-6.00)

Chicken wild birds  0.39 0.76 0.55 1.49
(0.00-2.32)  (0.00-3.00)

! Actual migration rate was calculated as the rate x indicator; HPD, highest
probability density.

showed that H5N1 viruses were closely related to Eurasian and Amer-
ican viruses isolated in 2021-2023, similar to HA gene analysis (Fig. S2).
Bayesian phylodynamic analysis of the HA gene in selected South
Korean H5N1 HPAI isolates was performed according to host type
(chicken and ducks (n = 72); wild birds (n = 45)) [18]. Host transition
analysis, including Markov jump and BF, and posterior probability
analysis revealed significant values for wild birds-to-ducks, and wild
birds-to-chickens virus transmission (Table 1). Moreover, MCC tree
analysis indicated that the highest transmission of viruses was observed
in wild birds-to-chickens or -ducks transmissions (Fig. S3).

3.3. Genome constellation of H5N1 HPAIVs isolated in South Korea

Phylogenetic analysis of each of the eight gene segments revealed 10
distinct genotypes (22G0-22G9) in H5N1 HPALV isolates from poultry
outbreaks (Figs. 2B and S4). Additionally, 19 genotypes (namely
22G1-22G8 and G10-G20) were identified in H5N1 HPAIV isolated
from wild birds (Figs. 2A and S4) [18]. The HA and NA genes in all
genotypes belonged to the same cluster as the Eurasian/American
HPAIVs isolated in 2021-2023. However, most genotypes presented a
diverse combination of reassorted internal genes, which may have
originated from Eurasian LPAIVs (Table 2). Specifically, the
22G4-22G11 genotypes comprised a combination of different internal
genes, except HA, NP, NA, and M, which maintained the same cluster as
that in the 22G3 genotype. Among all genotypes, the 22G7 genotype was
identified as the dominant genotype in both poultry and wild birds and
was isolated throughout the period of November 2022 to April 2023
(Figs. 2 and S4).

4. Pathogenesis and transmissibility in SPF chickens

The pathogenicity and transmissibility of A/duck/Korea/H493/
2022(H5N1)(H493/22), an H5N1 HPALIV isolate (genotype 22G1) first
detected in 2022-2023, was evaluated in SPF chickens. The IVPI of 2.98
confirmed that the virus was an HPAIV, according to WOAH standards
[19]. The virus-inoculated chickens presented clinical signs of depres-
sion, greenish diarrhea, and neurological signs. The mortality rate was
100 %, with an MDT of 2.8 days at a cLDs value of 10°° EIDs (Table 3).
All three birds in the contact group died, with an MDT of 4.3 days.
Seroconversion was not observed in any of the surviving SPF chickens.
Virus shedding by H493/22-exposed chickens via the OP and CL routes
was detected for 1-4 dpi. The peak titre was observed at 2-3 dpi. The
contact group also showed similar levels of virus shedding, which lasted
for 3-5 dpi. Furthermore, virus replications were observed in all internal
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Fig. 2. Gene constellation of South Korean H5N1 high-pathogenicity avian influenza viruses (HPAIVs) isolated from poultry (n = 75) and wild birds (n = 132) in
2022-2023. Detailed gene constellation analysis of HSN1 HPAIVs was performed by phylogenetic analysis of all eight gene segments. The genotypes of the H5N1

HPAIVs isolates are shown according to isolation date (October 2022-April 2023).

organs at 3 dpi, with the highest viral titres was detected in the thymus
(Fig. S5).

5. Pathogenesis and transmissibility in ducks

The pathogenicity and transmissibility of both H493/22(22G1) and
A/duck/Korea/H537/2022(H5N1)(H537/22(22G7); responsible for
most outbreaks in 2022-2023) were assessed in ducks. H493/22(22G1)-
inoculated ducks presented clinical signs of depression and neurological
signs, along with a mortality rate of 80 % (Table 3). The mortality rate in
H537/22 (22G7)-inoculated ducks was slightly lower (60 %) than in the
22G1-inoculated group with a similar MDT (Table 3). Contact groups
exposed to both viruses showed the same mortality rate (66.7 %) and
had slightly different MDTs, demonstrating 100 % transmissibility. All
surviving ducks in the inoculation and contact groups underwent sero-
conversion. In addition, extensive virus shedding via the OP and CL
routes was observed in ducks inoculated with 22G1 and 22G7 at 1-7 dpi,

and that in the contact group was observed at 2-10 dpi (Fig. 3). In
particular, the 22G7-inoculated group exhibited virus shedding via the
CL route for a longer period than the 22G1 group. We also compared the
AUC values and found that 22G7 group has a larger area under the curve
compared to 22G1 group (Fig. S9). At 3 dpi, viral replication was
detected in all internal organs in both the inoculated groups; however,
viral titers in the cecal tonsils of the 22G7-inoculated group were
significantly higher compared to those of 22G1 group (Fig. 3).

Finally, gross and microscopic lesions were examined in the internal
organs of 22G1-inoculated ducks at 3 dpi and deceased ducks to confirm
HPAIV infection. Notably, no gross lesions were found in ducks eutha-
nized at 3 dpi, whereas the deceased ducks presented opisthotonus,
greenish diarrhea, gray—yellow necrosis in the liver, necrotic foci in the
pancreas, and focal hyperemia and hemorrhage in the cerebrum
(Fig. S6). Microscopic lesions were present in nine tissues from at least
one duck at 3 dpi, with the trachea, lungs, and brain being heavily
affected in all three euthanized ducks (Table S1; Fig. S7). In addition,
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Table 2
Genome constellation of HSN1 (clade 2.3.4.4b) HPAI in South Korea in 2022-2023.
Host Virus name Subtype Reassortant name Genotype Phylogenetic group within each gene segment
PB2 PB1 PA HA NP NA MP NS

wild WA496/22 H5N1 BDESB1AB 22G1 B D E 5 B 1 A B
Birds WA537/22 H5N1 FFESD1AD 22G2 F F E 5 D 1 A D
H503/22 H5N1 BDES5B1AB 22G1 B D E 5 B 1 A B
H518/22 H5N1 ACF5A1AE 22G6 A C F 5 A 1 A E
H520/22 H5N1 BCC5A1AE 22G5 B C C 5 A 1 A E
H521/22 H5N1 DBD5A1AC 22G4 D B D 5 A 1 A C
WA608/22 H5N1 BCC5A1AE 22G5 B C C 5 A 1 A E
H536-4/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H547-2/22 H5N1 CCC5A1AE 22G8 C C C 5 A 1 A E
H571-3/22 H5N1 BCC5A1AE 22G5 B C C 5 A 1 A E
WA649/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
WB025/22 H5N1 ACF5A1AE 22G6 A C F 5 A 1 A E
WA709/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
WA737/22 H5N1 BCC5A1AE 22G5 B C C 5 A 1 A E
H586/22 H5N1 BCC5A1AE 22G5 B C C 5 A 1 A E
H599/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H588-4/22 H5N1 BEBS5A1AE 22G3 B E B 5 A 1 A E
H593-4/22 H5N1 BAGS5A1AE 22G10 B A G 5 A 1 A E
H600-1/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
WA766/22 H5N1 BCC5C1AE 22G11 B C C 5 C 1 A E
WAS842/22 H5N1 BEBSA1AE 22G3 B E B 5 A 1 A E
Poultry H493/22 H5N1 BDESB1AB 22G1 B D E 5 B 1 A B
H504/22 H5N1 BDES5B1AB 22G1 B D E 5 B 1 A B
H515/22 H5N1 DBD5A1AC 22G4 D B D 5 A 1 A C
H535/22 H5N1 BCC5A1AE 22G5 B C C 5 A 1 A E
H538/22 H5N1 BCC5A1AE 22G5 B C C 5 A 1 A E
H539/22 H5N1 EDE5B1AB 22G0 E D E 5 B 1 A B
H537/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H546/22 H5N1 BCC5A1AE 22G5 B C C 5 A 1 A E
H549/22 H5N1 CEH5A1AF 22G9 C E H 5 A 1 A F
H563/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H566/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H569/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H572/22 H5N1 CCC5A1AE 22G8 C C C 5 A 1 A E
H583/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H584/22 H5N1 DBD5A1AC 22G4 D B D 5 A 1 A C
H587/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H594/22 H5N1 ACF5A1AE 22G6 A C F 5 A 1 A E
H595/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H608/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H618/22 H5N1 ACF5A1AE 22G6 A C F 5 A 1 A E
H624/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H625/22 H5N1 FFE5D1AD 22G2 F F E 5 D 1 A D
H626/22 H5N1 BEBSA1AE 22G3 B E B 5 A 1 A E
H627/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H628/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H633/22 H5N1 FFESD1AD 22G2 F F E 5 D 1 A D
H641/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H650/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H651/22 H5N1 BEB5A1AE 22G3 B E B 5 A 1 A E
H662/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H659/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H663/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H665/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H677/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H678/22 H5N1 BEB5A1AE 22G3 B E B 5 A 1 A E
H682/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H685/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H684/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H688/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H686/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H687/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H690/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H691/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H693/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H705/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H731/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H732/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H656/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H741/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H742/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
H747/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H745/22 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A

(continued on next page)
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Host Virus name Subtype Reassortant name Genotype Phylogenetic group within each gene segment
PB2 PB1 PA HA NP NA MP NS
H751/22 H5N1 CCC5A1AE 22G8 C C C 5 A 1 A E
H754/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H758/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
H774/22 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
C001/23 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
C003/23 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
C004/23 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
D013/23 H5N1 AAASATAA 22G7 A A A 5 A 1 A A
C015/23 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
D018/23 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
€020/23 H5N1 AAASATAA 22G7 A A A 5 A 1 A A
C055/23 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
C056/23 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
Q057/23 H5N1 AAASATAA 22G7 A A A 5 A 1 A A
C064/23 H5N1 AAASATAA 22G7 A A A 5 A 1 A A
C065/23 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
C085/23 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
C112/23 H5N1 AAASATAA 22G7 A A A 5 A 1 A A
D114/23 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
D169/23 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
D181/23 H5N1 AAASATAA 22G7 A A A 5 A 1 A A
D194/23 H5N1 AAAS5A1AA 22G7 A A A 5 A 1 A A
D195/23 H5N1 AAASA1AA 22G7 A A A 5 A 1 A A
Table 3
Pathogenicity and transmissibility of H493/22 and H537/22 in SPF chickens and ducks.
Virus Bird species IVPI Virus dose Mortality(%) MDT HI titer® cLDsg
(EID50/0.1 ml) (days) (log2, mean+SD) (EIDs5p/0.1 ml)
H493/22 SPF chicken 2.98 1054 5/5(100) 2.8 - 10%°
(Genotype 10> 5/5(100) 6.2 -
22G1) 10*4 0/5(0.0) - 0/5(0.0)
1034 0/5(0.0) - 0/5(0.0)
Contact 3/3(100) 4.3 -
H493/22 Duck - 10%4 4/5(80) 5.3 1/1(3.0) -
(Genotype 22G1) Contact 2/3(66.7) 8.5 1/1(3.0)
H537/22 Duck - 105 3/5(60) 5.7 2/2(5.0) -
(Genotype 22G7) Contact 2/3(66.7) 7 1/1(4.0) -

lesions in the deceased ducks were more prominent in the brain, liver,
pancreas, heart, and cloacal bursa than those in ducks euthanized at 3
dpi (Fig. S8).

6. Discussion

Clade 2.3.4.4b H5Nx HPAIVs have caused major outbreaks in poultry
and wild birds globally. In general, wild birds play an important role in
the worldwide dissemination of viruses. South Korea is one of the far-
east countries affected by different HSNx HPAIVs via migrating wild
birds, specifically during the winter season. During 2022-2023, clade
2.3.4.4b H5N1 HPAIVs were responsible for major outbreaks in Eurasia
and America, caused many outbreaks in poultry farms and wild birds
across South Korea. In the present study, the genetic characteristics of
this clade 2.3.4.4b H5N1 HPALIV isolated in South Korea were investi-
gated, along with its pathogenicity and transmissibility in SPF chickens
and ducks.

H5N1 HPAIV caused 75 outbreaks in poultry farms and was identi-
fied in 174 wild bird cases during the 2022-2023 winter season (October
2022-April 2023), which was more than double the outbreaks reported
in previous seasons [20]. Notably, most outbreaks occurred in the
western regions of South Korea, which is a well-known habitat for
migratory birds and harbours a high poultry population (Fig. S1,
Table S1) [20,24]. The neighbouring country, Japan, also experienced
one of the largest H5N1 HPAI outbreaks in the 2022-2023 season [25,
26]. In Europe, a major HPAI epidemic in poultry and wild birds was
reported from October 2021 to September 2022, which included many

rare mass mortality events in seabird breeding colonies during the
summer months [13]. It is important to understand the HPAIV situation
during the early months of the year in Eurasia and other countries, as
East-Asian countries are likely to affected by HPAIV during the winter.
The results of this study suggest that the increased outbreaks of H5SN1
HPALIV in poultry and wild birds in South Korea were a continuation of
the global 2.3.4.4b H5 HPAIV panzootic.

The phylogenetic analyses of HA and NA genes of the H5SN1 HPAIV
isolates revealed the clade of the isolated virus (clade 2.3.4.4b; based on
HA gene analysis) and its close relation to HPAIVs isolated in Eurasian
and American countries in 2021-2023. Notably, the HA genes from most
of the 2022-2023 HPAIV isolates belonged to a different cluster from
that of the 2021-2022 H5N1 HPAIV isolates. Moreover, the major HA
gene group detected in South Korea was related to the G2¢ HA subgroup,
which is one of the three HA gene subgroups of Japanese HPAIVs
detected in 2022-2023 [27]. Unlike the South Korean HPAIVs, most of
the Japanese 2022-2023 HPALV isolates belonged to the G2d group but
not to the G2c¢ group. Overall, these data suggest that HSN1 HPAIVs
belonging to different H5 gene subgroups were introduced into South
Korea and Japan, and the difference in major HPAIV outbreaks in
poultry farms was probably attributable to the discrepancies in
migrating wild bird flyways and local environmental factors such as
geographic feature, location of farm and weather. Moreover, three
H5N1 viruses isolates were detected during October-November 2022
that were genetically related to HSN1 HPAIVs isolated in North Amer-
ica. We previously reported, for the first time, that an American origin
HPAI virus isolated from wild bird in South Korea [17], which is similar
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Fig. 3. Isolation of virus from oropharyngeal (OP) (A) and cloacal (CL) (B) swab samples. (C) Measurement of virus replication in various organs collected from 22G1
(H493/22(H5N1)) and 22G7(H537/22(H5N1))-inoculated ducks at 3 d post-inoculation (dpi). Birds were inoculated intranasally with 10° mean egg infectious dose/
0.1 mL of virus, and internal organs from three birds were collected at 3 dpi. Viral titers were determined in DF-1 cells. Data are presented as the mean =+ standard
deviation. Each organ viral titer from 22G1 and 22G7 group were compared and performed statistical analysis (Student’s t-test); **; p < 0.01.

to a HPAI virus detected in USA at April 2022. In this study, we iden-
tified two more similar H5N1 viruses isolated from poultry. These
findings indicate the circulation of HS5SN1 HPAIVs across continents
through the migration of wild birds [5,17]. Bayesian phylodynamic and
host transition analyses of the 2022-2023 South Korean H5N1 HPAIV
isolates from poultry and wild birds revealed that the 2022-2023
HPAIVs were most likely transmitted from wild birds to poultry (ducks
or chickens). Overall, these data suggest that farm-to-farm transmission
(such as poultry-to-poultry) was less in the 2022-2023 winter season,
highlighting the role of migrating wild birds in introducing HPAIVs into
South Korea [14].

The analysis of genetic constellations of the 2022-2023 South
Korean H5N1 HPALIV isolates revealed 10 distinct genotypes of HPAIVs
isolated from poultry farms, which is two-three times greater than that
identified in the previous season. Additionally, 19 different viral geno-
types were identified in wild birds. During the early winter season
(October-November 2022), multiple genotypes were introduced in
South Korea, and genotype 22G7 was the most detected genotype in
wild birds after December 2022, causing large outbreaks on poultry
farms. In addition, the findings of diverse H5SN1 genotypes in South
Korea show consistency with those in Europe; 30 different genotypes of

H5N1 HPAIVs were identified in 2021-2022 [13].

The pathogenicity and transmissibility of H493/22(22G1) and
H537/22(22G7) were examined in SPF chickens and ducks. H493/22
(22G1) was highly virulent in SPF chickens, with high mortality and
transmission rate. These results are consistent with previous findings of
South Korean HPALIV isolates [16,20]. A recent study reported that the
Japanese H5N1 HPAIV isolated in November 2022 demonstrated high
virulence and pathogenicity in chickens [27]. In ducks, H493/22(22G1)
and H537/22(22G7) H5N1 viruses caused clinical signs and 60-80 % of
mortality with high rates of transmissibility and viral shedding. The
gross and microscopic lesions detected in 22G1l-inoculated groups to
further confirmed the increased pathogenicity by HPAI in ducks, since
the ducks infected with HPAIV generally known to show mild clinical
signs and low or no mortality. Notably, the 22G7-inoculated group
showed more prolonged virus shedding via the CL route and a higher
viral replication rate in the cecal tonsils than that in the 22G1-inoculated
group. These factors may increase chances of virus exposure, which are
important for longer virus transmission in the fields and contributed to
the dominance of the 22G7 genotype among all HSN1 viruses isolated in
the 2022-2023 winter season. Taken together, in the early period of the
winter season, the most diverse heterogenic genotypes were introduced
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from wild birds, and poultry outbreaks reflect the prevailing strains.
Thereafter, 22G7 naturally became the dominant strain may be due to
virus traits associated with transmissibility and pathogenesis.

The findings of this study regarding duck pathogenesis contrast with
most previous reports in South Korea, which state that ducks only pre-
sented mild clinical signs and no mortality after HPAIV inoculation [16,
20]. In China, mallards inoculated with clade 2.3.4.4b H5N1 HPAIV
isolated from a wild bird in February 2023, showed clinical signs of
varying severity, but no mortality [28]. However, in the 2016-2017
winter season, South Korean H5N6 HPAIV isolates (clade 2.3.4.4C)
showed notable pathogenicity and transmissibility in ducks, similar to
those of 2022-2023 H5N1 HPAIVs [29]. Moreover, these previous duck
studies were conducted with 2-3 weeks old SPF or domestic ducks,
which are of a similar age to those used in this study. The age of ducks at
challenge is one of important factors in the HPAI pathogenesis because
older ducks are known to show fewer clinical signs and less severe
pathogenicity. These data indicate that the pathogenicity of HPAI in
ducks may vary depending on the HPAIV.

In this study, the genetic characteristics, pathogenicity, and trans-
missibility of H5N1 HPAIVs isolated in South Korea during the
2022-2023 winter season were investigated. Notably, the South Korean
clade 2.3.4.4b H5N1 HPAIVs were closely related to Eurasian and
American H5 HPAIVs isolated in 2021-2023, and multiple genotypes of
viruses were identified in wild birds and poultry. Additionally, a phy-
lodynamic host transition analysis of the HA gene revealed that viral
transmission likely occurred from wild birds to poultry. These data
suggest that migrating wild birds introduced the most diverse reassorted
clade 2.3.4.4b H5N1 HPAIVs into the Korean Peninsula. Among these,
the dominant genotype (22G7) in wild birds caused most outbreaks in
poultry farms. Moreover, 22G7 virus-inoculated ducks showed longer
virus shedding via the CL route and higher viral replication in the cecal
tonsils than those in the 22G1 group, highlighting the dominant char-
acteristics of the 22G7 genotype. Altogether, the findings of this study
underscore the importance of elucidating genetic and pathogenic char-
acteristics of HSN1 HPAIVs to establish biosecurity measures and sur-
veillance programs for effective disease control in the field.
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