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During October 2022—March 2023, highly pathogenic
avian influenza (HPAI) A(H5N1) clade 2.3.4.4b virus
caused outbreaks in South Korea, including 174 cases
in wild birds. To understand the origin and role of wild
birds in the evolution and spread of HPAI viruses, we
sequenced 113 HPAI isolates from wild birds and per-
formed phylogenetic analysis. We identified 16 differ-
ent genotypes, indicating extensive genetic reassort-
ment with viruses in wild birds. Phylodynamic analysis
showed that the viruses were most likely introduced to
the southern Gyeonggi-do/northern Chungcheongnam-
do area through whooper swans (Cygnus cygnus) and
spread southward. Cross-species transmission occurred
between various wild bird species, including waterfow!
and raptors, resulting in the persistence of HPAI in wild
bird populations and further geographic spread as these
birds migrated throughout South Korea. Enhanced ge-
nomic surveillance was an integral part of the HPAI out-
break response, aiding in timely understanding of the
origin, evolution, and spread of the virus.

Since the first detection highly pathogenic avi-
an influenza (HPAI) virus A/goose/Guang-
dong/1/1996 (Gs/Gd) in China in 1996, the Gs/Gd
lineage of HPAI H5Nx virus has spread globally,
infecting various species and posing a threat to ani-
mal and human health (1). Outbreaks caused by 1
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Gs/Gd strain, clade 2.3.4.4, have occurred world-
wide, and the clade has further evolved into 8 sub-
clades (2.3.4.4a-2.3.4.4h) (2). Since 2013, ancestral
HPAI H5 viruses of clade 2.3.4.4, in combination
with different neuraminidase subtypes (e.g., HSN1,
H5N6, and H5NS), have been circulating in South-
east Asia. Clade 2.3.4.4b H5NS8 viruses were first
detected in China in late 2013 and in South Korea in
early 2014 (3). H5NS viruses were detected in wild
birds in Qinghai Lake, China, and Lake Uvs-Nuur,
Russia, in May 2016 (4), and were then dissemi-
nated to Europe by wild birds (5). In 2020, a new
variant of the clade 2.3.4.4b H5N1 virus emerged
in Europe and spread predominantly through wild
birds to various regions including Europe, Asia,
and Africa (6-8). In late 2021, that 2.3.4.4b H5N1
virus spread to North America and subsequently
to South America in 2022 (9). As of September 2023,
H5NT1 clade 2.3.4.4b virus is widespread in all re-
gions except Antarctica and Oceania, causing infec-
tions and deaths in various wild birds and mam-
mals (10) and posing major threats to public health
and wildlife conservation.

In South Korea, 10 outbreaks of Gs/Gd-lineage
H5Nx HPALI viruses have been recorded to date:
clade 2.5 H5N1 outbreak during 2003-2004, clade
2.2 H5N1 during 2006-2007, clade 2.3.2 H5N1 in
2008, clade 2.3.2.1 H5N1 during 2010-2011, clade
2.3.4.4c H5NS8 during 2014-2016, clade 2.3.4.4e
H5N6 and clade 2.3.4.4c H5N8 during 2016-2017,
clade 2.3.4.4b H5N6 during 2017-2018, clade
2.3.4.4b H5NS8 during 2020-2021, clade 2.3.4.4b
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H5N1 during 2021-2022, and clade 2.3.4.4b H5N1
during 2022-2023 (11-15). Of those, the most recent
H5N1 2.3.4.4b HPAI virus was first detected in a
wild Mandarin duck in October 2022, and multiple
outbreaks occurred in wild birds and poultry be-
fore their absence of detection after March 2023.
During October 2022-March 2023, a total of 75
cases of HPAI infection in poultry farms and 174
cases of HPAI infection in wild birds were reported
(16). The higher number of HPAI viruses detected
in wild birds than in poultry probably reflected
the higher level of virus circulation in wild birds,
highlighting the need for further investigating the
process underlying virus emergence and spread in
wild birds. Therefore, we sequenced and analyzed
113 H5N1 HPAI virus isolates, which were collect-
ed by the Korean National Institute of Wildlife Dis-
ease Control and Prevention (NIWDC) under the
national wild bird surveillance program in South
Korea during 2022-2023, to identify the origin and
reconstruct the evolutionary and transmission dy-
namics of H5N1 HPAI viruses in South Korea.

Materials and Methods

Samples and Spatial Distribution

The national wild bird surveillance program in
South Korea has reported 174 HPAI H5N1 viruses
during 2022-2023. We isolated HPAI H5N1 viruses
from wild bird habitats and major streams during
September 2022-February 2023 in South Korea dur-
ing the Avian Influenza National Surveillance for the
Protection and Management of Wildlife Animals and
Plants, conducted by the Ministry of Environment.
For active surveillance, we collected oropharyngeal,
or cloacal swabs from captured wild birds and fecal
samples from wild bird habitats. We tested carcasses
of wild birds submitted voluntarily to NIWDC for
HPAI. We transported, checked, and inoculated all
samples in the allantoic cavities of 9-11-day-old
specific-pathogen-free embryonated eggs at 37°C
for 96 hours. We performed avian host identification
for avian influenza-positive fecal samples by using
DNA barcoding as previously described (17). For
this study, we selected 113 HPAI H5NT1 isolates for
phylogenetic and phylodynamic analyses on the ba-
sis of their geographic locations and collection dates
(Appendix Table 1, https:/ /wwwnc.cdc.gov/EID/
article/30/2/23-1274-Appl.pdf). We analyzed spa-
tial distribution of 113 HPAI H5NT1 isolates by using
the kernel model in ArcGIS software (ESRI, https://
www.esri.com) to identify areas with a high density
(Appendix Table 1).
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Genome Sequencing and Phylogenetic Analysis

We conducted next-generation sequencing (NGS)
as previously described (18), and we deposited con-
sensus genome sequences into the GISAID database
(isolate nos. EPI_ISL 1824572-1824583 and EPI_ISL
18242686). To determine the genotypes, we construct-
ed the maximume-likelihood phylogeny of each gene
segment. We performed Bayesian phylodynamic
analysis of geographic location and wild bird species.
First, to investigate virus transmission between geo-
graphic locations, we defined geographic regions as
10 discrete nominal categories: Russia, Japan, China,
and 7 locations in South Korea—Gyeonggi-do (GG),
Gangwon-do (GW), Chungcheongbuk-do (CB),
Chungcheongnam-do (CN), Gyeongsangbuk-do
(GB), Gyeongsangnam-do (GN), and Jeolla-do (JL).
Second, to infer the transmission dynamics between
host species, host species were divided into 8 discrete
nominal categories as follows: bean goose, crane,
egret and heron, gull and crow, raptor, swan, white-
fronted goose, and wild duck (Appendix).

Results

Overview of 2022-23 HPAI H5N1 Viruses from

Wild Birds in South Korea

In South Korea, the 2022-23 H5N1 HPAI outbreak
started with virus detection in a wild Mandarin duck
in October 2022 and lasted in wild birds until March
2023 (Figure 1). A total of 174 cases of infections in
wild birds were reported in 132 carcasses, 31 fecal
droppings, and 11 captured wild birds. The HPAI
H5NT1 virus was detected in 22 wild bird species,
including 16 eastern spot-billed ducks (Anas zono-
rhyncha), 28 hooded cranes (Grus monacha), 44 greater
white-fronted geese (Anser albifrons), 11 whooper
swans (Cygnus cygnus), 10 Eastern great egrets (Ardea
modesta), and 5 unspecified bird species.

Two major waves of outbreaks occurred, a peak
in the third week of December, and the second high-
est number of outbreaks in the first week of January.
The first wave of outbreaks mainly affected the GG
and JL regions and involved species such as wild
duck and crane. The second wave of outbreaks main-
ly affected the GW region and involved white-fronted
goose species (Figure 1).

We examined the spatial distribution of all
HPAI outbreaks that occurred during 2022-2023
by using the kernel density estimation method.
The results showed a clear geographic distribution
of high-density areas around inland water bodies.
We observed the peak distribution of kernel den-
sity values in GW and the highest concentration of
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cases in JL (Figure 2). Southern GG, northern CN,
and northern CB, which are adjacent provinces
that share inland water bodies, form a single high-
density area.

Origin of H5N1 HPAI Viruses

The phylogenetic analysis of the hemagglutinin
(HA) gene showed that all HPAI viruses sequenced
in this study belonged to the 2.3.4.4b HPAI lineage.
All of them carried a multi-basic amino acid motif at
the HA cleavage site: PLREKRRKR/GLF (n = 106),
PLRERRRKR/GLF (n = 2), PLRENRRKR/GLF (n =
2), PLREERRKRR/GLF (n = 1), PLREKRRRR/GLF
(n = 1), and PLREKGRKR/GLF (n = 1). We hypoth-
esized that the origin of clade 2.3.4.4b H5N1 viruses
that caused outbreaks during 2022-23 was because
of the reemergence of 2021-22 HPAI H5N1 viruses
that persisted in wild bird populations in South Ko-
rea throughout the summer of 2022 or the introduc-
tion of the novel clade 2.3.4.4b H5N1 HPAI virus
from outside South Korea. Our phylogenetic analysis
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results suggested that the latter assumption was
the most likely one because the source-sink dynam-
ics support that HPAI H5N1 virus was newly intro-
duced into South Korea from Russia during the fall
of 2022 (Figure 3; Appendix Table 2). The molecular
dating analysis of the HA gene estimated the time to
the most recent common ancestor of HPAI H5N1 vi-
ruses in South Korea to be July 14, 2022 (95% Bayesian
credible interval [BCrl] May 11-September 5, 2022).
The A/Em/Korea/22WF118-15P/2022 (H5N1) vi-
rus, which was detected on November 1, 2022, was
not clustered with other H5N1 viruses identified in
South Korea, suggesting a point-source introduc-
tion. The most closely related virus was A/Jiangsu/
NJ210/2023 (H5N1), which infected humans in Feb-
ruary 2023 in the Jiangsu region of China (Appendix
Figure 1) (19).

Genotypes
The maximume-likelihood phylogenetic analysis of
the 8 gene segments helped identify the genotypes
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of H5N1 viruses. We identified 16 unique geno-
types, which were most likely produced by multi-
ple reassortment events with low pathogenic avian
influenza viruses in wild birds. We assigned each
genotype an alphabet letter based on the Kor22-23
nomenclature, which indicated the region of origin
(Kor) and year of origin (2022-2023). The 16 geno-
types were as follows: Kor22-23A (n = 4), Kor22-23B
(n=2), Kor22-23C (n =18), Kor22-23D (n = 65), Kor-
22-23E (n = 6), Kor22-23F (n = 1), Kor22-23G (n=1),
Kor22-23H (n =1), Kor22-23I (n = 1), Kor22-23] (n =
2), Kor22-23K (n = 6), Kor22-23L (n = 1), Kor22-23M
(n =1), Kor22-23N (n = 1), Kor22-230 (n = 2), and
Kor22-23P (n = 1) (Appendix Table 4). The predomi-
nant genotype was Kor22-23D, accounting for 57.5%

Kernel analysis value
0.001-2.483
2.484-9.437
9.438-18.377
18.378-28.31
28.311-39.733

of cases, followed by Kor22-23C, accounting 15% of
cases. In those predominant genotypes (Kor22-23D
and Kor22-23C), we observed reassortment in all
internal genes, except for the matrix protein gene,
compared with the early genotype, Kor22-23A. The
most frequently identified internal genotypes were
polymerase basic 2 (d), polymerase basic 1 (d), poly-
merase acidic (d), HA (a), nucleoprotein (d), neur-
aminidase (a), matrix protein (a), and nonstructural
(d), which corresponded to the internal genes of the
Kor22-23D genotype (Appendix Figure 1). Geno-
type diversity decreased from late December 2022,
in particular as a consequence of the disappear-
ance of Kor22-23C and Kor22-23B (Figure 4, panel
A). Kor22-23D exhibited the highest proportions in

Figure 2. Kernel density map
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Figure 3. Maximum clade
credibility tree constructed
using the hemagglutinin gene
of highly pathogenic avian
influenza A(H5N1) clade
2.3.4.4b virus, with geographic
region as a discrete trait, South
Korea, June 2022—-January
2023. Each branch is colored
according to the geographic
region specified in the legend.
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which indicated the region

of origin (Kor) and year of
origin (2022-2023). Orange
shade represents Kor22—-23B
genotype viruses. Violet
shades represent Kor22-23C
genotype viruses. Blue
shades represent Kor22—-23D
genotype viruses. The x-axis is
in decimal year format.
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GW, CN, and GN. Kor22-23C showed the highest
proportion in JL. Kor22-23B was sporadically dis-
tributed across various regions.

Transmission Dynamics of HPAI H5N1 Viruses in
South Korea during 2022-23

The discrete trait phylodynamic analyses (DTA) be-
tween geographic regions suggested that the virus
was most likely dispersed from China to Russia dur-
ing 2021-2022, then introduced from Russia to the GG
of South Korea during 2022. In South Korea, the DTA
supported the virus spread from GW to GG (transi-
tion rate [TR] 2.508, Bayes factor [BF] 212524.514, and
posterior probability [PP] 1.00), GG to GN (TR 1.711,
BF 35413.848, and PP 1.00), and GG to CN (TR 1.293,
BF 284.057, and PP 0.97) (Appendix Table 2). We vi-
sualized the inferred transmission networks in South
Korea on a map (Figure 5). We also inferred the time
spent on each discrete state by estimating the Mar-
kov reward. The estimated total Markov reward time
for locations in South Korea was highest in GG (3.407
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[95% BCrl 2.237-4.6073]), followed by GW (2.371
[95% BCrl 1.4939-3.6048]), indicating the contribution
of wild birds in GG and GW to virus persistence and
circulation in South Korea (Figure 6, panel A).

On the basis of the DTA between wild bird spe-
cies, the most probable transmission pathway was
from white-fronted goose to raptor (TR 1.804, BF
710.953, and PP 0.99), followed by swan to bean goose
(TR 1.041, BF 21.822, and PP 0.78) and swan to white-
fronted goose (TR 1.233, BF 17.182, and PP 0.73) (Fig-
ure 7; Appendix Table 3). For genotypes, Kor22-23D
was the predominant genotype, and its highest pro-
portion was detected in white-fronted goose, egret,
and heron, whereas the highest proportion of Kor22-
23C was detected in crane. The raptor and bean goose
contained highly diverse genotypes compared with
those genotypes contained by other host species (Fig-
ure 4, panel B). Collectively, those results indicate that
the white-fronted goose and swan played a major role
in the HPAI H5N1 virus spread in South Korea. In
addition, the estimated total Markov reward time by
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host species was the highest in white-fronted goose
(3.428 [95% BCrl 1.7149-5.8995]) (Figure 6, panel B).
Those findings suggest that the white-fronted goose
contributed to virus maintenance and spread in South
Korea during 2022-2023.

Discussion

Understanding the movement and host characteris-
tics of migratory waterfowl, which are natural hosts
of avian influenza, is crucial for understanding the
evolution and transmission pathways of HPAI virus.
Migratory birds play a critical role in virus trans-
mission because they have vast ranges, undertake
long-distance migrations across borders to and from
wintering and breeding sites, and interact with dif-
ferent species at each site (20). Some bird species
can carry the virus without showing clinical signs of
disease, which makes them long-distance carriers of
the virus (21). Moreover, migratory waterfowl can
potentially bring diverse strains of viruses, facilitat-
ing the emergence of new reassortant strains. Clade
2.3.4.4 HPAI viruses have undergone frequent reas-
sortment events, especially in wild birds (7). The high
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genetic diversity of avian influenza viruses in wild
birds has contributed to the generation of multiple
genotypes of clade 2.3.4.4. HPAI H5NXx viruses as a
donor gene pool of different genetic lineages (22). In
our study, the genotyping of the 113 wild bird-origin
HPAI H5N1 clade 2.3.4.4b viruses observed during
October 2022-March 2023 revealed 16 different geno-
types. Most of these newly reassorted genotypes were
transient and did not show sustained transmission
in wild bird populations, except for Kor22-23D and
Kor22-23C. We assume that those 2 genotypes were
predominant during the outbreak because they had
better viral fitness than other transient genotypes for
sustained transmission in wild birds.

The DTA between geographic locations indicated
that most probable location for initial virus introduc-
tion to South Korea was GG. DTA is used in molecular
epidemiology to study the geographic spread of in-
fectious diseases across regions. When applied at the
provincial or state level, a major limitation of this ap-
proach is its reliance on manmade borders as a proxy
for the geographic structure. Manmade borders,
such as provinces or state lines, do not necessarily

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 30, No. 2, February 2024



align with the natural distribution of wild bird popu-
lations or movement patterns of viruses. Using such
borders may lead to oversimplification and inaccura-
cies in analyses because they may not reflect the actu-
al transmission routes or wild bird movements. Our
DTA results suggest that the virus was introduced
from Russia to GG; however, the actual index case in
South Korea was identified in the northern part of the
CN. The kernel density analysis showed that southern
GG and northern CN were classified as single high
HPAI-density areas. Based on these findings, the vi-
rus was most likely introduced into the southern GG
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and northern CN areas initially and then spread to
other regions. In addition, an HPAI H5N1 virus origi-
nating from the North American lineage was detected
in October 2022, which is most likely a point-source
introduction of virus (23).

Monitoring the geographic distribution of HPAI
viruses in wild birds and locations of poultry farms is
vital for assessing the risk for virus spillover. A pre-
vious study analyzed the geographic distribution of
HPAI H5N1 outbreaks in poultry farms in South Ko-
rea during 2013-2017 and found high number of cas-
es in southern GG, northern CN, and JL (24), which

Figure 5. Inferred transmission
networks of highly pathogenic
avian influenza A(H5N1)
viruses from wild birds, South
Korea, October 2022—-March
2023. Arrows show the well-
supported transitions in
discrete trait phylogeography.
Line colors indicate the overall
Bayes factor test support for
epidemiologic linkage. White
arrows indicate statistical
support with Bayes factor >
100 (very strong support), gray
arrows indicate support with
10 < Bayes factor < 100 (strong
support), and cyan arrows
indicate support with 3 < Bayes
factor < 10. Numbers next to
arrows indicate transition rates.

Gyeongsangbuk-do

0.6
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were also high-density areas of HPAI detections in
wild birds during 2022-2023. In particular, JL is the
region with the highest poultry farm density in South
Korea (25). JL is also the region with the highest num-
ber of HPAI H5N1 outbreaks in poultry farms dur-
ing winter 2022-2023, according to the South Korean
Animal and Plant Quarantine Agency (16). In addi-
tion, most HPAI H5N8 transmissions occurred dur-
ing 2014-2015 within the western provinces, includ-
ing GG, CN, and JL, which are characterized by high
domestic duck densities and high numbers of over-
wintering waterfowl (26). On the basis of those find-
ings, we suggest that integrative analysis of real-time
surveillance data in wild birds and spatial distribu-
tion data of poultry farms can serve as an early warn-
ing system for forecasting the risk for avian influenza
spillover from wild birds to poultry.
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Figure 6. Markov time spent for geographic location (A) and

host type (B) among highly pathogenic avian influenza A(H5N1)
viruses from wild birds, South Korea, October 2022—March

2023. CB, Chungcheongbuk-do; CN, Chungcheongnam-do; GB,
Gyeongsangbuk-do; GG, Gyeonggi-do; GN, Gyeongsangnam-do;
GW, Gangwon-do; JL, Jeolla-do.
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A previous study suggested the dissemination
of HPAI viruses between South Korea and Japan
through wild birds (11); however, the means by
which the virus spreads between these 2 countries
remains unclear. Of note, our DTA suggests that,
after the virus spread to GW, it migrated from GW
to central Japan, including Yamagata, Tochigi, Mi-
yagi, and Shizuoka Prefectures, which have similar
latitudes to that of GW. Further studies on the virus
spread through migratory birds between GW and
central Japan may provide valuable insights into
the transboundary spread of HPAI viruses between
these countries.

The initial entry of the virus through whooper
swans was highly supported by DTA of host spe-
cies. Whooper swans have been previously reported
as long-distance migratory birds that can transmit
HPAI viruses along their migration route. Previous
studies on satellite GPS data showed that whooper
swans bred in Mongolia and Russia were positive
for HPAI viruses and subsequently migrated to
South Korea, which coincides with the viral move-
ment observed in our study (27). Considering the
limitations of sampling in our surveillance study,
an alternative explanation for this finding could
be that the high susceptibility and distinctive mor-
phology of whooper swans facilitated their early
detection and subsequent sampling, potentially
leading to the identification of HPAI viruses dur-
ing the initial stages of the outbreak. Given that the
most samples used in our surveillance study were
wild bird carcasses collected by NIWDC through
voluntary reports, asymptomatic wild bird carri-
ers of HPAI viruses might not have been detected
or included in our study. Of note, among the wild
bird species affected by HPAI H5 virus, whooper
swans have been reported as a frequently affected
species thus recognized as a sentinel species for the
presence of HPAI virus within the wild bird popu-
lation (27). The frequent detections of swans found
dead from HPAI infection can be attributed to their
pathobiologic and morphologic characteristics com-
pared with other wild bird species, including their
high susceptibility to HPAI H5 virus infection and
their substantial size and white color, which make
them readily noticeable and identifiable when they
are found dead from HPAI infection (28). Although
passive surveillance of wild birds is considered the
most effective method for monitoring HPAI associ-
ated with high mortality rates, active surveillance
should be expanded in asymptomatic host species to
improve our understanding of the behavior of these
viruses in the wild-bird population. The DTA results
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Figure 7. Maximum clade
credibility tree constructed using
the hemagglutinin gene of HPAI
A(H5N1) clade 2.3.4.4b virus,
with host types as a discrete
trait, South Korea, June 2022—
January 2023. Each branch is
colored according to the host
type specified in the legend.
Each genotype was assigned
an alphabet letter based on the
Kor22-23 nomenclature, which
indicated the region of origin
(Kor) and year of origin (2022—
2023). Orange shade represents
Kor22-23B genotype viruses.
Violet shades represent Kor22—
23C genotype viruses. Blue
shades represent Kor22-23D
genotype viruses. The x-axis is
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Kor22-23C

in decimal year format.
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suggested that geese (bean goose and white-fronted
goose) played a crucial role in the virus spread in
South Korea after these viruses were introduced by
swans. Transmission was relatively frequent among
swans, geese, and cranes, likely because those spe-
cies share habitats around inland water bodies in
South Korea (29). In addition, transmission of virus-
es from geese to raptors suggests possible upward
food chain transmission during the predation of
possibly infected geese.

NGS is a useful tool for obtaining complete ge-
nome sequences that can be used for outbreak analy-
sis, combined with epidemiologic investigation data,
to identify the possible origins and understand the
transmission dynamics of viruses rapidly and accu-
rately. During the 2022-23 HPAI virus outbreak, NI-
WDC attempted to sequence all available HPALI virus
isolates from wild birds by using NGS and performed
a comparative phylogenetic analysis to facilitate the
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rapid screening of HPAI and effective genomic sur-
veillance. The 113 genome sequences identified in
our study greatly expanded the existing dataset of the
genome sequences of clade 2.3.4.4b HPAI virus from
South Korea and helped us investigate the evolution-
ary history and molecular epidemiology of the virus
outbreak across spatial and temporal scales. Immedi-
ate genome sequencing and analysis during outbreaks
are recommended as an integral part of the HPAI vi-
rus outbreak response because this information can
provide valuable insights into the origin, evolution,
and spread of the virus. The precise and detailed ge-
nomic surveillance data can be especially beneficial
to outbreak control and prevention efforts by help-
ing public health officials and researchers monitor
the emergence of new variants, trace the transmis-
sion of HPAI virus, tailor interventions and recom-
mendations for the public, and develop countermea-
sures. Sharing genomic data with the global scientific
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community and international health organizations
can foster collaboration and a coordinated response
to global HPAI outbreaks.
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Appendix

Methods

Genome Sequencing

The viral RNAs of isolates were extracted from allantoic fluids of SPF chicken eggs
using Maxwell® RSC simply RNA Tissue Kit (Promega, Madison, WI, USA). Complementary
DNA was generated using the SuperScript III First-Strand Synthesis system (Invitrogen,
Carlsbad, CA, USA). Polymerase chain reaction was performed using AccuPrime Pfx DNA
Polymerase (Invitrogen, Carlsbad, CA, USA) per the protocol (/). DNA libraries were prepared
using Nextera DNA Flex Library Prep Kit (Illumina, San Diego, CA, USA) with 96 dual-index
barcodes according to the manufacturer’s instructions. The complete genome was sequenced
with a minimum sequence coverage of 1,000x using the paired-end 150 Illumina Miseq platform.
NGS data obtained were analyzed using CLC Genomic Workbench (Qiagen, Valencia, CA,
USA). The consensus genome sequences have been deposited in the GISAID database (isolate

ID: EPI ISL 1824572 — 1824583 and EPI ISL 18242686).

Phylogenetic analysis

A total of 2158 reference sequences for maximum likelihood (ML) phylogenetic analysis
were obtained from the Global Initiative on Sharing All Influenza Data (GISAID,
https://www.gisaid.org/) database. All available complete genome sequences of HSN1 2.3.4.4b
identified since 2018 were downloaded from the GISAID database and redundant sequences

were removed at the 100% nucleotide sequence identity level using the CD-HIT program (2). To
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determine the genotypes, the ML phylogeny of each gene segment (PB2, PB1, PA, HA, NP, NA,
M, and NS) was constructed using RAXML v8.0 (https://cme.h-
its.org/exelixis/web/software/raxml/) to determine the best tree via 1,000 bootstrap analyses
using the general time-reversible + Gamma model. The resulting phylogenetic trees were
visualized using the online tool iTOL v5 (https://itol.embl.de/) (3). Monophyletic clades with a
bootstrap support of 70% or higher were considered well-supported (4).

Phylodynamic analysis of geographic location and host type

We generated an ML phylogeny of the HA gene using FastTree version 2.1.11
(http://www.microbesonline.org/fasttree/). Root-to-tip regression was analyzed to investigate the
temporal signal in the ML phylogeny using TempEst version 1.5.3
(http://tree.bio.ed.ac.uk/software/tempest/). From the completed FastTree Phylogeny, we
extracted clades that contained the NIWDC data and organized two datasets to analyze
transmission between geographic locations and between host species. Genome sequences of
viruses originating from wild birds in countries that share the East Asian—Australasian Flyway
were included in the analysis. Sequences were subsampled to preserve the diversity of
geographic locations and host species, resulting in 129 and 103 sequences, respectively. We
performed two separate Bayesian discrete trait phylodynamic analyses using BEAST version
1.10.4 (https://beast.community). First, to investigate virus transmission between geographic
locations, we defined geographic regions as 10 discrete nominal categories as follows: “Russia”
(n=106), “Japan” (n = 6), “China” (n =4), “GG” (Gyeonggi-do: proximal region encompassing
Seoul, n = 24), “GW” (Gangwon-do: Northeast province of South Korea, n = 24), “CB”
(Chungcheongbuk-do: landlocked central province of South Korea, n = 14), “CN”
(Chungcheongnam-do: central Western province of South Korea, n = 10), “GB”
(Gyeongsangbuk-do: Southeast province of South Korea, n = 6), “GN” (Gyeongsangnam-do:
South Southeast province of South Korea, n = 16), and “JL” (Jeolla-do: region covering both
Jeollabuk-do and Jeollanam-do, Southwestern region of South Korea, n = 19). Second, to infer
the transmission dynamics between host species, host species were divided into eight discrete
nominal categories as follows: “Bean Goose” (n = 7), “Crane” (n = 16), “Egret and Heron” (n =
15), “Gull and Crow” (n = 3), “Raptor” (n = 17), “Swan” (n = 9), “White-fronted Goose” (n =
29), and “Wild Duck” (n= 7).
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For both analyses, the Hasegawa—Kishono—Yano (HKY) + Gamma asymmetric
substitution model with an uncorrelated lognormal relaxed molecular clock was used in addition
to a constant-size coalescent tree. An ancestral state reconstruction approach with a Bayesian
stochastic search variable selection was used to determine the most probable transmission
history. Bayesian Markov chain Monte Carlo (MCMC) was run in parallel for five chains with a
chain length of 50 million. The chains were combined after a 10% burn-in to achieve reliable
convergence and stationarity. The convergence and stationarity of MCMC chains were assessed
using the effective sample size (ESS) in Tracer version 1.7.2
(http://tree.bio.ed.ac.uk/software/tracer/). Phylogenetic estimates were accepted if the ESSs of all
estimates were higher than 200. Bayes factor (BF) was calculated using SPREAD v. 1.0.7 (9).
BF >6 and posterior probability (PP) >0.5 were considered significant. A maximum clade
credibility tree was generated using TreeAnnotator version 1.10.4 and visualized using FigTree
version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/). The transmission network was plotted on

a chord diagram for better visualization.
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Appendix Table 1. Information of clade 2.3.4.4b H5N1 high pathogenicity avian influenza virus isolated in this study

Number  Collection date Sample ID Region Sample type Host species

2 2022-10-16 22WC013 Gyeonggi-do (GG) Carcass Hawk

3 2022-10-17 22WS010-2 Gyeonggi-do (GG) Captured Eastern spot-billed duck
11 2022-11-01 22WF118-15P Jeolla-do (JL) Feces Eastern spot-billed duck/Mallard
13 2022-11-02 22WF123-24P Chungcheongnam-do (CN) Feces Eastern spot-billed duck/Mallard
14 2022-11-06 22WC022 Jeolla-do (JL) Carcass Eastern great egret
22 2022-11-09 22WF157-9P Gyeonggi-do (GG) Feces Eastern spot-billed duck/Mallard
23 2022-11-11 22WC025 Jeolla-do (JL) Carcass Whooper swan
24 2022-11-09 22WF154-5P Gyeonggi-do (GG) Feces -

25 2022-11-13 22WC026 Jeolla-do (JL) Carcass Hooded crane
29 2022-11-13 22WF167-12P Gyeonggi-do (GG) Feces -

27 2022-11-14 22WC28-1P Gyeongsangnam-do (GN) Carcass Whooper swan
30 2022-11-14 22WF171-1P Jeju (JJ) Feces -

28 2022-11-15 22WC032 Chungcheongbuk-do (CB) Carcass Eurasian eagle owl
32 2022-11-15 22WF181-20P Gyeonggi-do (GG) Feces -

33 2022-11-15 22WF182-9P Gyeonggi-do (GG) Feces -

38 2022-11-17 22WC040 Gyeongsangnam-do (GN) Carcass Whooper swan
48 2022-11-21 22WC058 Gyeongsangnam-do (GN) Carcass Bean goose

37 2022-11-17 22WC037 Gyeongsangnam-do (GN) Carcass Whooper swan
39 2022-11-17 22WC042-1P Jeolla-do (JL) Carcass Hooded crane
40 2022-11-18 22WC044 Chungcheongbuk-do (CB) Carcass Whooper swan
41 2022-11-18 22WC045 Gyeongsangnam-do (GN) Carcass Whooper swan
42 2022-11-18 22WC046-2 Jeolla-do (JL) Carcass Hooded crane
43 2022-11-16 22WF191-23P Chungcheongbuk-do (CB) Feces -

49 2022-11-22 22WC064 Jeolla-do (JL) Carcass Hooded crane
50 2022-11-22 22WC068 Gyeonggi-do (GG) Carcass Bean goose

51 2022—-11-21 22WF205-13P Chungcheongbuk-do (CB) Feces -

52 2022-11-23 22WCO071 Gyeonggi-do (GG) Carcass Common Cormorant
53 2022-11-24 22WC073 Gyeongsangnam-do (GN) Carcass Hooded crane
54 2022-11-23 22WF229-3P Jeolla-do (JL) Feces -

57 2022-11-25 22WCO077 Chungcheongnam-do (CN) Carcass Black-headed gull
60 2022-11-24 22WC099 Gangwon-do (GW) Carcass White-fronted goose
56 2022-11-25 22WCQ079 Gyeonggi-do (GG) Carcass Bean goose

58 2022-11-25 22WC086 Gyeongsangnabuk-do (GB) Carcass Swan

59 2022-11-26 22WC083 Jeolla-do (JL) Carcass Hooded crane

61 2022-11-27 22WC091 Gyeongsangnam-do (GN) Carcass White-naped crane
63 2022-11-28 22WC116 Gyeongsangnam-do (GN) Carcass White-fronted goose
64 2022-11-28 22WC105 Chungcheongbuk-do (CB) Carcass Eurasian eagle owl
65 2022-11-28 22WC109 Jeolla-do (JL) Carcass Hooded crane
66 2022-11-28 22WC117 Chungcheongnam-do (CN) Carcass Black-headed gull
68 2022-11-30 22WF252-7P Gyeongsangnabuk-do (GB) Feces -

71 2022-12-02 22WC146 Gyeongsangnam-do (GN) Carcass Whooper swan
74 2022—-12-04 22WC154 Jeolla-do (JL) Carcass Hooded crane
79 2022-12-06 22WC167 Chungcheongnam-do (CN) Carcass Hooded crane

81 2022-12-07 22WC177 Jeolla-do (JL) Carcass Hooded crane
82 2022-12-07 22WC178 Gyeongsangnam-do (GN) Carcass Bean goose

83 2022-12-07 22WF296-4P Chungcheongbuk-do (CB) Feces -

84 2022-12-09 22WC188 Chungcheongbuk-do (CB) Carcass Eastern great egret
86 2022-12—11 22WC196 Jeolla-do (JL) Carcass Hooded crane
87 2022-12-13 22WC200 Gyeonggi-do (GG) Carcass Bean goose

88 2023-12-13 22WC-208 Jeolla-do (JL) Carcass Hooded crane
89 2023-12—-14 22WC211 Jeolla-do (JL) Carcass Hooded crane

91 2023-12-15 22WC-215 Jeolla-do (JL) Carcass Hooded crane
92 2023-12-15 22WF-340-11p Gyeongsangnam-do (GN) Feces -

93 2023-12-20 22WC-233 Gangwon-do (GW) Carcass White-fronted goose
94 2023-12-20 22WC-235 Jeolla-do (JL) Carcass Hooded crane
95 2023-12-22 22WF-378-1p Gyeongsangnam-do (GN) Feces -

96 2023-12-23 22WC-244 Chungcheongbuk-do (CB) Carcass White-fronted goose
97 2023-12-23 22WC-250 Gangwon-do (GW) Carcass White-fronted goose
98 2023-12-22 22WC-254 Gangwon-do (GW) Carcass White-fronted goose
99 2023-12-25 22WC-247 Gangwon-do (GW) Carcass Buzzard

100 2023-12-25 22WC-252 Gangwon-do (GW) Carcass White-fronted goose
101 2023-12-26 22WC-245 Gyeonggi-do (GG) Carcass White-fronted goose
102 2023-12-26 22WC-265 Chungcheongbuk-do (CB) Carcass Eastern great egret
103 2023-12-27 22WC-281 Jeju (JJ) Carcass Eastern great egret
104 2023-12-27 22WC-278 Gangwon-do (GW) Carcass White-fronted goose
105 2023-12-28 22WC-284 Gyeonggi-do (GG) Carcass Eastern great egret
106 2023-12-28 22WC-280 Chungcheongnam-do (CN) Carcass White-fronted goose
111 2023-01-03 22WC-317 Gangwon-do (GW) Carcass White-fronted goose
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112 2023-01-02 22WC-326 Gangwon-do (GW) Carcass White-fronted goose
113 2023-01-02 22WC-328 Gangwon-do (GW) Carcass White-fronted goose
114 2023-01-02 22WC-329 Gangwon-do (GW) Carcass White-fronted goose
115 2023-01-02 22WF-429-2p Gyeonggi-do (GG) Feces -

116 2023-01-03 22WC-324 Gangwon-do (GW) Carcass White-fronted goose
117 2023-01-04 22WC-345 Gangwon-do (GW) Carcass White-fronted goose
118 2023-01-05 22WC-336 Gyeongsangnam-do (GN) Carcass Buzzard

125 2023-01-07 22WC-357 Gyeongsangnabuk-do (GB) Carcass Little egret

126 2023-01-06 22WC-363 Gangwon-do (GW) Carcass White-fronted goose
127 2023-01-09 22WC-365 Gangwon-do (GW) Carcass White-fronted goose
128 2023-01-09 22WC-366 Gangwon-do (GW) Carcass White-naped crane
129 2023-01-10 22WC-372 Gyeongsangnabuk-do (GB) Carcass Little egret

130 2023-01-09 22WC-373 Gyeonggi-do (GG) Carcass White-fronted goose
131 2023-01-10 22WC-376 Chungcheongbuk-do (CB) Carcass Eastern great egret
132 2023-01-10 22WC-378 Gangwon-do (GW) Carcass White-fronted goose
133 2023-01-11 22WC-374 Chungcheongnam-do (CN) Carcass Grey heron

134 2023-01-12 22WC-390 Gyeonggi-do (GG) Carcass Eurasian teal
137 2023-01-13 22WC-401-3P Gyeonggi-do (GG) Carcass White-fronted goose
139 2023-01-13 22WC-394 Chungcheongnam-do (CN) Carcass Eastern great egret
140 2023-01-11 22WC-405 Gangwon-do (GW) Carcass White-fronted goose
141 2023-01-13 22WC-406 Chungcheongbuk-do (CB) Carcass Eastern great egret
142 2023-01-16 22WC-413 Gangwon-do (GW) Carcass White-fronted goose
143 2023-01-16 22WC-412 Gangwon-do (GW) Carcass White-fronted goose
144 2023-01-17 22WC-421 Gangwon-do (GW) Carcass White-fronted goose
148 2023-01-20 22WC-426 Chungcheongbuk-do (CB) Carcass Grey heron

149 2023-01-20 22WC-427 Gyeongsangnam-do (GN) Carcass Bean goose
150 2023-01-22 22WC-428 Jeolla-do (JL) Carcass Goshawk

151 2023-01-23 22WC-432 Gyeongsangnabuk-do (GB) Carcass Bean goose
152 2023-01-27 22WC-453 Jeolla-do (JL) Carcass Common kestrel
153 2023-01-06 22WC-464 Gyeongsangnam-do (GN) Carcass Eagle

154 2023-01-30 22WC-460 Gyeongsangnabuk-do (GB) Carcass White-fronted goose
155 2023-01-30 22WC-468 Gyeonggi-do (GG) Carcass Buzzard

156 2023-01-30 22WC-471 Gangwon-do (GW) Carcass White-fronted goose
159 2023-02-03 22WC-491 Gangwon-do (GW) Carcass White-fronted goose
160 2023-02-05 22WC-492 Gyeongsangnam-do (GN) Carcass Grey heron

162 2023-02-06 22WC-502 Chungcheongnam-do (CN) Carcass Eurasian eagle owl
163 2023-02-07 22WC-500 Gyeonggi-do (GG) Carcass Eurasian eagle owl
164 2023-02-13 22WC-522 Gyeongsangnabuk-do (GB) Carcass White-fronted goose
165 2023-02-15 22WC-529 Gyeonggi-do (GG) Carcass White-fronted goose
168 2023-02-28 22WC-572 Jeolla-do (JL) Carcass Little egret

169 2023-03-03 22WC-586 Gyeonggi-do (GG) Carcass Long-eared owl
170 2023-03-04 22WC-590 Gyeonggi-do (GG) Carcass Eurasian eagle owl
171 2023-03-07 22WC-597 Gangwon-do (GW) Carcass Common kestrel
173 2023-03-07 22WC-599 Gyeonggi-do (GG) Carcass White-fronted goose
174 2023-03-06 22WC-603 Chungcheongbuk-do (CB) Carcass Eastern great egret

Appendix Table 2. Transmission matrix between geographic location

From To Mean actual migration rate  Bayes factor  Posterior probability
Gangwon-do (GW) Gyeonggi-do (GG) 2.508 212524.514 1.00
Gyeonggi-do (GG) Gyeongsangnam-do (GN) 1.711 35413.848 1.00
Gyeonggi-do (GG) Chungcheongnam-do (CN) 1.293 284.057 0.97
Gangwon-do (GW) Japan 1.096 197.061 0.96
Gyeonggi-do (GG) Chungcheongbuk-do (CB) 1.171 103.105 0.93
Gyeonggi-do (GG) Jeolla-do (JL) 1.392 70.606 0.89
China Russia 0.789 23.859 0.74
Gangwon-do (GW) Gyeongsangbuk-do (GB) 0.572 15.971 0.66
Gyeongsangnam-do (GN) Gyeongsangbuk-do (GB) 0.59 11.273 0.58
Russia Gyeonggi-do (GG) 0.445 8.197 0.50
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Appendix Table 3. Transmission matrix between host types

From To Mean actual migration rate Bayes factor Posterior probability
White-fronted goose Raptor 1.804 710.953 0.99
Swan Bean goose 1.041 21.822 0.78
Swan White-fronted goose 1.233 17.182 0.73
White-fronted goose Crane 0.625 17.016 0.73
White-fronted goose Wild duck 0.642 12.775 0.67
Raptor Egret and Heron 0.628 7.138 0.53
Wild duck Egret and Heron 0.623 6.593 0.51
Bean goose Raptor 0.49 6.544 0.51

Appendix Table 4. Genotype of clade 2.3.4.4b H5N1 high pathogenicity avian influenza viruses isolated in this study

Number Collection Date Sample ID Genotype PB2 PB1 PA° HA NP NA MP NS
2 2022-10-16 22WC013 A a a a a a a a a
3 2022-10-17 22WS010-2 H a e a a e a a c
11 2022-11-01 22WF118-15P A a a a a a a a a
13 2022—-11-02 22WF123-24P E a e g a e a a [
14 2022-11-06 22WC022 A a a a a a a a a
22 2022-11-09 22WF157-9P C c c c a c a a c
23 2022-11-11 22WC025 D d d d a d a a d
24 2022-11-09 22WF154-5P A a a a a a a a a
25 2022-11-13 22WC026 C c c c a c a a c
27 2022-11-14 22WC28-1P D d d d a d a a d
28 2022-11-15 22WC032 F a d a a f a a e
29 2022-11-13 22WF167-12P E a e g a e a a c
30 2022-11-14 22WF171-1P C c c c a c a a c
32 2022-11-15 22WF181-20P (¢} c c c a c a a c
33 2022-11-15 22WF182-9P G a d d a d a a d
37 2022-11-17 22WC037 D d d d a d a a d
38 2022-11-17 22WC040 D d d d a d a a d
39 2022-11-17 22WC042-1P C c c c a c a a c
40 2022-11-18 22WC044 D d d d a d a a d
41 2022-11-18 22WC045 D d d d a d a a d
42 2022-11-18 22WC046-2 B b b b b b b b b
43 2022-11-16 22WF191-23P I e d g a g a c e
48 2022-11-21 22WC058 J c a c a c a a a
49 2022-11-22 22WC064 C c c c a c a a c
50 2022-11-22 22WC068 J c a c a c a a a
51 2022-11-21 22WF205-13P K a c c a c a a c
52 2022-11-23 22WCO071 D d d d a d a a d
53 2022—-11-24 22WCO073 C c [ c a c a a [
54 2022-11-23 22WF229-3P C c c c a c a a c
56 2022-11-25 22WCO079 E a e g a e a a c
57 2022-11-25 22WCO077 D d d d a d a a d
58 2022-11-25 22WC086 L e b e a g a a a
59 2022-11-26 22WC083 C c c c a c a a c
60 2022-11-24 22WC099 K a c c a c a a c
61 2022-11-27 22WC091 D d d d a d a a d
63 2022-11-28 22WC116 E a e g a e a a c
64 2022-11-28 22WC105 D d d d a d a a d
65 2022-11-28 22WC109 C c c c a c a a c
66 2022-11-28 22WC117 D d d d a d a a d
68 2022-11-30 22WF252-7P D d d d a d a a d
71 2022-12-02 22WC146 D d d d a d a a d
74 2022-12-04 22WC154 C c c c a c a a c
79 2022—-12-06 22WC167 C c [ c a c a a [
81 2022-12-07 22WC177 C c c c a c a a c
82 2022-12-07 22WC178 D d d d a d a a d
83 2022—-12-07 22WF296—-4P M d [ e a c a a [
84 2022-12-09 22WC188 E a e g a e a a c
86 2022-12-11 22WC196 C c c c a c a a c
87 2022-12-13 22WC200 E a e g a e a a c
88 2022-12-13 22WC-208 C c c c a c a a c
89 2022-12-14 22WC211 C c c c a c a a c
91 2022-12-15 22WC-215 C c [ c a c a a [
92 2022-12-15 22WF-340-11p D d d d a d a a d
93 2022-12-20 22WC-233 D d d d a d a a d
94 2022—-12-20 22WC-235 C c [ c a c a a [

Page 6 of 17



Number Collection Date Sample ID Genotype PB2 PB1 PA° HA NP NA MP NS
95 2022—-12-22 22WF-378-1p D d d d a d a a d
96 2022-12-23 22WC-244 D d d d a d a a d
97 2022-12-23 22WC-250 D d d d a d a a d
98 2022-12-22 22WC-254 D d d d a d a a d
99 2022-12-25 22WC-247 D d d d a d a a d
100 2022-12-25 22WC-252 D d d d a d a a d
101 2022-12-26 22WC-245 D d d d a d a a d
102 2022-12-26 22WC-265 D d d d a d a a d
103 2022-12-27 22WC-281 D d d d a d a a d
104 2022-12-27 22WC-278 D d d d a d a a d
105 2022-12-28 22WC-284 D d d d a d a a d
106 2022-12-28 22WC-280 N d c d a d a a d
111 2023-01-03 22WC-317 D d d d a d a a d
112 2023-01-02 22WC-326 D d d d a d a a d
113 2023-01-02 22WC-328 D d d d a d a a d
114 2023-01-02 22WC-329 D d d d a d a a d
115 2023-01-02 22WF-429-2p D d d d a d a a d
116 2023-01-03 22WC-324 D d d d a d a a d
117 2023-01-04 22WC-345 D d d d a d a a d
118 2023-01-05 22WC-336 D d d d a d a a d
125 2023-01-07 22WC-357 K a c c a c a a c
126 2023-01-06 22WC-363 D d d d a d a a d
127 2023-01-09 22WC-365 D d d d a d a a d
128 2023-01-09 22WC-366 D d d d a d a a d
129 2023-01-10 22WC-372 K a c c a c a a c
130 2023-01-09 22WC-373 D d d d a d a a d
131 2023-01-10 22WC-376 D d d d a d a a d
132 2023-01-10 22WC-378 D d d d a d a a d
133 2023-01-11 22WC-374 D d d d a d a a d
134 2023-01-12 22WC-390 D d d d a d a a d
137 2023-01-13 22WC-401-3P D d d d a d a a d
139 2023-01-13 22WC-394 D d d d a d a a d
140 2023-01-11 22WC-405 D d d d a d a a d
141 2023-01-13 22WC-406 (0] a [ c a c a a a
142 2023-01-16 22WC-413 D d d d a d a a d
143 2023-01-16 22WC-412 D d d d a d a a d
144 2023-01-17 22WC-421 D d d d a d a a d
148 2023-01-20 22WC-426 D d d d a d a a d
149 2023-01-20 22WC-427 D d d d a d a a d
150 2023-01-22 22WC-428 K a c c a c a a c
151 2023-01-23 22WC-432 D d d d a d a a d
152 2023-01-27 22WC-453 K a c c a c a a c
153 2023-01-06 22WC-464 P e d f a c a a b
154 2023-01-30 22WC-460 D d d d a d a a d
155 2023-01-30 22WC-468 D d d d a d a a d
156 2023-01-30 22WC-471 D d d d a d a a d
159 2023-02-03 22WC-491 D d d d a d a a d
160 2023-02-05 22WC-492 D d d d a d a a d
162 2023-02-06 22WC-502 D d d d a d a a d
163 2023-02-07 22WC-500 D d d d a d a a d
164 2023-02-13 22WC-522 B b b b b b b b b
165 2023-02—-15 22WC-529 D d d d a d a a d
168 2023-02-28 22WC-572 D d d d a d a a d
169 2023-03-03 22WC-586 D d d d a d a a d
170 2023-03-04 22WC-590 D d d d a d a a d
171 2023-03-07 22WC-597 D d d d a d a a d
173 2023-03-07 22WC-599 D d d d a d a a d
174 2023-03-06 22WC-603 [e) a c c a c a a a
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Appendix Figure 1. Maximum-likelihood tree of eight genomes (a) PB2, (b) PB1, (c) PA, (d) HA, (e) NP,
(f) NA, (g) MP, and (h) NS of clade 2.3.4.4b H5N1 HPAIV isolated in this study.
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Appendix Figure 2. Schematic of eight viral gene segments of H5SN1 clade 2.3.4.4b. Genes are colored

according to the phylogenetic tree analyses and classification.
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Appendix Figure 3. Chord diagram representing the transmission network of (a) geographic location and

GW

(b) host type. The length of the arcs represents the migration rate of the originating trait.
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