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We isolated a highly pathogenic avian influenza A virus (HPAIV) H5N1 clade 2.3.4.4b, A/Northern Shoveler/Jeju/
D60/2023, from a deceased shoveler in Jeju Island, South Korea, in December 2023. The isolate was genetically 
related to HPAIVs in North America and Japan, which have recently caused a pandemic. Phylogeographic analysis 
showed that the isolated H5N1 virus had a different origin compared to those recently reported in the mainland of 
South Korea, with the HA and NA gene segments closely related to those from Japan and North America, respectively. 
This finding highlights the multi-faceted introduction of the genetically distinct HPAIV H5N1 into South Korea and 
provides potential evidence of intercontinental transmission between North America and East Asia.
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Introduction

The ongoing highly pathogenic avian influenza (HPAI) 
H5N1 pandemic, caused by the sublineage of clade 
2.3.4.4b, has been spreading rapidly worldwide since 

2021. Unlike other legacy H5 clades, this particular clade 
of H5 viruses has evolved through exceptional reassort-
ment compatibility, resulting in the generation of many 
genotypes in nature. This virus infects wild birds, poultry, 
and mammals, including cats and dairy cattle (Plaza et 
al., 2004). A few human infections have recently been re-
ported to be associated with exposure to poultry or dairy 
cattle (CDC, 2024). The detection of highly pathogenic 
avian influenza A virus (HPAIV) H5N1, especially in mam-
malian species, has raised concerns about its pandemic 
potential. No cases of human-to-human transmission of 
HPAI H5N1 have been reported to date, but we cannot 
rule out the possibility of its evolution through dynamic 
exchanges of gene segments between host species and 
different regions, considering the frequent reassortment 
events of the virus.
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The clade 2.3.4.4b H5N1 viruses have been continu-
ously introduced and circulated in Korea. According to 
numerous reports, these viruses were introduced to South 
Korea through the migration of wild birds, reassorted with 
Eurasian low-pathogenicity avian influenza (LPAI) viruses 
(Lee et al., 2023; Seo et al., 2024). Respiratory infections 
caused by the HPAIV H5N1 were observed to cause feline 
mortality in an animal shelter in Seoul, South Korea (Lee 
et al., 2024). The HPAIV H5N1 isolated from cats in Korea 
was a reassortant between the LPAI-Eurasian lineages and 
the HPAI-origin Chinese genotype G10. Genetic analyses 
indicated that H5N1 viruses have predominantly under-
gone reassortment with Eurasian lineage wild-bird LPAI 
viruses. Therefore, monitoring the reassortment of HPAI 
viruses and their international spread is important to pro-
actively reduce the potential risks to animal and public 
health.

Materials and Methods

Ethics statement
The samples used in this study were collected passively 

from rescued or deceased wild animals at the Jeju Wild-
life Rescue Center. The H5N1 avian influenza A virus was 
confirmed by the National Institute of Wildlife Disease 
Control and Prevention, Republic of Korea (21RW-01330), 
through an official reporting system.

Sampling
A total of 2,371 wild bird and mammal swab samples 

were collected from rescued or deceased wild animals 
from January 2021 to December 2023 at the Jeju Wildlife 
Rescue Center in Jeju Island, South Korea. Oral and rectal/
cloacal swabs were collected in transport medium (Uni-
versal Transport Medium, Noble Biosciences™, Hwaseong, 
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Table 1. Closest homologs to A/Northern Shoveler/Jeju/D60/2023 identified using GISAID (https://gisaid.org) BLAST

Gene
 segment Strain with the highest identity % Identity Accession no. Location

PB2 A/duck/Tottori/NK40/2023 (A/H5N1) 99.69 EPI_ISL_18935784  Japan/Tottori

A/large-billed crow/Hokkaido/20231207001/2023 99.69 EPI_ISL_18740266 Japan/Hokkaido

PB1 A/large-billed crow/Hokkaido/B114/2024 99.87 EPI_ISL_19033210  Japan/Hokkaido

A/goshawk/Gifu/1/2023  99.87 EPI_ISL_18979788  Japan/Mie

PA A/goshawk/Gifu/1/2023 99.73 EPI_ISL_18979788  Japan/Mie

A/duck/Tottori/TG164/2023 99.73 EPI_ISL_18935785  Japan/Tottori

HA A/duck/Tottori/TG164/2023 99.49 EPI_ISL_18935785  Japan/Tottori

A/blow fly/Kagoshima/23a738D/2023 99.43 EPI_ISL_18969146 Japan/Kagoshima

NP A/duck/Tottori/TG164/2023 99.68 EPI_ISL_18935785  Japan/Tottori

A/duck/Tottori/NK40/2023 (A/H5N1) 99.68 EPI_ISL_18935784  Japan/Tottori

NA A/Glaucous_Winged_Gull/BC/AIVPHL-1426/2023 99.93 EPI_ISL_18665641 Canada/British Columbia

A/Mallard/BC/AIVPHL-1446/2023 99.93 EPI_ISL_18665669 Canada/British Columbia

MP A/large-billed crow/Osaka/HU-FA004/2023 99.80 EPI_ISL_18979791 Japan/Osaka

A/goose/Magadan/2272-5/2022 99.80 EPI_ISL_18071580 Russian Federation/Magadan 
Oblast

NS A/Red_Tailed_Hawk/BC/AIVPHL-892/2023 99.77 EPI_ISL_18665576 Canada/British Columbia

A/mute swan/Austria/22007848-001/2022 99.77 EPI_ISL_17785732 Austria/Bundesland Steiermark

Table 2. Notable mutations (interest level ≥2) detected from FluServer v1.0 in GISAID (https://gisaid.org)

Gene segments HA NA M NP NS1 NS2 PB2

Mutationsa N110S
(N101S)b

T139P
(T128P)

N170D
(N158D)

T188I
(T187I)

I436V
(I437V)

S82N N319K V226T E67G K482R

Reported effect Host 
specificity

Antigenic drift/ 
escape mutant

Drug 
resistance

Host 
specificity

Virulence, 
host 

specificity

Virulence Virulence Virulence

aNumbering by the amino acid sequence of each viral protein from A/northern shoveler/Jeju/D60/2023. bClassical H3N2 
numbering-base. Source: Khare et al. (2021), Elbe and Buckland-Merrett (2017), Shu and McCauley (2017).
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Fig. 1. Phylogenetic relationship between A/Northern Shoveler/Jeju/D60/2023 and recent HPAIVs of H5N1 clade 2.3.4.4b. (A) 
Time-scale MCC tree based on HA gene segments. (B) Time-scale MCC tree based on NA gene segments. The isolate in this study, 
A/Northern Shoveler/Jeju/D60/2023, is indicated in a red taxon. H5N1 HPAIVs recently reported from wild birds and domestic 
cats in Korea are indicated in blue taxa. The x-axis defines the time scale in decimal years. All the reference viruses belonged to 
the 2.3.4.4b clade. MCC, maximum clade credibility; HA, hemagglutinin; HPAIV, highly pathogenic avian influenza A virus.

A BCountry

Canada

Austria

Japan

South Korea

China

Poland

Russia

USA

2018 2019 2020 2021 2022 2023 2024 2025 2017 2018 2019 2020 2021 2022 2023 2024 2025

A/Peregrine Falcon/BC/AIVPHL-1499/2023|EPI_ISL_18665600|2023-12-11

A/Glaucous_Winged_Gull/BC/AIVPHL-1426/2023|EPI_ISL_18665641 2023-11-20|

A/American_Wigeon/BC/AIVPHL-1411/2023|EPI_ISL_18665599|2023-11-14

A/domestic_goose/Alaska/23-034050-002-original/2023|EPI_ISL_18698983|2023-11-03

A/polar_bear/Alaska/23-038123/2023|EPI_ISL_18976667 2023-10-01|

A/canada_goose/BC/AIVPHL-371/2023|EPI_ISL_17051482|2023-01-16

A/Thayers_gull/Alaska/22-036618-001/2022|EPI_ISL_19158225|2022-11-01

A/common_raven/Alaska/22-037656-001/2022|EPI_ISL_19158199|2022-11-08

A/northern_pintail/Alaska/IZ22_0783/2022|EPI_ISL_19158270|2022-09-30

A/large-billed_crow/Hokkaido/B101/2024|EPI_ISL_18968551|2024-02-17

A/duck/Tottori/TG164/2023|EPI_ISL_18935785|2023-12-02

A/large-billed_crow/Osaka/HU-FA004/2023|EPI_ISL_18979791|2023-12-13

A/Northern_shoveler/Jeju/D60/2023|2023-12-26

A/goshaw k/Gifu/1/2023|EPI_ISL_18979788 2023-08-31|

A/goose/Magadan/2272-5/2022|EPI_ISL_18071580 2022-10-09|

A/jungle crow/Hokkaido/0104B087/2022 2022-04-28|

A/chicken/Iw ate/TU16-11,12/2022 2022-02-12|

A/crow/Khabarovsk/776-56/2022|EPI_ISL_18074199|2022-04-15

A/mute_swan/Austria/22007848-001/2022|EPI_ISL_17785732 2022-01-24|

A/feline/Texas/24-029329-02/2024|EPI_ISL_19088568 2024-03-20|

A/dairy_cow/Texas/067041-24-6/2024|EPI_ISL_19155868|2024-03-16

A/dairy_cow/Ohio/B24OSU-486/2024|EPI_ISL_19178087|2024-04-05

A/Texas/37/2024|EPI_ISL_19027114 2024-03-28|

A/blue-winged_teal/Louisiana/UGA 23-893/2023|EPI ISL_19070499 2023-09-01| |

A/Canada_Goose/BC/AIVPHL-1483/2023|EPI_ISL_18665591|2023-12-04

A/Northern_Pintail/USA/IZ22_0760_sw ab/2022 2022-09-30|

A/domestic_cat/Poland/H249/2023|EPI_ISL_17950995|2023-06-22

A/white-fronted_goose/Korea/22WC363/2023|EPI_ISL_18245348 2023-01-06|

A/Spot-billed_duck/Korea/K22-920/2022 EPI_ISL_15944667|2022-11-21|

A/egret/Korea/22WC603/2023|EPI_ISL_18242686 2023-03-06|

A/feline/South_Korea/SNU-02/2023|EPI_ISL_18102701|2023-07-04

A/Jiangsu/NJ210/2023(H5N1)|EPI_ISL_17075747|2023-02-10

A/duck/Korea/H196/2022|EPI_ISL_17606861|2022-02-18

A/Glaucous_Winged_Gull/BC/AIVPHL-1426/2023|EPI_ISL_18665641 2023-11-20|

A/Peregrine_Falcon/BC/AIVPHL-1499/2023|EPI_ISL_18665600 2023-12-11|

A/American Wigeon/BC/AIVPHL-1411/2023|EPI_ISL_18665599|2023-11-14

A/domestic_goose/Alaska/23-034050-002-original/2023|EPI_ISL_18698983 2023-11-03|

A/polar_bear/Alaska/23-038123/2023|EPI_ISL_18976667|2023-10-01

A/Northern_shoveler/Jeju/D60/2023|2023-12-26

A/canada_goose/BC/AIVPHL-371/2023|EPI_ISL_17051482|2023-01-16

A/Thayers_gull/Alaska/22-036618-001/2022|EPI_ISL_19158225|2022-11-01

A/common_raven/Alaska/22-037656-001/2022|EPI_ISL_19158199|2022-11-08

A/northern_pintail/Alaska/IZ22_0783/2022|EPI_ISL_19158270|2022-09-30

A/goshaw k/Gifu/1/2023|EPI_ISL_18979788 2023-08-31|

A/duck/Tottori/TG164/2023|EPI_ISL_18935785|2023-12-02

A/large-billed_crow/Osaka/HU-FA004/2023|EPI_ISL_18979791|2023-12-13

A/large-billed_crow/Hokkaido/B101/2024|EPI_ISL_18968551|2024-02-17

A/goose/Magadan/2272-5/2022|EPI_ISL_18071580|2022-10-09

A/crow/Khabarovsk/776-56/2022|EPI_ISL_18074199|2022-04-15

A/jungle crow/Hokkaido/0104B087/2022 2022-04-28|

A/chicken/Iw ate/TU16-11,12/2022|2022-02-12

A/mute_swan/Austria/22007848-001/2022|EPI_ISL_17785732 2022-01-24|

A/domestic_cat/Poland/H249/2023|EPI_ISL_17950995|2023-06-22

A/white-fronted_goose/Korea/22WC363/2023|EPI_ISL_18245348 2023-01-06|

A/feline/South_Korea/SNU-02/2023|EPI_ISL_18102701|2023-07-04

A/egret/Korea/22WC603/2023|EPI_ISL_18242686 2023-03-06|

A/Spot-billed_duck/Korea/K22-920/2022 EPI_ISL_15944667|2022-11-21|

A/Jiangsu/NJ210/2023(H5N1)|EPI_ISL_17075747 2023-02-10|

A/duck/Korea/H196/2022 EPI_ISL_17606861 2022-02-18| |

A/dairy_cow/Texas/067041-24-6/2024 |EPI_ISL_19155868|2024-03-16

A/feline/Texas/24-029329-02/2024|EPI_ISL_19088568|2024-03-20

A/Texas/37/2024|EPI_ISL_19027114 2024-03-28|

A/dairy_cow/Ohio/B24OSU-486/2024|EPI_ISL_19178087|2024-04-05

A/blue-winged_teal/Louisiana/UGA 23-893/2023|EPI_ISL_19070499|2023-09-01|

A/Canada_Goose/BC/AIVPHL-1483/2023|EPI_ISL_18665591|2023-12-04

A/Northern_Pintail/USA/IZ22_0760_sw ab/2022 2022-09-30|

Fig. 2. Phylogeographic diffusion of recent HA gene segments of H5N1 2.3.4.4b clade. HA gene segment of A/Northen 
shoveler/Jeju/D60/2023 was inferred to have originated from Japan. All the reference viruses belonged to the 2.3.4.4b clade.  
HA, hemagglutinin. Source: Nahata et al. (2022).

Japan to Jeju islandJapan to Jeju island
: HA of A/Northern Shoveler/Jeju/D60/2023: HA of A/Northern Shoveler/Jeju/D60/2023
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Fig. 3. Phylogeographic diffusion of recent NA gene segments of H5N1 2.3.4.4b clade. NA gene segment of A/Northen 
shoveler/Jeju/D60/2023 was inferred to have originated from North America. Source: Nahata et al. (2022).

North America to Jeju islandNorth America to Jeju island
: NA of A/Northern Shoveler/Jeju/D60/2023: NA of A/Northern Shoveler/Jeju/D60/2023

Fig. 4. Time-scale MCC tree 
based on PB2 gene segments. 
The time-scale MCC tree based 
on PB2 gene segments shows the 
phylogenetic relationships and 
temporal dynamics of the H5N1 
strains in this study. A/North-
ern Shoveler/Jeju/D60/2023 is 
indicated by a red taxon, while 
the strains recently reported in 
South Korea are indicated by 
blue taxa. MCC, maximum clade 
credibility.

Country

Canada

Austria

Japan

South Korea

China

Poland

Russia

USA

1950 1960 1970 1980 1990 2000 2010 2020 2030

A/Peregrine_Falcon/BC/AIVPHL-1499/2023|EPI_ISL_18665600 2023-12-11|

A/Glaucous_Winged_Gull/BC/AIVPHL-1426/2023|EPI_ISL_18665641|2023-11-20

A/American Wigeon/BC/AIVPHL-1411/2023|EPI_ISL_18665599|2023-11-14

A/domestic_goose/Alaska/23-034050-002-original/2023|EPI_ISL_18698983|2023-11-03

A/polar_bear/Alaska/23-038123/2023|EPI_ISL_18976667|2023-10-01

A/canada_goose/BC/AIVPHL-371/2023|EPI_ISL_17051482|2023-01-16

A/jungle crow/Hokkaido/0104B087/2022 2022-04-28|

A/chicken/Iw ate/TU16-11,12/2022 2022-02-12|

A/duck/Tottori/TG164/2023|EPI_ISL_18935785|2023-12-02

A/goshawk/Gifu/1/2023|EPI ISL_18979788|2023-08-31

A/Northern_shoveler/Jeju/D60/2023|2023-12-26

A/large-billed_crow/Hokkaido/B101/2024|EPI_ISL_18968551|2024-02-17

A/large-billed_crow/Osaka/HU-FA004/2023|EPI_ISL_18979791|2023-12-13

A/goose/Magadan/2272-5/2022|EPI_ISL_18071580|2022-10-09

A/common_raven/Alaska/22-037656-001/2022|EPI_ISL_19158199|2022-11-08

A/Thayers_gull/Alaska/22-036618-001/2022 EPI_ISL_19158225|2022-11-01|

A/northern_pintail/Alaska/IZ22_0783/2022|EPI_ISL_19158270|2022-09-30

A/crow/Khabarovsk/776-56/2022|EPI_ISL_18074199|2022-04-15

A/mute_swan/Austria/22007848-001/2022|EPI_ISL_17785732|2022-01-24

A/egret/Korea/22WO603/2023|EPI_ISL_18242686 2023-03-06|

A/Spot-billed_duck/Korea/K22-920/2022|EPI_ISL_15944667|2022-11-21

A/Jiangsu/NJ210/2023(H5N1)|EPI ISL_17075747|2023-02-10

A/duck/Korea/H196/2022 EPI_ISL_17606861|2022-02-18|

A/domestic_cat/Poland/H249/2023|EPI_ISL_17950995 2023-06-22|

A/feline/South Korea/SNU-02/2023|EPI_ISL_18102701|2023-07-04

A/white-fronted_goose/Korea/22WC363/2023|EPI_ISL_18245348|2023-01-06

A/dairy_cow/Texas/067041-24-6/2024|EPI_ISL_19155868 2024-03-16|

A/dairy_cow/Ohio/B24OSU-486/2024|EPI_ISL_19178087|2024-04-05

A/feline/Texas/24-029329-02/2024|EPI_ISL_19088568|2024-03-20

A/Texas/37/2024|EPI_ISL_19027114|2024-03-28

A/Northern Pintail/USA/IZ22_0760_sw ab/2022 2022-09-30|

A/blue-winged_teal/Louisiana/UGA 23-893/2023|EPI_ISL_19070499|2023-09-01|

A/Canada_Goose/BC/AIVPHL-1483/2023|EPI_ISL_18665591|2023-12-04
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Korea) from the animals.

RNA extraction and reverse transcription polymerase 
chain reaction

RNA was extracted from swab samples using TRIzol LS 
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. cDNA was synthesized with an M-
MLV reverse transcriptase kit (Invitrogen) using random 
hexamers according to the manufacturer’s protocol. 
Influenza A virus was detected using polymerase chain 
reaction (PCR) specific for the matrix gene, as previously 
described by the World Health Organization Collaborating 
Center for Reference and Research on Influenza, National 
Institute of Infectious Diseases, Gakuen 4-7-1, Musashi-
Murayama-shi, Tokyo, Japan.

Virus isolation
The raw sample that tested positive for influenza A 

virus-specific reverse transcription PCR (RT-PCR) was 
centrifuged at 3,000 × g at 4°C for 10 minutes. The clear 
supernatants were filtered through a 0.22 µm filter before 
inoculation into 10-day-old embryonated chicken eggs. 
Harvested allantoic fluid was tested for hemagglutinin 
(HA) activity using RT-PCR.

Genomic sequencing
The total RNAs extracted from the viral isolate were 

submitted to Macrogen, Inc. (Seoul, Korea) for transcrip-
tome resequencing. A cDNA library was constructed using 
the TruSeq Stranded Total RNA Library Prep Gold Kit (Il-
lumina Korea, Seoul, Korea), followed by high-throughput 
sequencing on an Illumina platform with 101 bp paired-
end reads. Raw FASTQ files were imported into Geneious 
Prime (version 2024.0.3; Dotmatics, Boston, MA, USA) 
using paired-end reads. The reads were trimmed using 
the BBDuk plugin version 38.84 (DOE Joint Genome In-
stitute, CA, USA) with a cutoff threshold for the average 
base quality score set at 30 (99.9% base-call accuracy). 
The trimmed reads were imported into the QIAGEN CLC 
Genomics Workbench (v21.0.5; Qiagen, Hilden, Germany) 
for genomic assembly. The resulting contig sequences 
with predicted influenza virus lengths were aligned to 
H5N1 reference sequences. The contigs were confirmed 
by mapping the trimmed reads. Consensus sequences 
were aligned with de novo contigs to generate newly as-
sembled segments.

Sequence analysis and phylogeographic inference
We utilized the GISAID database (https://gisaid.org; 

Fig. 5. Time-scale MCC tree 
based on PB1 gene segments. 
The time-scale MCC tree based 
on PB1 gene segments shows the 
phylogenetic relationships and 
temporal dynamics of the H5N1 
strains in this study. A/North-
ern Shoveler/Jeju/D60/2023 is 
indicated by a red taxon, while 
the strains recently reported in 
South Korea are indicated by 
blue taxa. MCC, maximum clade 
credibility.

Country

Canada

Austria

Japan

South Korea

China

Poland

Russia

USA

1960 1970 1980 1990 2000 2010 2020 2030

A/duck/Tottori/TG164/2023|EPI_ISL_18935785|2023-12-02

A/Northern_shoveler/Jeju/D60/2023|2023-12-26

A/goshaw k/Gifu/1/2023|EPI_ISL_18979788|2023-08-31

A/large-billed_crow/Hokkaido/B101/2024|EPI_ISL_18968551|2024-02-17

A/large-billed_crow/Osaka/HU-FA004/2023|EPI_ISL_18979791|2023-12-13

A/goose/Magadan/2272-5/2022|EPI_ISL_18071580 2022-10-09|

A/Thayers_gull/Alaska/22-036618-001/2022|EPI_ISL_19158225|2022-11-01

A/common_raven/Alaska/22-037656-001/2022 EPI_ISL_19158199|2022-11-08|

A/northern_pintail/Alaska/Z22_0783/2022 EPI_ISL_19158270|2022-09-30

A/jungle crow/Hokkaido/0104B087/2022 2022-04-28|

A/chicken/Iw ate/TU16-11,12/2022|2022-02-12

A/Glaucous_Winged_Gull/BC/AIVPHL-1426/2023|EPI_ISL_18665641|2023-11-20

A/Peregrine_Falcon/BC/AIVPHL-1499/2023|EPI_ISL_18665600|2023-12-11

A/American_Wigeon/BC/AIV PHL-1411/2023|EPI_ISL_18665599 2023-11-14|

A/domestic_goose/Alaska/23-034050-002-original/2023|EPI_ISL_18698983 2023-11-03|

A/polar_bear/Alaska/23-038123/2023|EPI_ISL_18976667|2023-10-01

A/canada goose/BC/AIVPHL-371/2023|EPI_ISL_17051482|2023-01-16

A/mute_swan/Austria/22007848-001/2022|EPI_ISL_17785732|2022-01-24

A/crow/Khabarovsk/776-56/2022|EPI_ISL_18074199|2022-04-15

A/Jiangsu/NJ210/2023(H5N1) EPI_ISL_17075747 2023-02-10| |

A/duck/Korea/H196/2022 EPI_ISL_17606861|2022-02-18|

A/domestic_cat/Poland/H249/2023|EPI_ISL_17950995|2023-06-22

A/Spot-billed_duck/Korea/K22-920/2022|EPI_ISL_15944667|2022-11-21

A/egret/Korea/22WC603/2023|EPI_ISL_18242686 2023-03-06|

A/feline/South Korea/SNU-02/2023|EPI_ISL_18102701|2023-07-04

A/white-fronted_goose/Korea/22WC363/2023|EPI_ISL_18245348|2023-01-06

A/dairy_cow/Ohio/B24OSU-486/2024|EPI_ISL_19178087|2024-04-05

A/feline/Texas/24-029329-02/2024|EPI_ISL_19088568|2024-03-20

A/dairy_cow/Texas/067041-24-6/2024|EPI_ISL_19155868|2024-03-16

A/Texas/37/2024|EPI_ISL_19027114|2024-03-28

A/Canada Goose/BC/AIVPHL-1483/2023|EPI_ISL_18665591|2023-12-04

A/blue-winged_teal/Louisiana/UGA 23-893/2023|EPI_ISL_19070499 2023-09-01| |

A/Northern_Pintail/USA/IZ22_0760_sw ab/2022 2022-09-30|
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Elbe & Buckland-Merrett, 2017; Khare et al., 2021; Shu 
& McCauley, 2017) to identify the highest similarities 
for each segment of the H5N1 virus isolate in this study, 
A/Northern Shoveler/Jeju/D60/2023. The reference se-
quences for the phylogenetic analysis were collected from 
the 2.3.4.4b clade H5N1 viruses between 2022 and 2024, 
which were closely related to the isolate in this study.

The overall phylogeographic inference method used in 
this study was primarily based on the practical guide of 
Dellicour et al. (2021) and the Bayesian statistical frame-
work implemented in BEAST v10.5.0-beta3 (Suchard et 
al., 2018). Multiple sequence alignments were performed 
using the MAFFT algorithm (Katoh & Standley, 2013) in 
Geneious Prime (v2023.2.1) from the collected datasets 
of HA and NA genes with location traits. The aligned se-
quences were further tested to exclude potential recom-
binants using the recombination detection program RDP4 
(Martin et al., 2015). The datasets were further optimized 
to improve the temporal signal using TempEst v.1.7.2 
analysis of the maximum likelihood tree generated with 
FastTree (Price et al., 2010; Rambaut et al., 2016).

The substitution models selected for the HA and NA 
sequences were TN93+F+G4 and HKY+F, respectively, us-
ing ModelFinder (Kalyaanamoorthy et al., 2017). Marginal 
likelihood estimation was performed using path sampling/

stepping stone sampling (Baele et al., 2012; 2013), and 
the best log marginal likelihood score was obtained from 
18 combinations of three site models for location traits, 
two clock models, and three tree prior models. The se-
lected model combinations were the Cauchy RRW model 
for the location trait, uncorrelated relaxed clock model, 
and coalescent exponential model (Tree Prior) for HA 
sequences and the Cauchy RRW model for the location 
trait, strict clock model, and coalescent Bayesian Skygrid 
model (Tree Prior) for NA sequences.

Log and tree files were generated by running BEAST on 
a 500,000,000 Monte Carlo (MCMC) chain. Effective sam-
ple size, acceptable through Tracer v1.7.2 maximum clade 
credibility (MCC) trees, was obtained with TreeAnnota-
tor v10.5.0 (Rambaut et al., 2018). The MCC trees were 
further visualized using SPREAD 4 for phylogeographic 
inference (Nahata et al., 2022).

The MCC trees for PB2, PB1, PA, NP, M, and NS were 
obtained using the Bayesian statistical framework imple-
mented in BEAST. The substitution models for each da-
taset were selected and run with a 100,000,000 MCMC 
chain implemented using strict clock and coalescent con-
stant models.

Fig. 6. Time-scale MCC tree 
based on PA gene segments. The 
time-scale MCC tree based on 
PA gene segments shows the 
phylogenetic relationships and 
temporal dynamics of the H5N1 
strains in this study. A/North-
ern Shoveler/Jeju/D60/2023 is 
indicated by a red taxon, while 
the strains recently reported in 
South Korea are indicated by 
blue taxa. MCC, maximum clade 
credibility.

Country

Canada
Austria
Japan
South Korea
China
Poland
Russia
USA

2010

A/domestic_goose/Alaska/23-034050-002-original/2023|EPI_ISL_18698983 2023-11-03|

2012.5 2015 2017.5 2020 2022.5 2025

A/Glaucous Winged_Gull/BC/AIVPHL-1426/2023|EPI_ISL_18665641|2023-11-20

A/Peregrine_Falcon/BC/AIVPHL-1499/2023|EPI_ISL_1866560012023-12-11

A/American_Wigeon/BC/AIVPHL-1411/2023|EPI_ISL_18665599|2023-11-14

A/polar_bear/Alaska/23-038123/2023|EPI_ISL_18976667|2023-10-01

A/canada goose/BC/AIVPHL-371/2023|EPI_ISL_17051482|2023-01-16

A/jungle crow/Hokkaido/0104B087/2022|2022-04-28

A/Northern_shoveler/Jeju/D60/2023 2023-12-26|

A/large-billed_crow/Hokkaido/B101/2024|EPI_ISL_18968551|2024-02-17

A/large-billed_crow/Osaka/HU-FA004/2023|EPI_ISL_18979791|2023-12-13

A/goshawk/Gifu/1/2023|EPI_ISL_18979788|2023-08-31

A/duck/Tottori/TG164/2023|EPI_ISL_18935785|2023-12-02

A/goose/Magadan/2272-5/2022|EPI_ISL_18071580 2022-10-09|

A/chicken/Iw ate/TU16-11,12/2022 2022-02-12|

A/crow/Khabarovsk/776-56/2022 EPI_ISL_18074199|2022-04-15|

A/Thayers_gull/Alaska/22-036618-001/2022|EPI_ISL_19158225|2022-11-01

A/common_raven/Alaska/22-037656-001/2022|EPI_ISL_19158199|2022-11-08

A/northern_pintail/Alaska/IZ22_0783/2022|EPI_ISL_19158270|2022-09-30

A/mute_swan/Austria/22007848-001/2022|EPI_ISL_17785732|2022-01-24

A/Jiangsu/NJ210/2023(H5N1)|EPI_ISL_17075747|2023-02-10

A/duck/Korea/H196/2022|EPI_ISL_17606861|2022-02-18

A/feline/Texas/24-029329-02/2024|EPI_ISL_19088568|2024-03-20

A/dairy_cow/Ohio/B24OSU-486/2024|EPI_ISL_19178087|2024-04-05

A/dairy_cow/Texas/067041-24-6/2024|EPI_ISL_19155868|2024-03-16

A/Texas/37/2024|EPI_ISL_19027114 2024-03-28|

A/Canada Goose/BC/AIVPHL-1483/2023|EPI_ISL_18665591|2023-12-04

A/blue-winged_teal/Louisiana/UGA|23-893/2023|EPI_ISL_19070499|2023-09-01

A/Northern Pintail/USA/IZ22_0760_sw ab/2022 2022-09-30|

A/domestic_cat/Poland/H249/2023|EPI_ISL_17950995|2023-06-22

A/feline/South_Korea/SNU-02/2023|EPI_ISL_18102701|2023-07-04

A/white-fronted_goose/Korea/22WC363/2023|EPI_ISL_18245348|2023-01-06

A/egret/Korea/22WC603/2023|EPI_ISL_18242686 2023-03-06|

A/Spot-billed_duck/Korea/K22-920/2022|EPI_ISL_15944667|2022-11-21
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Results and Discussion

In this study, RT-PCR results indicate that only one 
sample tested positive for the influenza A virus. This 
sample was obtained from a Northern Shoveler that had 
died and was collected on Jeju Island, South Korea, on 
December 26, 2023. The Northern Shoveler, a migratory 
bird species in Korea, most likely contracted the influenza 
A virus from other migratory birds in a nearby flock. We 
isolated a HPAI H5N1 virus by inoculating it into em-
bryonated chicken eggs. This isolate was designated A/
Northern Shoveler/Jeju/D60/2023 (hereafter referred to as 
D60), and whole-genome sequencing was performed af-
ter the isolation. The hemagglutination assay titer of the 
isolate was 4,096. Nucleotide sequences were deposited 
in the GISAID database with the accession number EPI_
ISL_19035743.

Six of the eight gene segments (PB2, PB1, PA, HA, 
NP, and MP) of D60 shared high nucleotide identities 
(ranging from 99.43% to 99.87%) with HPAI H5N1 vi-
ruses of clade 2.3.4.4b isolated from wild birds in Ja-
pan (Table 1). The HA gene segment has a multi-basic 
amino acid motif at the HA cleavage site, PLREKRRKR/
G, which is similar to previously reported H5N1 viruses 

in Korea (Seo et al., 2024). The NA and NS gene seg-
ments were more closely related (99.77-99.93%) to 
those of isolates from British Columbia, Canada (Table 
1), according to the GISAID BLAST results (as of April 1, 
2024). Protein sequence BLAST results for the NA protein 
showed a 100% amino acid identity match with A/polar 
bear/Alaska/23-038123/2023 (accession number: EPI_
ISL_18976667), an isolate from a deceased polar bear 
in Alaska, USA, in October 2023. Additionally, notable 
mutations were detected in the HA, NA, M, NP, NS, and 
PB2 gene segments of D60 (Table 2) using FluServer v1.0 
in GISAID (Elbe & Buckland-Merrett, 2017; Khare et al., 
2021; Shu & McCauley, 2017). Mutations associated with 
host specificity were observed in HA (N101S, with classical 
H3N2 numbering), M (S82N), and NP (N319K), whereas 
virulence-associated mutations were observed in the NS1 
(V226T), NS2 (E67G), and PB2 (K42R) genes.

As the genomic sequences of D60 were not closely re-
lated to recent H5N1 viruses reported in mainland Korea 
between 2022 and 2023, we performed phylogeographic 
inference analysis based on the HA and NA gene seg-
ments. The time-scale MCC tree of the HA gene segment 
(Fig. 1A) and phylogeographic analysis (Fig. 2) revealed 
that D60 was more closely related to H5N1 viruses detect-

Country

Canada

Austria

Japan

South Korea

China

Poland

Russia

USA

1970 1980 1990 2000 2010 2020 2030

A/duck/Tottori/TG164/2023|EPI_ISL_18935785 2023-12-02|

A/goshawk/Gifu/1/2023|EPI_ISL_18979788|2023-08-31

A/large-billed_crow/Osaka/HU-FA004/2023|EPI_ISL_18979791|2023-12-13

A/large-billed_crow/Hokkaido/B101/2024|EPI_ISL_18968551|2024-02-17

A/Northern_shoveler/Jeju/D60/2023|2023-12-26

A/goose/Magadan/2272-5/2022|EPI_ISL_18071580|2022-10-09

A/common_raven/Alaska/22-037656-001/2022|EPI_ISL_19158199|2022-11-08

A/Thayers_gull/Alaska/22-036618-001/2022 EPI_ISL_19158225 2022-11-01| |

A/northern_pintail/Alaska/IZ22_0783/2022|EPI_ISL_19158270|2022-09-30

A/crow/Khabarovsk/776-56/2022|EPI_ISL_18074199|2022-04-15

A/jungle crow/Hokkaido/0104B087/2022|2022-04-28

A/chicken/lw ate/TU16-11,12/2022 2022-02-12|

A/domestic_goose/Alaska/23-034050-002-original/2023|EPI_ISL_18698983 2023-11-03|

A/American_Wigeon/BC/AIVPHL-1411/2023|EPI_ISL_18665599|2023-11-14

A/Glaucous_Winged_Gull/BC/AIVPHL-1426/2023|EPI_ISL_18665641|2023-11-20

A/Peregrine_Falcon/BC/AIVPHL-1499/2023|EPI_ISL_18665600|2023-12-11

A/polar_bear/Alaska/23-038123/2023|EPI_ISL_18976667|2023-10-01

A/canada goose/BC/AIVPHL-371/2023|EPI_ISL_17051482|2023-01-16

A/mute_swan/Austria/22007848-001/2022 EPI_ISL_17785732 2022-01-24| |

A/Jiangsu/NJ210/2023(H5N1)|EPI_ISL_17075747|2023-02-10

A/duck/Korea/H196/2022 EPI_ISL_17606861|2022-02-18|

A/domestic_cat/Poland/H249/2023|EPI_ISL_17950995 2023-06-22|

A/egret/Korea/22WC603/2023|EPI_ISL_18242686 2023-03-06|

A/Spot-billed_duck/Korea/K22-920/2022|EPI_ISL_15944667|2022-11-21

A/feline/South_Korea/SNU-02/2023|EPI_ISL_18102701|2023-07-04

A/white-fronted_goose/Korea/22WC363/2023|EPI_ISL_18245348 2023-01-06|

A/feline/Texas/24-029329-02/2024|EPI_ISL_19088568|2024-03-20

A/dairy_cow/Texas/067041-24-6/2024|EPI_ISL_19155868 2024-03-16|

A/dairy_cow/Ohio/B24OSU-486/2024|EPI_ISL_19178087|2024-04-05

A/Texas/37/2024|EPI_ISL_19027114|2024-03-28

A/blue-winged_teal/Louisiana/UGA123-893/2023|EPI_ISL_19070499 2023-09-01|

A/Canada Goose/BC/AIVPHL-1483/2023|EPI_ISL_18665591|2023-12-04

A/Northern Pintail/USA/IZ22_0760_sw ab/2022 2022-09-30|

Fig. 7. Time-scale MCC tree 
based on NP gene segments. The 
time-scale MCC tree based on 
NP gene segments shows the 
phylogenetic relationships and 
temporal dynamics of the H5N1 
strains in this study. A/North-
ern Shoveler/Jeju/D60/2023 is 
indicated by a red taxon, while 
the strains recently reported in 
South Korea are indicated by 
blue taxa. MCC, maximum clade 
credibility.
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ed in Japan between 2022 and 2023 than recent Korean 
H5N1 viruses. The time that the most recent common 
ancestor of the D60 HA gene segment with the closest 
sequence occurred was estimated to be in August 2023. 
The NA gene segment was more closely related to H5N1 
viruses reported in Alaska and Canada of North America 
between 2022 and 2023; however, it did not belong to 
the lineage of 2.3.4.4b clade H5N1 viruses recently de-
tected in dairy cows in the USA (Fig. 1B; Hu et al., 2024; 
Wang et al., 2024). The time their most common ancestor 
occurred was estimated to be in February 2023. The phy-
logeographic analysis further demonstrated that the NA 
gene segment of D60 originated in Alaska and Canada in 
North America (Fig. 3).

Phylogenetic analysis based on the PB2, PB1, PA, NP, 
and M segments (Figs. 4-8) revealed that D60 shared 
a recent common ancestor with H5N1 viruses (clade 
2.3.4.4b) in Japan and was distantly related to recent Ko-
rean H5N1 viruses. In the NS segments, D60 was closely 
related to H5N1 viruses detected in Alaska and Canada, 
similar to the NA segments (Fig. 9). Collectively, D60 may 
be a reassortment of gene segments originating from the 
intercontinentally spread 2.3.4.4b H5N1 viruses between 
North America and East Asia. Previously, the transmis-
sion of LPAI virus and HPAIV by wild birds between the 

Eurasian continent and the Americas through the Pacific 
and North Atlantic flyways (Alkie et al., 2022) has been 
documented (Parums, 2023; Wang et al., 2024). Addition-
ally, H5N1 viral transmission, particularly through migra-
tory birds, between Canada and the USA has resulted in 
infection cases in wild coastal birds and marine mammals 
(Puryear et al., 2023). The D60 isolate in this study sug-
gests a dynamic transmission of the H5N1 clade 2.3.4.4b 
HPAIV in the North Pacific region, encompassing North 
America, Japan, and Korea.

In conclusion, our study presents a new case of the 
HPAI H5N1 clade 2.3.4.4b virus in a wild bird with a dif-
ferent ancestral origin in Jeju Island. The viral genome 
was phylogenetically distinct from previous Korean H5N1 
isolates from mainland South Korea in the winter of 
2022-2023 and was closely related to the viruses reported 
in North America and Japan. This finding highlights the 
transmission route of HPAIV H5N1 between North Amer-
ica, Japan, and South Korea. Considering the recent pan-
demic of HPAI H5N1 in North America, there should be 
a collaborative monitoring of HPAIV H5N1 transmission 
and evolution among the countries within the transmis-
sion route.

Fig. 8. Time-scale MCC tree 
based on M gene segments. The 
time-scale MCC tree based on 
M gene segments shows the 
phylogenetic relationships and 
temporal dynamics of the H5N1 
strains in this study. A/North-
ern Shoveler/Jeju/D60/2023 is 
indicated by a red taxon, while 
the strains recently reported in 
South Korea are indicated by 
blue taxa. MCC, maximum clade 
credibility.

Country
Canada
Austria
Japan
South Korea
China
Poland
Russia
USA

2019

A/domestic_goose/Alaska/23-034050-002-original/2023|EPI_ISL_18698983 2023-11-03|

2020 2021 2022 2023 2024 2025

A/Glaucous_Winged_Gull/BC/AIVPHL-1426/2023|EPI_ISL_18665641|2023-11-20

A/Peregrine_Falcon/BC/AIVPHL-1499/2023|EPI_ISL_18665600|2023-12-11

A/American_Wigeon/BC/AIVPHL-1411/2023|EPI_ISL_18665599|2023-11-14

A/polar_bear/Alaska/23-038123/2023|EPI_ISL_18976667|2023-10-01

A/canada goose/BC/AIVPHL-371/2023|EPI_ISL_17051482|2023-01-16

A/common_raven/Alaska/22-037656-001/2022|EPI_ISL_19158199|2022-11-08

A/Thayers_gull/Alaska/22-036618-001/2022|EPI_ISL_19158225|2022-11-01

A/Northern_shoveler/Jeju/D60/2023 2023-12-26|

A/large-billed_crow/Hokkaido/B101/2024|EPI_ISL_18968551|2024-02-17

A/large-billed_crow/Osaka/HU-FA004/2023|EPI_ISL_18979791|2023-12-13

A/goshawk/Gifu/1/2023|EPI_ISL_18979788 2023-08-31|

A/duck/Tottori/TG164/2023|EPI ISL_18935785 2023-12-02|

A/goose/Magadan/2272-5/2022|EPI_ISL_18071580|2022-10-09

A/northern_pintail/Alaska/IZ22_0783/2022 EPI_ISL_19158270|2022-09-30|

A/jungle crow/Hokkaido/0104B087/2022 2022-04-28|

A/chicken/Iw ate/TU16-11,12/2022|2022-02-12

A/crow/Khabarovsk/776-56/2022|EPI_ISL_18074199 2022-04-15|

A/mute_swan/Austria/22007848-001/2022|EPI_ISL_17785732 2022-01-24|

A/white-fronted_goose/Korea/22WC363/2023|EPI_ISL_18245348|2023-01-06

A/feline/South_Korea/SNU-02/2023|EPI_ISL_18102701|2023-07-04

A/egret/Korea/22WC603/2023|EPI_ISL_18242686 2023-03-06|

A/Spot-billed_duck/Korea/K22-920/2022|EPI_ISL_15944667|2022-11-21

A/Jiangsu/NJ210/2023(H5N1)|EPI_ISL_17075747|2023-02-10

A/duck/Korea/H196/2022|EPI_ISL_17606861|2022-02-18

A/domestic_cat/Poland/H249/2023|EPI_ISL_17950995|2023-06-22

A/dairy_cow/Texas/067041-24-6/2024|EPI_ISL_19155868|2024-03-16

A/feline/Texas/24-029329-02/2024|EPI_ISL_19088568|2024-03-20

A/dairy_cow/Ohio/B24OSU-486/2024|EPI_ISL_19178087|2024-04-05

A/Texas/37/2024|EPI_ISL_19027114 2024-03-28|

A/Canada_Goose/BC/AIVPHL-1483/2023|EPI_ISL_18665591|2023-12-04

A/blue-winged_teal/Louisiana/UGA|23-893/2023|EPI_ISL_19070499|2023-09-01

A/Northern_Pintail/USA/IZ22_0760_sw ab/2022 2022-09-30|
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South Korea are indicated by 
blue taxa. MCC, maximum clade 
credibility.
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