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Preface

Avian influenza is a highly contagious viral disease affecting a wide range of
avian species, with domestic poultry being particularly vulnerable. The disease is caused
by influenza A viruses (IAVs), which belong to the genus Alphainfluenzavirus in the
family Orthomyxoviridae. These viruses have eight segmented, single-stranded,
negative-sense RNA genomes [1]. Classification of IAVs is based on the antigenic
properties of their two surface glycoproteins, hemagglutinin (HA) and neuraminidase
(NA), which define 19 HA (H1-H19) and 11 NA (N1-11) subtypes [2—4]. Wild aquatic
birds, especially migratory waterfowl, serve as the natural reservoir for avian influenza
viruses (AIVs) and play a central role in maintaining and spreading these viruses across
the globe [5]. AIVs are further categorized according to their pathogenicity in chickens
as either low pathogenicity (LPAIVs) or high-pathogenicity avian influenza viruses
(HPAIVs). HPAIVs emerge when certain LPAIVs, restricted to H5 and H7 subtypes,
acquired multiple basic amino acid residues at the HA cleavage site during the
amplification among the chickens. This change enables cleavage by ubiquitous host
proteases, allowing the virus to cause systemic infection [6—8]. While LPAIVs usually
cause mild or subclinical infections, HPAIVs can lead to severe disease and high

mortality in poultry, often resulting in substantial economic and ecological losses.

A H5N1 HPAIV was first confirmed in 1996 when A/goose/Guangdong/1/1996
(Gs/Gd; H5N1) was isolated from poultry in Guangdong, China. Descendants of this virus
lineage, collectively referred to as the Gs/Gd lineage, have spread globally via migratory
birds, causing recurrent outbreaks in avian species and occasional spillover into
mammalian hosts [9]. Following widespread outbreaks in poultry in East Asia during
2003-2004 and a mass die-off of migratory birds at Qinghai Lake in 2005 [10, 11], the
virus expanded into Europe, Africa, and later North America [12, 13]. Viruses in the
Gs/Gd lineage show significant genetic diversity, frequently reassorting with co-
circulating LPAIVs since the emergence of clade 2.3.3.4 and evolving into eight
subgroups (a—h), as defined by the World Health Organization (WHO) in 2022 [14].
Clade 2.3.4.4 has predominated globally since 2014, giving rise to multiple HA-NA
combinations collectively known as H5SNx viruses, including HSN1, H5SN2, H5N6, and
H5N8 [15]. Viruses in clade 2.3.4.4b have driven the largest epidemic waves since 2016,



particularly in Europe and Asia [16]. HSN8 was the predominant subtype during the
2020-2021 epidemic, but H5SN1 became dominant in subsequent years as a result of
genetic reassortment between clade 2.3.4.4b H5N8 HPAIVs and locally circulating
LPAIVs [17]. Such reassortment has produced diverse genotypes with differing
pathogenicity and host adaptation. Between 2020 and 2023, HPAI outbreaks continued
across Europe, impacting both wild birds and poultry, and also caused an increase in
spillover into mammals [18].

Since early 2021, HSN1 HPAIVs circulating in Europe during the 2020-2021
season have spread beyond Europe to West Africa and later to countries in southern
Africa [19, 20]. By late 2021, HSN1 HPAIVs belonging to clade 2.3.4.4b were also
detected in South and East Asia [21-23]. In December 2021, a strain closely related to
the northern European 2020-2021 viruses was introduced into North America [24], and
in early 2022, another incursion occurred via the Pacific flyway involving viruses
circulating in Japan [25]. Since then, the virus has spread extensively across North
America, undergoing reassortment with LPAIVs of American lineages [25]. The global
dissemination of clade 2.3.4.4b H5N1 HPAIVs from 2021 to 2025 marks a previously
unprecedent event, characterized by ongoing circulation in wild bird populations and
continued geographic expansion into North and South America, and even Antarctica [26—
28]. Phylogenetic and phylodynamic analyses show that these viruses have developed
greater adaptability in wild birds, along with increased ability to persist in the
environment, helping their continued intercontinental spread [29]. In Japan, HS HPAIVs
had emerged in 2004, with outbreaks caused by the HSN1, HSNS, and H5N6 subtypes
[30]. Located at the center of the East Asian—Australasian flyway, both the Republic of
Korea and Japan are highly susceptible to HPAIV introduction because of the large influx
of migratory birds [31]. Over the past decade, both countries have reported numerous
high pathogenicity avian influenza (HPAI) outbreaks, enabling analyses of the
spatiotemporal dynamics of HPAIV occurrence. Recent studies have also identified East
Asia as a potential source of HPAI outbreaks in Central Asia and Alaska. In addition,
these regions remain vulnerable to viral incursions from continental Europe, and the
Black Sea—Mediterranean region, forming an interconnected network that facilitates the

intercontinental spread of HPAIVs [32].



The ongoing global circulation of HSN1 HPAIV has led to increased poultry
outbreaks and substantial economic losses. Thus, effective control measures, including
culling infected flocks, enforcing movement restrictions, improving farm biosecurity,
conducting thorough disinfection, and implementing an appropriate vaccination program
where permitted, play an important role in preventing HPAIV outbreaks in poultry.
Among these, strict biosecurity and disinfection are crucial for preventing the
introduction and spread of viruses via contaminated equipment, vehicles, or clothing.
Therefore, alternative approaches can be considered, such as using disinfectants that are
safe for humans and animals, compatible with equipment, and demonstrate virucidal
efficacy even at low concentrations, thereby further improving biosecurity measures.
Lastly, continuous monitoring, epidemiological modelling, and molecular surveillance

are essential for predicting outbreaks and guiding timely interventions.

This study aims to clarify the epidemiological and pathogenic characteristics
(Chapters I and IT) and phylodynamic features (Chapter I1I) of HS HPAIVs in Japan, with
a particular focus on their evolution and transmission dynamics. Additional research in
Chapter IV assesses the use of gaseous chlorine dioxide (ClO.) as a biosecurity measure
to control HS HPAIV. By integrating molecular and field data, this research seeks to
improve understanding of HPAIV ecology and support the development of effective

strategies to minimize its impact on poultry production and public health.



Chapter I

Continuous introduction of HS high pathogenicity
avian influenza viruses in Hokkaido, Japan:
Characterization of viruses isolated

in winter 2022-2023 and early winter 2023-2024



Introduction

The worldwide circulation of HS HPAIVs has contributed to a significant global
economic loss due to outbreaks in the poultry industry across Asia, Europe, Africa, and,
most recently, North and South America [28, 33-35]. Most H5S HPAIVs are derived from
an isolate of the Gs/Gd lineage that has been circulating in wild birds for >25 years and
has branched into numerous clades and subclades due to selective genetic mutations and
reassortment with multiple influenza subtypes [36]. Among those clades, HS HPAIVs in
clade 2.3.4.4 have rapidly spread and constantly caused outbreaks worldwide since 2014
[37]. In particular, HS HPAIVs in clade 2.3.4.4b have been consistently isolated in Europe
and Asia since 2016 [16]. In late spring 2021, a new epidemiologic trend of HSN1 HPAIV
was confirmed in Europe by reassortant viruses between clade 2.3.4.4b HSN8 HPAIVs
and LPAIVs locally circulated and led to a large number of infections in wild birds and
poultry in many European countries [17]. It was further introduced into the Far East, such
as Japan, the Republic of Korea, Russia, and China, possibly by bird migrations [21, 38,
39].

In Japan, in winter 2021-2022, 25 HPAI outbreaks in poultry and 107 cases in
wild birds were reported [40]. Four HPAI outbreaks in poultry, 70 cases in wild birds,
and two cases in wild mammals from an Ezo red fox (Vulpes vulpes schrencki) and a
raccoon dog (Nyctereutes procyonoides) were confirmed in Hokkaido Prefecture, located
in the northernmost part of Japan and facing the Far East parts of Russia which usually
have the nesting site of migratory birds [21, 41]. Based on the genetic analysis of HPAIVs
isolated in Hokkaido in winter 2021-2022, most HSN1 HPAIVs were genetically close
to H5 HPAIVs circulating in Europe and North America in the same winter,
demonstrating that the wider dispersion of HPAIVs to both edges of the Eurasian
continent in the same season could be originated from the lakes in Siberia, where

migratory birds nest in summer [21].

In summer 2022, no H5 HPAIV cases were reported in Japan, differing from the
situation in Europe, where H5 HPAIVs were sustained throughout summer 2022.
However, HPAIVs were reintroduced back to Japan at the beginning of the new winter
2022-2023. Subsequently, 242 HPAI cases and 84 outbreaks were reported in wild birds
and poultry, respectively [42], implying that Japan should still be at high risk of HPAIV



introduction. The continual introduction of HSN1 HPAIVs with various genetic features
may display a different level of pathogenicity in chickens, with slight antigenic
differences even within clade 2.3.4.4b H5 HPAIVs [35]. Thus, in this study, HS HPAIVs
isolated from wild birds, mammals such as foxes, and poultry in Hokkaido in winter
2022-2023 were genetically analyzed to obtain epidemiologic findings relating to HPAIV
incursion to Hokkaido. Furthermore, the antigenic difference of isolates was analyzed to
determine whether the antigenicity of H5S HPAIVs had changed during maintenance in
birds, and the pathogenicity of four representative HPAIV strains was experimentally

assessed in chickens.



Materials and Methods

Fecal and swab sample collection, virus isolation, and identification

Two hundred fourteen fecal samples of wild waterfowls were collected during the
active survey at Lake Komuke (latitude: 44°25'47"N; longitude: 143°50'25"E) and
Notsuke Peninsula (latitude: 43°36’12"'N; longitude: 145°17'35"E) in eastern Hokkaido
in October 2022. The collected fecal samples were mixed with a virus transport medium
consisting of minimum essential medium (MEM, Shimadzu Diagnostics Corporation,
Tokyo, Japan) containing 10 mg/mL streptomycin (Meiji Seika Pharma, Tokyo, Japan),
10,000U/mL penicillin G (Meiji Seika Pharma), 250 U/mL nystatin (Sigma—Aldrich, St.
Louis, MO, USA), 0.3mg/mL gentamicin (MSD, Tokyo, Japan), and 0.5% bovine serum
albumin fraction V (Roche, Basel, Switzerland) and inoculated into 10-day-old
embryonated eggs for virus isolation [43]. To identify the host species, DNA was
extracted from the fecal sample using NucleoSpin DNA Stool (Takara bio, Shiga, Japan)
and 749 base pairs near the 5'-terminus of the cytochrome c oxidase (COI) gene of a host
bird were amplified using the primers described previously [44]. The polymerase chain
reaction (PCR) product was sequenced and compared to the sequence data of the COI
gene obtained from Barcode of Life Data Systems. For the passive survey of HPAIV
infections in dead animals in Hokkaido, tracheal swabs collected from dead birds, organ
homogenates from dead foxes, and lung homogenates of dead chickens in poultry farms
with HPAI outbreaks were inoculated into 10-day-old embryonated eggs for virus
isolation. Lung samples from the deceased wild fox (Ezo red fox) were homogenized
using a Multi-Beads Shocker (Yasui Kikai, Osaka, Japan) to prepare 10% suspension in
a virus transport medium. Lung homogenates of dead chickens from HPAI-affected
poultry farms were kindly provided by the Ishikari livestock hygiene services in

Hokkaido.

Virus propagation in the collected allantoic fluid was confirmed by the
hemagglutination (HA) assay. The isolated viruses were subtyped by an hemagglutination
inhibition (HI) test using chicken hyperimmune sera against the referenced influenza
virus strain for subtyping [45]. Two HSN1 HPAIVs, A/crow/Khabarovsk/776-56/2022
(H5NT1) and A/goose/Magadan/2272-5/2022 (H5NT1), were isolated from crow in April

2022 and wild goose in October 2022, respectively, in eastern Russia. To determine the



pathogenicity of isolates, viral RNA was extracted from the allantoic fluid using TRIzol
LS Reagent (Thermo Fisher Scientific, Waltham, MA, USA) or QlAamp viral RNA mini
kit (Qiagen, Hilden, Germany) and sequenced by direct sequencing after PCR using a
region-specific primer set to confirm multiple basic amino acid residues at the HA gene,
the molecular marker of HPAIV [46]. The full length of the viral genome was amplified
by reverse transcription-PCR using gene-specific primers to each of the eight viral gene
segments for Sanger sequencing [47]. Each gene was directly sequenced using BigDye
Terminator v3.1, Cycle Sequencing Kit (Thermo Fisher Scientific), and 3500 Genetic
Analyzer (Thermo Fisher Scientific). For next-generation sequencing (NGS) of isolates
in Japan, the primer sets described by Ip et al [48], were used to amplify the whole genome
of AIV for NGS analysis together with three primer sets that specifically improve the
yield of polymerase basic protein 2 (PB2), polymerase basic protein 1 (PB1), and
polymerase acidic (PA) segments (Table 1). Oxford Nanopore libraries were prepared
using the NEB Ultra II End Repair/dA-Tailing Module (New England Biolabs, Ipswich,
MA, USA) and sequenced on Flongle using the Nanopore Direct cDNA sequencing kit
or Ligation Sequencing kit V14 (Oxford Nanopore Technologies, Oxford, England). The
obtained reads were mapped and assembled using FIuGAS version 2 (World Fusion,
Tokyo, Japan). For whole-genome sequencing of isolates in Russia, cDNA synthesis was
performed using the cDNA Synthesis Kit (Roche). The libraries of genome-wide
sequencing were prepared by using the commercial Nextera XT Library Prep Kit
(Illumina, Hayward, CA, USA) and Nextera XT Index Kits (Illumina) and sequenced on
MiSeq genetic analyzer (Illumina) following the manufacturer’s instructions for the
resequencing of small genomes. The obtained reads were mapped in GS Reference

Mapper v2.7 (Roche) and de novo assembled in GS De Novo Assembler v2.7 (Roche).

Genetic analysis

All whole genomes of 30 HPAIVs isolated in Hokkaido and two HPAIVs from
Russia were used in the genetic analysis (Table 2). The nucleotide sequences of the 32
isolates were phylogenetically analyzed based on the maximum likelihood (ML) method
using the best-fit general time-reversible model of the nucleotide substitution with

gamma-distribution rate variation among sites (with four rate categories, I') according to



Table 1. Primer sets for AIV genome amplification of polymerase gene segments

Primer name Nucleotide sequence
MitchellBUnil2 PB2 5-TTTCTGTTGGTGCTGATATTGTTACGCGCCAGCAAAAGCAGGTC-3’
MitchellBUnil2 PB1 5-TTTCTGTTGGTGCTGATATTGTTACGCGCCAGCAAAAGCAGGCA-3’
MitchellBUnil12 PA 5-TTTCTGTTGGTGCTGATATTGTTACGCGCCAGCAAAAGCAGGTAC-3’
MitchellBUnil3 PB2 5’-ACTTGCCTGTCGCTCTATCTTCGTTACGCGCCAGTAGAAACAAGGTC-3’
MitchellBUnil3 PB1 5’-ACTTGCCTGTCGCTCTATCTTCGTTACGCGCCAGTAGAAACAAGGCAT-3’

MitchellBUnil3 PA 5’-ACTTGCCTGTCGCTCTATCTTCGTTACGCGCCAGTAGAAACAAGGTAC-3’
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Table 2. List of HS HPAIVs isolated in Hokkaido and eastern part of Russia in winter 2022-2023 and early winter 2023-2024

Sample collection

Accession number of

D Virus Subgroup  Genotype date City/town Latitude Longitude sirain!
1 A/Eurasian wigeon/Hokkaido/Q71/2022 G2b A% 11/11/2022 Betsukai 43°36'12"N  145°17'35"E EPI_ISL 15576617
(H5N1)
2 A/Eurasian wigeon/Hokkaido/M184/2022 G2b A% 27/11/2022 Monbetsu  44°25'47"N  143°5025"E EPI_ISL 15732766
(H5N1)
3 Allarge-billed crow/Hokkaido/B003/2022 G2d I 28/10/2022 Sapporo 43°03'50"N  141°20'35"E EPI_ISL 15732741
(H5N2)
4 A/slaty-backed gull G2d I 06/11/2022 Shari 43°56'17"N  144°42'43"E EPI_ISL 16698579
/Hokkaido/011M111/2022 (H5N1)
5  A/slaty-backed gull G2d I 16/11/2022 Abashiri 44°01'15"N  144°1624"E EPI_ISL 16955798
/Hokkaido/011M114/2022 (H5N1)
6  A/red-crowned crane/Hokkaido G2d I 20/11/2022 Tobetsu 43°13'47"N  141°31'32"E EPI ISL 16698576
/20221120001/2022 (H5N1)
7  A/white-tailed eagle/Hokkaido G2d | 23/11/2022 Urahoro 42°48'33"N  143°39'30"E EPI _ISL 16955829
/20221123001/2022 (H5N1)
8  Allarge-billed crow G2d I 24/11/2022 Mukawa 42°37'31"N  142°00'32"E EPI_ISL_ 16955748
/Hokkaido/011E084/2022 (H5N1)
9  Allarge-billed crow/Hokkaido G2d I 05/12/2022 Kushiro 42°57'14"N  144°31'56"E EPI_ISL 16955765
/0112P083—2/2022 (H5N1)
10  A/large-billed crow/Hokkaido/B004/2022 G2d v 12/12/2022 Sapporo 43°03'50"N  141°20'35"E EPI_ISL 17267427
(H5N1)
11 A/large-billed crow/Hokkaido/B0O0B/2022 G2d v 18/12/2022 Sapporo 43°03'50"N  141°20'35"E EPI_ISL 17317372
(H5N1)
12 A/large-billed crow/Hokkaido/B0O0C/2022 G2d v 19/12/2022 Sapporo 43°03'50"N  141°2035"E EPI_ISL 17317373

(H5N1)
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Table 2 (cont). List of HS HPAIVs isolated in Hokkaido and eastern part of Russia in winter 20222023 and early winter 20232024

Sample collection

Accession number of

D Virus Subgroup  Genotype date City/town Latitude Longitude sirain!

13 A/large-billed crow/Hokkaido/B005/2022 G2d I 21/12/2022 Sapporo 43°04'50"N  141°2026"E EPI_ISL 17267428
(H5N1)

14 A/large-billed crow/Hokkaido/B006/2023 G2d v 04/02/2023 Sapporo 43°03'50"N  141°2035"E EPI _ISL 17316075
(H5N1)

15  A/large-billed crow/Hokkaido/B007/2023 G2d v 13/03/2023 Sapporo 43°03'50"N  141°2035"E EPI_ISL 17316489
(H5N1)

16  A/large-billed crow/Hokkaido/B008/2023 G2d v 13/03/2023 Sapporo 43°03'50"N  141°2035"E EPI _ISL 17316965
(H5N1)

17  Allarge-billed crow G2d | 24/03/2023 Mukawa 42°37'31"N  142°00'32"E EPI_ISL 17950087
/Hokkaido/0103E088/2023 (H5N1)

18  A/large-billed crow G2d | 29/03/2023 Mukawa 42°37'31"N  142°00'32"E EPI _ISL 17950253
/Hokkaido/0103E089/2023 (H5N1)

19  A/large-billed crow/Hokkaido/B049/2023 G2d v 11/04/2023 Sapporo 43°03'50"N  141°2035"E EPI_ISL 17950254
(H5N1)

20  A/large-billed crow/Hokkaido/B052/2023 G2d | 13/04/2023 Sapporo 43°03'50"N  141°2035"E EPI_ISL 18007229
(H5N1)

21 A/large-billed crow/Hokkaido/B053/2023 G2d v 18/04/2023 Sapporo 43°03'50"N  141°2035"E EPI_ISL 18007230
(H5N1)

22 A/large-billed crow/Hokkaido/B067/2023 G2d | 23/11/2023 Sapporo 43°03'50"N  141°2035"E EPI_ISL 18591747
(H5N1)

23 A/chicken/Hokkaido/HU-E001/2022 (H5N1)  G2d I 07/11/2022 Atsuma 42°4326"N  141°52'42"E EPI_ISL 16698060
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Table 2 (cont). List of HS HPAIVs isolated in Hokkaido and eastern part of Russia in winter 2022-2023 and early winter 20232024

Sample Accession number of

ID Virus Subgroup  Genotype collection date City/town Latitude Longitude sirain!

24 A/chicken/Hokkaido/HU-E008/2022 (H5N1) G2d I 11/11/2022 Date 42°30'44"N  140°52'03"E EPI ISL 16698477
25  A/chicken/Hokkaido/HU-E010/2022 (H5N1) G2d I 11/11/2022 Date 42°30'44"N  140°52'03"E EPI ISL 17267420
26  A/chicken/Hokkaido/HU-B102/2023 (HSN1) G2c VI 27/03/2023 Chitose 42°49'15"N  141°39'05"E EPI ISL 17638141
27  A/chicken/Hokkaido/HU-B202/2023 (HSN1) G2c VI 02/04/2023 Chitose 42°49'15"N  141°39'05"E EPI ISL 17638143
28  A/chicken/Hokkaido/HU-B301/2023 (HSN1) G2c VI 06/04/2023 Chitose 42°49'15"N  141°39'05"E EPI ISL 17638448
29  A/Ezo red fox/Hokkaido/3/2023 (H5N1) G2d v 20/02/2023 Sapporo 43°03'50"N  141°20'35"E EPI ISL 17857959
30 A/Ezo red fox/Hokkaido/2/2023 (H5N1) G2d v 12/04/2023 Sapporo 43°03'50"N  141°20'35"E EPI ISL 17766057
31  A/crow/Khabarovsk/776-56/2022 (H5N1) G2d I 15/04/2022 Khabarovsk ~ 50°39'12"N  136°57'16"E EPI ISL 18074199
32 A/goose/Magadan/2272-5/2022 (H5N1) G2d I 10/09/2022 Magadan 59°32'41"N  150°53'08"E EPI ISL 18071580

I'The GISAID accession number.



the Tamura and Nei model [49]. Bootstrap analysis under 1,000 replications was applied
to construct the phylogenetic tree in MEGA 7 with default parameters [50]. Sequence
data of the gene were compared to the reference nucleotide sequence of the representative
H5Nx (with different NA subtypes) in clade 2.3.4.4 strains downloaded from the Global
Initiative on Sharing All Influenza Data (GISAID) and GenBank. Basic Local Alignment
Search Tool (BLAST) in the GISAID database was used to identify the most homologous
nucleotide sequences of HPAIVs isolated in this study.

Antigenic analysis

The antigenicity of HPAIVs isolated in winter 2022—-2023 and an isolate in early
winter 2023-2024 was compared to each other and to that in the past season in Japan
using a cross-HI test. Three representative HPAIV strains isolated in winter 20222023,
A/chicken/Hokkaido/HU-E001/2022 (Ck/Hok/E001/22; H5N1) isolated from a dead
chicken of an HPAI outbreak in a poultry farm in Hokkaido in October 2022, A/large-
billed crow/Hokkaido/B003/2022 (Cr/Hok/B003/22; H5SN2) isolated from a dead crow
in an urban garden in the capital of Hokkaido Prefecture, and A/Eurasian
wigeon/Hokkaido/Q71/2022 (Ew/Hok/Q71/22; H5N1) isolated from a fecal sample of
wild waterfowl were selected according to the potential antigenic difference based on
phylogenetic analysis. Hyperimmune serum against each of these three strains was
prepared, as described by Kida and Yanagawa [45]. For antiserum production, 500 pg
antigen was mixed with Freund’s complete or incomplete adjuvant at the first and
second injections, respectively, and injected intramuscularly into the thigh muscle of a
naive chicken twice at 14-day intervals. Fourteen days after the second injection, whole
blood was collected from the chickens to obtain the serum. Other antigens in the
representative strains in clade 2.3.4.4, such as A/white-tailed eagle/Hokkaido/22-RU-
WTE-2/2022 (WTE/Hok/R22/22; H5N1), A/northern pintail/Hokkaido/M13/2020
(NP/Hok/M13/20; HSNS) [51], A/Ezo red fox/Hokkaido/2/2023 (H5N1), A/large-billed
crow/Hokkaido/B049/2023 (H5N1), A/chicken/Hokkaido/HU-B102/2023
(Ck/Hok/B102/23; H5NI1), A/large-billed crow/Hokkaido/B067/2023
(Cr/Hok/B067/23; HSN1), A/chicken/Kumamoto/1-7/2014 (Ck/Kum/1-7/14; HSNS8) [52],
A/black swan/Akita/1/2016 (Bs/Aki/1/16; H5N6) [53], and A/Muscovy duck/DR
Congo/KAF1/2017 (Mdk/DRC/KAF1/17; H5NS) [54], were analyzed between and
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within clade 2.3.4.4 using antiserum; WTE/Hok/R22/22 (H5N1), Ck/Kum/1-7/14 (HSNS),
Bs/Aki/1/16 (H5N6), and Mdk/DRC/KAF1/17 (H5N8) for -cross-reactivity of
hyperimmune antisera and their corresponding antigens. The Japanese stockpile vaccine
strain for HS HPAIV infection in Japan, A/duck/Hokkaido/Vac-1/2004 (Dk/Hok/Vac-
1/04; H5N1), was also used for the cross-HI test [55]. Antigenic cartography was generated
based on the HI test estimated using web-based software [56]. The x—y coordinates of
each antiserum and antigen were obtained by loading the data of the titers of the cross-

HI test.
Animal experiments

Three chicken breeds free from the antibodies against HS AIV were prepared to
assess the pathogenicity of HS HPAIVs. White Leghorn chickens were hatched from
embryonated eggs and fed at Hokkaido University. Thirty-one-week-old Rhode Island
Red chickens were kindly provided by the Field Science Center for Northern Biosphere,
Hokkaido University (Hokkaido, Japan). Four-week-old Chunky chickens were kindly
provided by Nippon White Farm (Hokkaido, Japan) and Prifoods (Aomori, Japan). Each
of the four viruses, Ck/Hok/E001/22 (H5N1), Ct/Hok/B003/22 (H5N2), Ew/Hok/Q71/22
(H5N1), and Ck/Hok/B102/23 (H5N1), was challenged to four White Leghorn or Chunky
chickens. Only three viruses, Ck/Hok/E001/22 (H5N1), Cr/Hok/B003/22 (H5N2), and
Ew/Hok/Q71/22 (H5N1), were challenged to three Rhode Island Red chickens. All
chickens were intranasally challenged with representative HPAIVs at 10%° times of 50%
egg infectious dose (EIDso) and monitored daily for clinical manifestation for 14 days
post-challenge (dpc). Tracheal and cloacal swabs were collected from each bird daily until
7 dpc or its death, and the swabs were suspended in a 2 mL of virus transport medium. The
infectious titers of the swabs were expressed in 50% tissue culture infectious dose (TCIDso),
which was determined using Madin-Darby canine kidney (MDCK) cells by observing the
cytopathic effect (CPE) of virus-infected cells.

Mutational analysis

Mutational analysis was conducted using ClustalW in GENETYX version 16
(Nihon Server, Tokyo, Japan) for sequence alignment of Hokkaido isolates for single

nucleotide polymorphisms analysis and referring to other previously published mutation
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of concerns [57].
Ethic statements

All chicken experiments were conducted at the Animal Biosafety Level 3 (BSL-
3) Facility, Faculty of Veterinary Medicine, Hokkaido University, which has been
accredited by the Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) International since 2007 and were approved by the Institutional Animal
Care and Use Committee of the Faculty of Veterinary Medicine, Hokkaido University
with the approval numbers 18-0037, 23-0050, and 23-0053. Additionally, the study was
approved by the Biosafety Management Committee on Pathogens and Other Hazardous
Agents at the Faculty of Veterinary Medicine, Hokkaido University (approval no. 2022-
1-78).
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Results

Genetic analysis

In winter 20222023, nine of 214 fecal samples of wild waterfowls, 56 swab
samples of migratory or resident birds, 15 and 2 lung homogenate samples of dead
chickens and wild foxes, respectively, in Hokkaido, were diagnosed as positive for HS AIV
infections by detection of H5 HA of AIVs. No other HA subtypes of AIV were isolated
from any other samples. All H5 viruses were subtyped as HSN1, except for one HSN2
strain isolated from a dead crow in the capital city of Hokkaido (Cr/Hok/B003/22; HSN2).
The pathogenicity of all isolates in chickens was deduced as highly pathogenic by
confirming the multiple basic amino acid motif at the HA1/HA2 proteolytic cleavage site
on the HA gene. Twenty-nine selected isolates from 82 H5S HPAIVs were composed of
six from poultry samples, two from fecal samples of migratory birds, two from fox
carcasses, and the remaining 19 isolates from resident birds selected for genetic analysis.
Two additional HSN1 HPAIVs isolated in eastern Russia in spring and autumn 2022 were
included for genetic analysis. During the early winter 2023-2024, an HPAIV was
additionally isolated from a resident crow in Hokkaido in November; the virus was also
included in the genetic analysis. The whole sequences of all eight gene segments of these
32 HPAIVs were registered in the GISAID database (Table 2). In the COI gene database,
the sequence of mitochondrial DNA extracted from fecal samples of two migratory birds

showed 100% homology to the COI gene of Mareca penelope (Eurasian wigeon).

In the phylogenetic analysis of the HS HA gene, all 32 isolates were categorized
in clade 2.3.4.4b and classified into the Group 2 (G2) genotype, which is closely related
to clade 2.3.4.4b HSN8 HPAIVs that shared the common ancestor with viruses detected in
Europe in late 2020 (Figure 1A) [58]. Based on the structure of the phylogenetic tree, the G2
genotype was further classified into multiple subgroups (G2a—¢). Most isolates in 2022—
2023 were entered into the same subgroup, which was tentatively designated as G2d, which
contains HPAIVs isolated in Hokkaido in winter 2021-2022 and remarkably also
clustered with A/crow/Khabarovsk/776-56/2022 (H5N1) and A/goose/Magadan/2272-
5/2022 (H5N1) isolated in eastern Russia in spring and autumn 2022, respectively.
Interestingly, the isolate in Hokkaido in November 2023 was also grouped into subgroup

of G2d. Ew/Hok/Q71/22 (H5N1) and A/Eurasian wigeon/Hokkaido/M184/2022
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(Ew/Hok/M184/22; H5NI1) isolated from fecal samples of wild waterfowls were
categorized into a different subgroup of G2 clade (G2b), which was clustered with HPAIV's
isolated in southern Japan in winter 2021-2022 [59]. Interestingly, one HPAIV
A/chicken/Hokkaido/TU25-3/2022 (Ck/Hok/TU25-3/22; H5N1), which was isolated in the
HPALI outbreak in a poultry farm in Hokkaido in May 2022, was also included in the G2b
subgroup. At the end of March 2023, three HS HPAI outbreaks were confirmed in poultry
farms in Hokkaido. The causal agents of these outbreaks, Ck/Hok/B102/23 (H5N1),
A/chicken/Hokkaido/HU-B202/2023 (H5N1), and A/chicken/Hokkaido/HU-B301/2023
(H5NT), were clustered into another new subgroup, which was tentatively designated as G2c.
In this G2c¢ subgroup, Hokkaido isolates were closely clustered with isolates

predominantly prevalent in southern Japan in 2022-2023.

Based on the nucleotide sequence of the HA gene, HPAIVs isolated in
Hokkaido were divided into three groups. Similar trends were also confirmed in
phylogenetic trees of the N1 NA gene, except for one virus with HSN2 subtype, and other
internal genes, such as PB1, nucleoprotein (NP), matrix (M), and non-structural (NS)
gene segments (Figure 1B-H). However, there were different trends in the phylogenetic
trees of PB2 and PA genes. In phylogenetic trees of PB2 and PA genes, some isolates,
such as Ck/Hok/E001/22 (H5N1), Cr/Hok/B003/22 (H5N2), and A/large-billed
crow/Hokkaido/B004/2022 (H5N1), deviated from the major group of Hokkaido isolates
in G2d subgroup, indicating that these isolates have undergone reassortment and acquired
other wild bird lineages of PB2 and PA genes of LPAIVs (Table 3). Based on BLAST
analysis, PB2 and PA genes were highly homologous to the corresponding gene segments
of LPAIVs isolated in Far East Asia, including China, Mongolia, and Russia (Table 3).
Phylogenetic analysis in all eight gene segments has identified six types of gene
constellations of H5S HPAIVs in Hokkaido in 20222023 (Figure 2). The subgroup of
G2d includes four different gene constellations; a major genotype among isolates in
Hokkaido in 2022-2023 (genotype I) has the same gene constellation as the dominant
genotype in 2021-2022 in Hokkaido and an isolate in the early winter 2023-2024 in
Hokkaido, and two genotypes of two different gene constellations in PB2 and PA gene
(genotypes II and IV) and one genotype of three different gene constellations in PB2,
PA, and NA (genotype III) were identified as descendants of the dominant genotype in
2021-2022. Ew/Hok/Q71/22 (H5N1) and Ew/Hok/M184/22 (H5N1) in the subgroup of
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G2b formulated single gene constellation and were designated as genotype V, which also
includes Ck/Hok/TU25-3/22 (H5N1). Meanwhile, all the H5S HPAIV isolates in subgroup

G2c in Hokkaido also formed a unique gene constellation designated genotype VI.

Antigenic analysis

Three viruses, Ck/Hok/E001/22 (H5N1) in subgroup G2d, Cr/Hok/B003/22
(H5N2) in subgroup G2d, and Ew/Hok/Q71/22 (H5N1) in subgroup G2b, were selected
for antigenic analysis using the cross-HI test (Table 4). The antiserum against
Ck/Hok/E001/22 (H5N1) showed homologous reaction (same HI titers) with
Cr/Hok/B003/22 (H5N2) and Ew/Hok/Q71/22 (HS5N1) antigens. Meanwhile, the
antiserum against Cr/Hok/B003/22 (H5N2) was closely reacted (twofold HI titer
differences) with Ck/Hok/E001/22 (H5NI1) antigens and Ew/Hok/Q71/22 (H5N1)
antigens. The same applies to the antiserum against Ew/Hok/Q71/22 (H5N1), which also
displayed close reactivity to the Ck/Hok/E001/22 (H5N1) (twofold HI titer differences)
and Cr/Hok/B003/22 (H5N2) (fourfold HI titer differences). Antigenic cartography
demonstrated that antigenicity among groups of HPAIVs isolated in winter 20222023
and an isolate in November 2023 was almost identical and similar to those of the
previously isolated clade 2.3.4.4b (Figure 3). The antigenicity of clade 2.3.4.4b viruses
was slightly different from Ck/Kum/1-7/14 (HSNS) in clade 2.3.4.4c. Viruses in clade
2.3.4.4b exhibited more than two antigenic units distant from the vaccine strain:
Dk/Hok/Vac-1/04 (H5N1) in the classical clade and Bs/Aki/1/16 (H5N6) in clade
2.3.4.4e.
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641 ® A/chicken/Hokkaido/HU-E008/2022 (H5N1) [Nov.11]
® A /chicken/Hokkaido/HU-E010/2022 (H5N1) [Nov.11]
A/peregnne falcon/N11gata/15110001/2022 (HS Nl)

Alred-crowned crane/Hokkaido/20221120001/2022 (H5N1) [Nov.20]
A/large-billed crow/Miyagi/0411G001/2022 (H5N1)

A/laxge -billed crow/Hokkaido/0111E084/2022 (H5N1) [Nov.24]
@4 /white-tail eagle/Hokkaido/20221123001/2022 (H5N1) [Nov.23]

® A/large-billed crow/Hokkai do/B003/2022 (H5N2) [Oct.28]
| A/crow/Hokkaido/HU-1/2022 (H5N1)

®A/crow/Khabarovsk/776-56/2022 (HSN1) [Apr.15]
[~ ®A/chicken/Hokkai do/HU-E001/2022 (H5N1) [Nov.7]
[ A/white-fronted goose/Miyagi/0410D001/2022 (HSN1)
[~ Afemu/Hokkaido/A-2/2022 (H5N.
® A/Ezo red fox/Hokkaido/3/2023 (H5N1) [Feb.20]
@ A/large-billed crow/Hokkaido/BO0B/2022 (H5N1) [Dec.18]
@ Aflarge-billed crow/Hokkaido/B0O0C/2022 (H5N1) [Dec.19]
A/large -billed crow/Hokkaido/B004/2022 (H5N1) [Dec.12]
Aflarge-billed crow/Hokkzldo/B006/20).3 (H5N1) [Febd]
Aflarge-billed crow/Hokkaido/B007/2023 (H5N1) [Mar.13] G2d
A/large-billed crow/Hokkaido/B008/2023 (H5N1) [Mar.13]
A/Ez0 red fox/Hokkaido/2/2023 (H5N1) [Apr.12{
Aflarge-billed crow/Hokkaido/B049/2023 (H5N1) [Apr.11]

® Aflarge-billed crow/Hokkaido/B053/2023 (H5N1) [Apr.18]
H A/Ezo red fox/Hokkaido/1/2022 (HSN1)

Aftanuki/Hokkaido/1/2022 (H5N1)

[ A/crow/Hokkaido/0103B065/2022 (H5N1)

[~ A/eastern buzzard/Niigata/1501B001/2022 (H5N1)

Narge-billed crow/Hokkaido/B005/2022 (H5N1) [Dec.18]
Allarge-billed crow/Hokkaido/0112P083-2/2022 (H5N1) [Dec.5]
82 Aflarge-billed crow/Hokkaido/B052/2023 (H5N1) [Apr.13]
®A/large-billed crow/Hokkai do/0103E08 23 (H5N1) [Mar.24]
—o51| ® Aflarge-billed crow/Hokkai do/0103E089/2023 (H5N1) [Mar.29]
Afwhite-tailed eagle/H kaido/22-RU-WTE-2/2022 (H5N1)
/goose/Magadan/2272-5/2022 (H5N1) [Sep.10]

/slaty-backed gull/Hokkaido/011M111/2022 (H5N1) [Nov.6]
ty-backed gull/Hokkaido/011M114/2022 (H5N1) [Nov.16]
flarge—bllled crow/Hokkaido/B067/2023 (H5N1) [Nov.23
— A/Red fox/Estonia/TA2126820 21 VIR10433-13/2021 (HSN1)
A/Black-headed Gull/Netherlands/77/2023 (H5N1)
A/Common Tern/Netherlands/9/2023 (H5N1)

A/common tern/Czech Republic/8807-5/2023 (H5N1)
A/Red fox/Germany/51023-261/2023 (H5N1)
/gull/France/22P015977/2022 (H5N1)
Alseagull/Spain/4878-10 23VIR1687-18/2022 (H5N1)
A/Common Temn/Netherlands/3/2022 (H5N1)

o A/chicken/Italy/22 VIR10044-14/2022 (HSN1) G2e
A/duck/Saratov/29-02V/2021 (H5N1
A/chicken/France/21P013076/2021 (H5N1)

A/heron/Austria/23025431-001/2023 (H5N1)
94 A/domestic cat/Poland/Kot1/2023 (H5N1)

Afswan/Germany-BW/AI00997/2022 (H5N2)

‘A/chicken/England/000187/2022 (H5N1) 2.3.4.4b
A/chicken/Italy/IZSLT22VIR2562-1/2022 (H5N1)
Al/duck/Korea/H493/2022 (H5N1)
AfTiangswNJ210/2023 (H5N1)

A/Mandarin duck/Korea/WA496/2022 (H5N1)
A/Whooper swan/Akita/0511B002/2022 (H5N1)

Afchi cken/Hokkaido/HU-B202/2023 (H5N1) [Apr.2]
® A/chicken/Hokkaido/HU-B301/2023 (H5N1) [Apr.6]
® A/chi cken/Hokkaido/HU-B102/2023 (H5N1) [Mar.27]

Allarge-billed crow/Akita/0503F012/2023 (H5N1)

Allarge-billed crow/Niigata/1502B004/2023 (HSN1) G2c¢
/\’lar('e billed crow/Kanagawa/1403C006/2023 (H5N1)
Afwild duck/Korea/H520/2022 (H5N1)
Allarge-billed crow/Niigata/1503B017/202
A/Spot-billed duck/Korea/K22-920/202:
A/Wild bird/Korea/K22-742/2022 (H5N1
61 A/Spot-billed duck/Korea/K22-730-1/2022 (H5N1)
A/Spot-billed duck/Korea/K22-862-1/2022 (H5N1)
Achicken/Niger/43-23 23VIR3551-25/2023 (H5N1)
A/guinea fowl/Niger/71-23 23VIR3551-38/2023 (H5N1)
A/’ngeon/Sakhalm/37M/2021 (H5N1)
A/African penguin/South Africa/698162 AP446/2022 (H5N1)
Afchicken/England/011981/2022 (H5N1
A/gull/North Carolina/W22-1215A/2022 (H5N1)

A/black vulture/Louisiana/W23-118/2023 (H5N1)
A/chicken/Missouri/22-006639-001/2022 (H5N1
g2| A/American Wigeon/South Carolina/22-000345-001/2021 (H5N1)
Aleagle/Virginia/W22-101/2023 (H5N1)

A/common teal/Korea/WA537/2022 (H5N1)

A/Chile/25945/2023 (H5N1)

98 Afchicken/Peru/AIS0551/2022 (H5N1)
Alquail/Korea/H526/2021 (H5N1)
Afchicken/Aomori/TU9-41 42/2021 (H5N1
A/mandarin duck/Korea/WA585/2021 (H5N1)
A/chicken/Kagoshima/21A6T/2021 (H5N1)
A/chicken/Ehime/TU10-2-13/2022 (H5N1) G2b
® A/Eurasian wigeon/Hokkaido/Q71/2022 (H5N1) [Nov.11]
®A/Eurasian wigeon/Hokkaido/M184/2022 (H5N1) [Nov.27]
o[ A/chicken/Hokkaido/TU25-3/2022 (H5N1)
Alperegrine falcon/Kanagawa/1409C001T1/2022 (H5N1)
H_ A/mallard/Georgia/DT-23072/2020 (H5N8)
Alturkey/Netherlands/21028936-001005/2021 (H5N8)
A/duck/Guangxi/$10099/2021 (H5SN8)
A/Environment/Hangzhou/E1153/2021 (H5N6)
A/wild bird/Korea/H467/2020 (H5N8)
Alcrane/Kagoshima/KU-93/2021 (H5N8) G2a
Alchicken/Akita/7C/2021 (HSN8)
A/chicken/Kagoshima/B3T/2021 (H5N8)
96 A/hooded crane/Kagoshima/KU-5T/2021 (H5N8)
A/seal/Germany-SH/AI05373/2021 (H5N8)

A/Muscovy duck/DR Congo/KAF1/2017 (H5NE

A/northern pintail /Hokkaido/M13/2020 (H5N8)

A/duck/Korea/H548/2020 (H5N8) G 1

66 _ Alenvironment/Kagoshima/KU-ngr-J2/2020 (H5N8)

"Alblack swan/Akita/1/2016 (H5N6) 1 2.3.4.4¢

(A)

o

Figure 1. Phylogenetic analysis of HS HPAIVs isolated in the Far East in winter
2022-2023 and early winter 2023-2024. The H5 HA (A), N1 NA (B), PB2 (C), PB1
(D), PA (E), NP (F), M (G), and NS (H) gene segments of 29 H5 HPAIV isolates,
including those from Hokkaido (winter 2022—2023 and early winter 2023—-2024). Isolates
from Hokkaido, eastern Russia, and Honshu are shown in red, green, and blue,
respectively. For the HA and NA gene segments, the collection dates are listed after the
strain names. All isolates are represented by circles, with early winter 2023-2024 isolates
indicated by double circles.
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64 ® A/chi cken/H okkai do/HU-E008/2022 (H5N1) [Nov.11]
Afchicken/Hokkaido/HU-E010/2022 (H5N1) [Nov.11
Allarge-billed crow/Hokkai do/0111E084/2022 (H5N1) [Nov.24]
B ® Ajred-crowne d crane/Hokkai do20221120001/2022 (H5N1) [Nov.20]
® Afwhite-tailed e }ENle/HokkaldO/ZOZ. 11230012022 (H5N1) [Nov.23]
A/peregme falcon/Niigata/1511C001/2022 (H5N1
Afllarge-billed crow/Miy. ngu0411 LiOOl" 22 (H5N1)
Alcrow/Hokkaido/HU-1/2022 (H5SN
| A/Ezo red fox/Hokkaido/1/2022 (Hle
[ A/crow/Hokkaido/0103B065/2022 )
|~ A/Red fox Estonia/TA2126820 21 VIR10433-13/2021 (H5N1)
Altanuki/Hokkaido/1/2022 (H5N1)
| ® Alcrow/Khabarovsk/776-56/2022 (H5N1) [ Apr.15
[ A/white-tailed eagle/Hokkaido/22-RU-WTE-2/2022 (H5SN1)
| A/white-tailed eagle/Hokkaido/20220202001/2022 (HSN1)
|~ Alemu/Hokkaido/A-2/2022 {2115}1%1) 21
® A/slaty-backed gull/Hokkaido/011M114/2022 (H5N1) [Nov.16
® Allarge-billed crow/Hokkaido/01 12P 083- 2/2022 (HjNI) [Dec.s
® A/goose/Magadan/2272-5/2022 (HSN1) [Sep
® Al arge-billed croerokkmtb/OlO:&EOBK/”’O71 5N1)[Mar.24
* Al mve billed crow/Hokkaido/0103E089/2023 (H5N1 IVIMZQ
® Allarge-billed crow/Hokkaido/B052/2023 (HSN1) [Apr.
® A /slaty-backed gull/Hokkaido/011 M111/2022 H5N1) [Nov 6]
o8 Alarg e<bllled crow/Hokkaido/B067/2023 (HSN1) [Nov.23]
g Afwhite-tailed eagle/Hokk aldof2022021 0001/2022 (H5N1)
Alcrow/Hokkaido/0104P073-3/20:
[ ® A/chicken/H okkaido/HU EOOI/ZOZZ (H5N1) [Nov.7]
A white-fronte dgeese/Mli'kgl/Ml 0D001/2022 (H5N1
® Alarge-billed crow/Hokkaido/B005/2022 (H5N1) [Dec.21]
oAl mge billed crow/Hokkaido/B007/2023 Hle Mar.13
® Allarge-billed crow/Hokkaido/B008/2023 Hle Mar.13
Allarge-billed crow/Hokkaido/B006/2023 (HSN1) [Feb.4]
A/Ezo red fox/Hokkaido/2/2023 (H5N1) [Apr.12
Allarge-billed crow/Hokkaido/B049/2023 (H5 N1) [Nov.4]
A/Ezo red fox/Hokkaido/3/2023 (H5N1) [Feb.20
® Allarge-billed crow/Hokkaido/B053/2023 (H5SN1) [Apr.18]
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& ® Allarge-bill ed crow/Hokkaido/B004/2022 (HSN1) [Dec.12
61l CA/larve billed crow/H okk ai do/B00B/2022 5N1% Dec.18
.A/la[ge -bill ed crow/H okk ai do/B00C/2022 (H5N1) [Dec.19]
Affox/Ireland’3866 22VIR2064-1/2022 (H5N1)
offl_A/chicken/England’000187/2022 (H5N1

Allaying hen/M ol dova/68-1 22VIR638-1/2022 (H5N1)
| AAwige on/Sakhalin/37M /2021 (H5N1)
A/ibls/Egipt/RLQP -2295/2022 (HSN1)
A/black-swan/Switzerland-Zurich/230131/2023 (H5N1)
A/Mustela putorius/Belgium/01922 0001/2023 (H5N1)
Afchicken/Spain/622-8 22VIR2142-34/2022 (H5N1)
A/European herting glﬂl/Netherlandsﬂ/lMS (HSNl)
6[1| A/Black-headed gull/Netherlands/25/2023 (H5N1)
Alcommon crane/Spain/597-2 22VIR2142-15/2022 (H5N1)
g A/CastillaLaMancha/3739/2022 (H5N1)
A/chicken/England’038958/2023 (H5NI)
A/Black-headed gull/Netherlands/1/2022 (H5N1)
A/Bush dog/England/037680/2022 (H5N1)
AfTiangsu/NT210/2023 (H5N1
& A/Wild bird/K orea/K 22-742/2022 (H5N1)
A/Spot-bill ed duck/Korea/K22-862-1/2022 (H5N1
A/Spot-billed duck/Korea/K22-730-1/2022 Hle
Afwhopper swan/Akita/0511B002/2022 (H5N.
Afllarge-billed crow/K anagawa /1403 C006/20 73 (H5N1)
Al mn(ﬁa swan/Toyama/1611W001/2022 (H‘
Aflarge-billed crow/Niigata/1503B017/2
Aflarge-billed crow/Niigata/1502B00
Allarge-bill ed crow/Akita/05 03F 0121202
96|| ® A/chicken/Hokkaido/HU-B102/2023 5N1 Marl’]
63l @ A/chicken/Hokkaido/HU-B301/2023 (H5N1) [Apr.6]
@ A/chicken/H okkaido/HU-B202/2023 (H5N1) [Apr2]
[ Afchicken/Niger/22 VIR 1409-13/2022 (H5N1)
— Alchicken/Senegal/21 VIR1084-3/2021 (H5N1)
Afwhite-tailed eagle/Estonia/TA2111864-2 21VIR7512-6/2021 (H5N1)
Afchicken/En, and/011981/202255H N1)
94|I" Afwestern marsh harri er/ Nether lan d: 1028606 -002/2021 (H5N1)
62|| A/whooper swan/Ir eland/032444 22VIR1325-2/2021 (HSN1)
Affox/Towa/22-014421-001 -original/2022 (H5N1)
A/American wigeon/South Cardina/AH0195145/2021 (H5N1)
Adfchi cken/D elaware/22 -005260-002/2022 (H5N1)
87 Affox/Wisconsin/22-013774-002 -original/2022 (H5N1)
A/chi cken/Missouri/22-006639-001/2022 (H5N1)
Afchicken/Bolivar/ICA-3500/2022 (H5SN1
Alchi cken/Cordoba/ICA-3499/2022 (H5N1)
A/Gull/Chil €/7023-2/2022 (HSN1)
ogl A/Pelecanus/Peru/VFAR-140/2022 (H5N1)
A/Chile/25945/2023(A / H5N1)
" A/Shoveler/Chany Lake/62/2019 (HIN1)
A/mallard/N ovod birsk regi on/344 5k/2020 (H1N1)
o2l Alquail/K ore a/H526/2021 (HSN1
A/mandarin duck/K orea/ WA585/2021 (H5N1)
990 A/chicken/K agoshima/21 A6T/2021
79|| ® A/Eurasian wigeon/Hokkaido/Q71/2022 (H5N1) [Nov.11]
71l ® A/Eurasian wigeon/Hokkaido/M 184/2022 (H5N1) [Nov.27]
A/chlcken/Hokkaldo/'IUZS -3/2022 (NA)
Afduck/M oscow/5744/2019 (HIN
A/Turkey/Bel gium/4539/2019 (I-DNI
A/Gallus gallus/Belgium/3914/2019 N1)
A/Anas platyrynchos/Bel gium/1100 3/2020 (HIN1)
Aduck/Bangladesh/17D1709/2021 (H6N1)
99  Alduck/Bangladesh/18D1662/2021
Afturkey/Treland/020140 20VIR5487-6/2020 (H6N1)
Alostrich/South Aftica/070595/2020 (H7N1)
A/w1 ld bird/South Korea/WKU2019-4/2019
t-bill ed Duck/Russia Primorje/173/2019 (H6N1)
A/mallard’Russia Prim orje/ 166 T/2020

91 Afduck/Bangladesh/19D1742/2021 (H6N1)
88 A/Common Teal/Buryatia/89i/2019 (HIN1
A/Mallar ¢Ohio/190S0176/2019 (HIN1)
—_—
002

Figure 1 (conf). Phylogenetic analysis of HS HPAIVs isolated in the Far East in
winter 2022-2023 and early winter 2023-2024
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67-A/black swan/Beijing/1/2021 (H5N:
A/crane/Ka; a/KU-93/2021 5N8)
A/chlcken/Kagoshlma/‘BST/2021 {
C 9 A/hooded crane/Kagoshima/KU-. T/202 (H5N8)
gt A/duck/Guangxi/$10099/2021 (H5N:
Alwild bird/Korea/H467/2020 (HSN
A/chicken/Vietnam/HU14-1B11/2021 EHSNI\}
Alturkey/Netherlands/21028936-001005/2021 (H5N8)
A/mallard/Georgia/DT-23072/2020 (H5N8
A/Herring Gull, etherlands/l/2020 (H5N8)
A/chicken/Omsk/0073/2020
Alseal/Germany-SH/AIOS! 77/2021 SN8)
85  A/mute swan/Poland/MB268/2021 (HSNg
Afnorthern pmtanl/HokkmdofMlS/ZOZ 5 g
Afenvironment/Kagoshima/KU- n.;r 5 E-I
Afeuropean herrin; %% ll/Netherlands/ZlO 3937 002/ 021 (H5N4)
Afchicken/France/21P013076/202.
A/chicken/Spain/622- 822VIR2142 4/20 2 ( HSNS)
Afblack-swan/Switzerland-Zurich/230131/2023 (H5N1)
A/bear/France/23P002848/2022 (HS
A/Black-headed gull/Netherlands/25/2023 (H5 N)
AfVulpes vulpe 0g?:um/01784 0008/2023 (H5N1)
A/chlcken/'England/ 8958/2023 (H5N1
Afcommon crane/Spain/59 142-15/2022 (H5N1)
A/Black-headed%u /N therlands/1/2022 5N1)
%and/owaso/zozz (H5N1)
A/fTiangsu. 10/2023 (H5N. ;
AlSpot- ledduck/Korea/K22 20/2022 (HSNl
/fundra swan/Toyama/1611W001/2022 (H5NI)
/Spot-billed duck/Korea/K22-862- 11202 H5N1
&9 A/Spot-billed duck/Korea/K22-856-2/2022 (HSN1
Al/duck/Mongolia/MN18-14/2018 (H3N8
® A/large-billed crow/Hokkaido/B0O0C/2022 (H5N1)
®A/EZ0 red fox/Hokkaido/3/2023 (HSN1
® A/large-billed crow/Hokkaido/BO0OB/2022 H§N1f

Afwild duck/Korea/H331/2020g§—[5N8)

.A/laWe billed crow/Hokkaido/B004/2022 (H5N1
A/larve billed crow/Hokkaido/B007/2023 5N1§

.A/large-bllled crow/Hokkaido/B006/2023 (HSN1
Narge-billed crowﬁHokkmdo/BO-lQ/ZOZ? 5N1
A/CastlllaLa ancha/3739/2022 (H5N1
A/swan/Germany-B W/AT 00997/2 22 N2
®A/chicken/Hokkaido/HU-E001/2022 (H5N1
Afcommon teal/Sakhalm/66c/2020 H3 g
A/mandarin duck/Korea/W. gH N1)
A/chlcken/'Kagoshlma/ZlAﬁ /2021 (H5N:
A/quail/Korea/H526/2021 (H.
A/c icken/Hokkaido/TU25-. 3/202 SPBZ%
® A/Eurasian wigeon/Hokkaido/Q71/20. 2 I\)
®A/Eurasian Wl“'e() ‘Hokkaido/ 184/2025 (H5 12
Aflarge-| -billed cro i nta,ISO,BOITu‘.O‘% (
Afwhooper swan/Akita/0511B002/2022 (H.
Aflarge-billed crow/Kanagawa/ 140$C006/’”07$ (H5N1)
® A/chicken/Hokkaido/HU-B102/2023 (H5N1
® A/chicken/Hokkaido/HU-B202/2023 N1
A’[al e-billed crow/Niigata/1502B004/2023 (H5N1)
cken/Hokkaido/HU-B301/2023 (H5N.
A’lmw: billed crow/Aklta/O<03F01-u.0’$ (H5N1)
® A/large-billed crow/Hokkaido/B003/2022 (H5N2)
A/common teal/Sakhalin/110¢/2020 (H3N:
ing hen/Moldova/68-1 22 VIR638-1/2022 (HSng
/chicken/Bulgaria/143 19VIR3315-2/2019 §H5
A/chicken/Delaware/22-005260-002/2022 Nl)
Alchicken/Missouri/22-006639-001/2022 g
A/American wigeon/South Carolina/AHO1 5145/2021 (H5N 5)
0 A/American Wigeon/South Carolma/zz 000345-001/2021 (H5N1)
A/chicken/England/011981/20 & 2)
A/western marsh harrier/Netherlands/21028606-002/2021 (H5SN1
A/v;hl[e-talled eagle/Estonla/TA2121682642-2 21VIR7512-6/2021 (H5N1)
N1

99

Affox/Treland/3866 22VIR2064- 1/2022 SHS 1)
A/cmcl/gEenfEn land/000187/2022

pi %P -2295/202; N )

A/Red fox/Estonia/TA2126820 21 TR10433-13/2021 (1HSN1)

A/slag -ba ckeg/%ull’Hokkmdo/Ol1M114/2022 (H5N1)

A/emu/Hokkaido/A-2/20: N1

Aflarge-billed crow/Hokkaido/0112P083-. 2/7022 5N1)

Allarge-billed crow/Hokkmdo/BOTﬂO’} (H5N1
/crow/Khabarovsk/776-56/202

[ A/white-tailed eagle/Hokkaido, 22-R] VTFE 2/2022 (H5N1)

Afcrow/Hokkaido/01021.015/2022 (H5N1

® A/chicken/Hokkaido/HU-E008/2022 (H5N1

/chicken/Hokkai do/HU-E010/2022 (H5N1

A/white-tailed eaole/HokkmdoﬂO""1173001/70”’7 (H5N1)

Allarge-billed crow/Hokkaido/011E084/2022

@ Afred-crowned crane/Hokkaido/20221120001/2022 SHSNI)

890 A/Whlte-frontedgeese/’Ml{agl/OMOD001/2022

@ A/large-billed crow/Hokkai do/B ISH

i Aleastern buzzard/Niigata/1501B001/2022 (H5N1)

Altanuki/Hokkaido/1/2022 (H5N1)

| ®A/slaty-backed gull/Hokkaido/011M111/2022 H5N;

A/white-tailed ea le/Hokkaldo/20220521(])§)01/20 2 (H5N1)

>

[LA/crow/Hokkaido/0101 Q06
Alchicken/Hol kaldo/I 1/2022?}-15 1) P:

A/crow/Hokkaido/HU-1/2022 (HSN1
A/Ezo red fox/Hokkaldo/l/ZOZ
®A/goose/Magadan/22’ 22 1)

® 4/large-bill ed crow/H kk ido/B067/2023 (H5N S)Nl

8 A/lalge -billed aow/Hokka|d0/0103E088/20 3 (H
1 ®A/large-billed crow/Hokkai do/0103E089/2023 5N1)
A/black swan/Aklta/l/ 016 ( H5N63
s e I v1ronment/Hangzhou/E1153/2 21 (H5N6)
99 A/duck/‘Korea/I-I548/2020 (H5N®

bald eagleFloridaW22-134-0OP2022 g—ISNl) g’BZ)
Alesser scaupGeorgiaW22-145E2022 (H5N1)
‘fox/Wisconsin/22-013774-002 - on ma /2022 5N1)
9 Alchicken/Bolivar/ICA-3500/2!
A/fox/Towa/22-014421-001 - on%mal/ZOZ §H5N1)

994" A/chicken/Cordoba/ICA-349:
A/Gull/Chile/7023-2/2022 (H5N1
od- A/Pelecanus/Perw/ VFAR-140/2022 (H5N1)
A/Chile/25945/2023 (H5N1)

Figure 1 (cont). Phylogenetic analysis of HS HPAIVs isolated in the Far East in
winter 2022-2023 and early winter 2023-2024
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® A/Ezo red fox/Hokkaido/3/2023 (H5N1)
®A/large-billed crow/Hokkaido/B049/2023 (HSN1
®A/large-billed crow/Hokkaido/B053/2023 (H5N1
® A/Ezo red fox/Hokkaido/2/2023 (H5N1)
® Allarge-billed cxowJ{okkaldo/BOOS/h()ZS H5N1
D ® A/large-billed crow/Hokkaido/B007/2023 (H5N1
® A/llarge-billed crow/Hokkai do/B00C/2022 %HSN]
® Aflarge-billed crow/Hokkaido/BO0B/2022 (H5N1
@ Aflarge-billed crow/Hokkaido/B006/2023 (H5N1
® A/large-billed crow/Hokkaido/B004/2022 (H5SN1
® A/large-billed crow/Hokkaido/B005/2022 (H5NI)
® A/chi cken/Hokkaido/HU-E001/2022 (H5N1)
Afwhite-fronted ieese/MlyagﬂMl 0D001/2022 (H5N1)
| Afeastern buzzard/Niigata/1501B001/2022 (H5N1)
A/crow/Hokkaido/Ol03B065/2022 (HSNI)
|~ A/crow/Hokkaido/HU-1/20; S_
A et o0 (H5N1)
[ A/tanuki/Hokkaido/1/2022 (H5N1
® A/crow/Khabarovsk/776-56/2022 (H5N1)
A/emu/Hokkaido/A-2/2022 (H5N1)
®A/red-crowned crane/Hokkaido/20221120001/2022 (H5N1)
® A/chicken/Hokkaido/HU-E008/2022 (H5N1)
® A/large-billed crow/Hokkaido/B003/2022 (H5N2)
® A/chicken/Hokkaido/HU-E010/2022 (H5N1
® A/white-tailed eagle/Hokkaido/20221123001/2022 (H5N1)
® Aflarge-billed crow/Hokkaido/011E084/2022 (H5N1)
A/chicken/Hokkaido, 2022 (H5N1)
® A/goose/Magadan/. 022 (H5N1)
.A7lawe illed crow/Hokkai do/0103E089/2023 (HSN1
.A/laxve billed crow/Hokkaido/0103E088/2023 (HSN1
®e A large-billed crow/Hokkaido/B067/2023 (H5N1)
® A/large-billed crow/Hokkaido/B052/2023 (H5N1)
® A/large-billed crow/Hokkaido/0112P083/2022 (H5N1
® A’sla?v backed gull/Hokkaido/011M111/2022 (HSN1
® A/slaty-backed gull/Hokkaido/011M114/2022 (H5N1
| A/Redfox Estonlafl‘A2126820 21VIR10433-13/2021 (H5N1)
[ A/Tiangsu/NJ210/2023 (H5N1)
[ A/ibis’Egypt/RLQP-2295/2022 SHSNI
T A/swan/Germany-BW/AI00997/2022 (H5N2)
AJchicken/England/000187/2022 (H. SNI\?
Afchicken/France/21P013076/2021 1
A/chicken/Spain/622-8 22VIR2142-34/2022
A/black-swan/Switzerland-Zurich/230131 023 (Hle)
100 A/Mustela putorius/Belgium/01922 0001/2023 (H5N1)
A/chicken/England/038938/2023 (AH5N1)
AfCastillaLaMancha/3739/2022 (H5N1)
A/common crane/Spain/597-2 22VIR2142-15/2022 (H5N1)
A/Bush dog/England/037680/2022 (H5N1
6§_A/Black-headed ll/Netherlands/l/ZOll (H5N1)
A/bear/France/23P002848/2022
A/Black-headed ull/Netherlands/ZS/2023 gHSNII\}
100" A/Vulpes vulpes/Belgium/01784 0008/202. 1)
A/chicken/Niger/22 VIR1409-13/2022 N1
Afwestern marsh harrier/Netherlands/21028606-002/2021 (H5N1)
7 Afwhite-tailed eagle/Estonia/TA2111864-2 21VIR7512-6/2021 (H5N1)
99 [ A/whooper swan/Ireland/032444 22VIR1325-2/2021 (H5N1)
Alchicken/Missouri/22-006639-001/2022 (HSN1)
99 A/American wigeon/South Carolina/AH0195145/3021 (H5N1)
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Figure 1 (cont). Phylogenetic analysis of HS HPAIVs isolated in the Far East in
winter 2022-2023 and early winter 2023-2024
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Figure 1 (cont). Phylogenetic analysis of HS HPAIVsisolated in the Far East in winter
2022-2023 and early winter 2023-2024
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Figure 1 (cont). Phylogenetic analysis of HS HPAIVs isolated in the Far East in
winter 2022-2023 and early winter 2023-2024
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Figure 1 (conf). Phylogenetic analysis of HS HPAIVs isolated in the Far East in
winter 2022-2023 and early winter 2023-2024
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Figure 1 (conf). Phylogenetic analysis of HS HPAIVs isolated in the Far East in
winter 2022-2023 and early winter 2023-2024
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Table 3. BLAST search results of HS HPAIVs in Hokkaido in 2022-2023 in the
GISAID database

Virus Gene Most homologous strain Homology Accession
number
A/chicken/ A/common teal/ 0
Hokkaido!/ PB2 qakhalin/66c/2020 (H3Ng) 2070 EPIIBA4T7524
HU-E001/2022 Allarge-billed crow/
(H5N1) PB1 Hokkaido/B004/2022 99.9%  EPI2475271
(H5N1)
pa A d“%ggﬁfggf/ 31/ 9930, EPII838459
HA Al Cr"/‘;(/)l;glal;aslg?/ )HU'l 99.8%  EPI2181811

A/red-crowned crane/
NP Hokkaido/20221120001/ 99.8% EPI2318018
2022 (H5N1)
A/crow/Hokkaido/HU-1 0
NA 12022 (H5N1) 99.6% EPI2181813
A/chicken/Hokkaido/ 0
M HU-E010/2022 (H5N1) 99.7% EPI2475262

Allarge-billed crow/

NS Hokkaido/B004/2022 99.8%  EPI2475277
(H5N1)
Allarge-billed A/common teal/ o
crow/ PB2 Sakhalin/110c/2020 (H3Ng) ~ °0-670  EPIIB4TSI6
Hokkaido/ A/chicken/Hokkaido/ o
B003/2022 PBL guko102022 (msnyy 10007 EPI2475257
(H5N2) PA A/common teal/ 99 3% EPI1847515

Sakhalin/110¢/2020 (H3NS)
A/white-tailed eagle/
HA Hokkaido/20221123001/ 99.9% EPI12412813
2022 (H5N1)
A/red-crowned crane/
NP Hokkaido/20221120001/ 99.9% EPI12318018

2022 (H5N1)

Na A dml;&’ ;et(rgﬁ/g603 8 989%  EPI1974765
A/chicken/Hokkaido/ o

M HUFO 000 (1én)  100.0%  EPI2475262

NS A/chicken/Hokkaido/ 99.8%  EPI2475263

HU-E010/2022 (H5N1)
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Table 3 (cont). BLAST search results of HS HPAIVs in Hokkaido in 2022-2023 in
the GISAID database

Virus Gene Most homologous strain Homology Accession
number

AJlarge-billed A/duck/Mongolia/ 0
crow! PB2 \IN18-14/2018 (H3NS) 98.7%  EP11903620

Hokkaido/B004/ A/chicken/Hokkaido/ o
2022 (H5N1) PBL HU-E001/2022 (HSNT) 99.9%  EPI2317990

A/wild bird/Hunan/
PA 01.18 DTHF42-1/2017 99.1%  EPI1485602
(H6N2)

HA Alcrow/Hokkaido/ 99.8%  EPI2181811

HU-1/2022 (H5N1)
A/red-crowned crane/
NP Hokkaido/20221120001/ 99.7% EPI2318018

2022 (H5N1)
A/crow/Hokkaido/ 0
NA HU-1/2022 (HSN1) 99.6%  EPI2181813
A/chicken/Hokkaido/ 0
M HU-E010/2022 (H5N1) 99.9%  EPI2475262
NS A/chicken/Hokkaido/ 99.8% EPI2317996

HU-E001/2022 (H5N1)
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HPAIVs in Hokkaido, 2021-2022 winter
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Figure 2. Genome constellation of clade 2.3.4.4b HS HPAIVs in Hokkaido in winter
2022-2023 and early winter 2023-2024. Oval lines represent avian influenza virus;
horizontal bars indicate the eight gene segments (from top to bottom): PB2, PBI1, PA,
HA, NP, NA, M, and NS. Each color represents a different viral origin.
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Figure 3. Antigenic map based on cross-HI test on clade 2.3.4.4 HS viruses and the
sera. The antigenic relationship among clade 2.3.4.4 HS5 viruses, including six viruses in
Hokkaido in winter 2022-2023 and a virus in early winter 2023-2024 in a different
subclade of 2.3.4.4b, was visualized using antigenic cartography based on cross-HI test
results, as indicated in Table 4. In the antigenic map, horizontal and vertical axes indicate
the antigenic distance of spacing between the grid lines, representing one antigenic unit
corresponding to a two-fold dilution in the HI assay. Antigen and antiserum in the
subgroup of G2d in red, the subgroup of G1 in yellow, the subgroup of G2¢ in orange, and
the subgroup of G2b in green. The highlighted gray area indicates HS viruses and the sera
in clade 2.3.4.4b.
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Table 4. Cross-HI assay of HS HPAIVs in Hokkaido in winter 20222023 and early winter 2023-2024

Hemagglutination inhibition titer

Virus' Subtype Clade Subclade  Cr/Hok/  Ck/Hok/ Ew/Hok/ WTE/Hok/  Mdk/DRC/ Ck/Ku/ Bs/Aki/  Dk/Hok/

B003/22 E001/22 Q71/22 R22/22 KAF1/17 1-7/14 1/16 Vac-1/ 04
Cr/Hok/B003/22 H5N2 2.3.4.4b G2d 6403 640 80 320 1280 640 160 20
Ck/Hok/E001/22 H5N1 2.3.4.4b G2d 320 640 160 320 1280 640 80 40
Ew/Hok/Q71/22 H5N1 2.3.4.4b G2b 320 640 320 160 1280 320 160 80
WTE/Hok/R22/22 H5N1 2.3.4.4b G2d 640 640 160 320 2560 640 80 40
Np/Hok/M13/20 H5NS8 2.3.4.4b Gl 640 640 20 160 2560 640 40 20
Mdk/DRC/KAF1/17 H5NS8 2.3.4.4b N/A* 640 640 80 160 1280 640 80 40
Fox/Hok/2/23 H5N1 2.3.4.4b G2d 640 640 160 320 1280 640 80 80
Cr/Hok/B049/23 H5N1 2.3.4.4b G2d 640 160 80 160 640 320 40 40
Ck/Hok/B102/23 H5N1 2.3.4.4b G2c 640 320 80 320 160 160 40 40
Cr/Hok/B067/23 H5N1 2.3.4.4b G2d 160 160 80 320 320 80 40 40
Ck/Kum/1-7/14 H5NS8 2.3.4.4c N/A 320 640 40 20 640 640 80 20
Bs/Akita/1/16 H5N6 2.3.4.4e N/A 160 320 20 80 320 160 640 20
Dk/Hok/Vac-1/04 H5N1 Classic N/A <20 20 20 40 40 <20 40 640

"Each of abbreviated name is as following; Cr/Hok/B003/22: A/large-billed crow/Hokkaido/B003/2022 (H5N2), Ck/Hok/E001/22: A/chicken/Hokkaido/HU-
E001/2022 (H5N1), Ew/Hok/Q71/22: A/Eurasian wigeon/Hokkaido/Q71/2022 (H5N1), WTE/Hok/R22/22: A/white-tailed eagle/Hokkaido/22-RU-WTE-2/2022
(H5N1), Np/Hok/M13/20: A/northern pintail/Hokkaido/M13/2020 (H5N1), Mdk/DRC/KAF1/17: A/Muscovy duck/DR Congo/KAF1/2017 (H5NS), Fox/Hok/2/23:
A/Ezo red fox/Hokkaido/2/2023 (H5N1), Cr/Hok/49/2023: A/large-billed crow/Hokkaido/49/2023 (H5N1), Ck/Hok/B102/23: A/chicken/Hokkaido/HU-B102/2023
(H5N1), Cr/Hok/B067/23: A/large-billed crow/Hokkaido/B067/2023 (H5N1), Ck/Kum/1-7/14: A/chicken/Kumamoto/1-7/2014 (H5NS), Bs/Akita/1/16: A/black
swan/Akita/1/2016 (H5N6), Dk/Hok/Vac-1/04: A/duck/Hokkaido/Vac-1/2004 (H5N1). 2Antiserum against H5 virus isolates was used to test antigenicity of different
H5Nx HPAIVs. *Underline values indicate homologous titers. *N/A: not applicable.



Pathogenicity analysis of four representative HPAIV strains in chickens

All 4-week-old White Leghorn and Chunky chickens were intranasally challenged
with 1099 EIDs of each of the four viruses, and all 31-week-old Rhode Island Red chickens
were intranasally challenged with same titer of three viruses. All chickens challenged with
Ck/Hok/E001/22 (H5N1) died at 2 dpc, whereas chickens challenged with Cr/Hok/B003/22
(H5N2) died between 2 and 4 dpc (Figure 4). Chickens challenged with
Ew/Hok/Q71/22 (H5N1) died between 3 and 5 dpc. Meanwhile, chickens challenged with
Ck/Hok/B102/23 (H5N1) started to die between 2 and 4 dpc. Remarkably, one of the
chickens inoculated with Ck/Hok/B102/23 (H5N1) survived until 14 dpc, but with no
detectable antiserum collected on the last day of the experiment against the virus (Figure
4). Furthermore, no viruses were recovered from the swab samples of the survived chicken

throughout 7 days after challenge.

Virus titers in tracheal swabs collected from chickens challenged with
Ck/Hok/E001/22 (H5N1) rapidly peaked at 1-2 dpc (Tables 5-7). In contrast, virus
titers in tracheal swabs of chickens challenged with Cr/Hok/B003/22 (H5N2) at 1 dpc
were low (< 2.5 logio TCIDso/mL) but rapidly increased at 2-3 dpc (> 4.0 logio
TCIDso/mL) (Tables 5-7). Virus recovery was not confirmed from tracheal swabs of
chickens challenged with Ew/Hok/Q71/22 (HSN1) on 1 dpc but confirmed with a steady
increase in virus titer from 2 to 5 dpc and the virus titers recovered at the peak of
infection was much lower (< 4.0 logio TCIDso/mL) when compared to ones after
challenge of Ck/Hok/E001/22 (H5N1) and Cr/Hok/B003/22 (H5N2) (Tables 5-7). For
the virus recovery from the tracheal swabs of chicken challenged with Ck/Hok/B102/23
(H5NT1), virus growth was not recognized at 1 dpc (< 0.5 logio TCIDso/mL) but rapidly
peaked at 2 and 3 dpc (> 3.5 logio TCIDso/mL). Interestingly, the virus recovery from
the tracheal swabs of chunky chickens challenged with Ck/Hok/B102/23 (H5N1)
showed a steady increase in the virus titers from 2 to 4 dpc (Tables 5 and 6). Virus
recoveries from cloacal swabs also demonstrated a similar viral load observed in
tracheal swabs in all three chicken breeds. Pathogenicity and viral titers in swab samples
varied among challenged strains. While viral loads in tracheal and cloacal swabs
differed among the three chicken breeds based on the strains, the growth ability of each

virus remained consistent across breeds, regardless of species or age.
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Figure 4. Survival curve of three chicken breeds inoculated with four HS HPAIVs.
Three groups of four 4-week-old Chunky (A) and White Leghorn (B) and three 31-week-
old of Rhode Island red (C) chickens were intranasally inoculated with 10%° EIDs¢/0.1
mL Ck/Hok/E001/22 (H5N1), Cr/Hok/B003/22 (HSN2), Ew/Hok/Q71/22 (H5N1), and
Ck/Hok/B102/23, except for Rhode Island Red chickens only challenged with
Ck/Hok/E001/22 (H5N1), Cr/Hok/B003/22 (H5N2), and Ew/Hok/Q71/22 (H5N1),
respectively, and monitored for 14 days after virus challenge. Clinical manifestation of
each chicken was observed, and their survival was recorded daily to calculate the
survival rate of each group per day. The survival curve in this figure shows only 14 dpc
for chunky chickens and 7 dpc for White Leghorn and Rhode Island Red chickens, and
the P-values for survival rate were calculated using the Kaplan—Meier survival curve log-
rank test (*p < 0.05).
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Table S. Virus recovery from swabs collected in Chunky chickens after post-inoculation with four representative viruses

Virus titers in swab sample (logio TCIDso/mL)

Virus D(?I}l/ S Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

dead  Trac' Cloa? Trac Cloa Trac Cloa Trac Cloa Trac Cloa Trac Cloa Trac Cloa

Ck/Hok/ 2 1.4 2.7 5.5 3.7 =3 - - - - - — — — -

E001/22 2 2.5 35 4.7 5.0 — — - — - — - - — —

(H5N1) 2 <0.5* <05 50 3.7 - - - - - - - - - -

2 2.0 2.2 4.7 4.3 - - - — — — — - - -

Cr/Hok/ 2 <05 <05 5.5 4.7 - — - — — — - — — —

B003/22 2 <0.5 <0.5 6.0 5.0 — - - - — - - - - —

(H5N2) 2 <05 <05 55 35 - - - - - - - - - -

3 <05 <05 1.5 <0.5 5.7 3.5 - — - — — - - —

Ew/Hok/ 5 <05 <05 <05 <05 2.5 <0.5 3.7 2.3 2.7 1.7 - - - -

Q71/22 3 <05 <05 35 1.5 33 35 - - - - - - — —

(H5NT) 3 <05 <05 35 2.0 3.5 2.5 - - - - - - - -

3 <05 <05 4.3 2.0 4.0 2.0 - - - - - - — —

Ck/Hok/ 4 <05 <05 1.8 <0.5 3.0 2.7 4.5 2.3 — - - - - -

B102/23 4 <05 <05 <05 <05 <05 <05 4.5 4.7 - - - - - —

(H5N1) 3 <05 <05 43 43 43 4.0 - - - - - - - -
14° <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <05

ITrac: Tracheal. 2Cloa: Cloacal. *No samples were collected. *< 0.5 logio TCIDso/mL is the lowest detection limit of the virus titers. >Euthanized on 14 dpc.
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Table 6. Virus recovery from swabs collected in White Leghorn chickens after post-inoculation with four representative viruses

Days on

Virus titers in swab sample (logio TCIDso/mL)

Virus dead Day 1 Day 2 Day 3 Day 4 Day 5
Tracheal Cloacal Tracheal Cloacal Tracheal Cloacal Tracheal Cloacal Tracheal Cloacal
Ck/Hok/E001/22 2 1.5 2.0 3.7 2.3 —! — - — - -
(H5N1) 2 20 27 37 17 - = - = - -
2 4.0 1.3 4.7 3.0 - — - — - -
2 2.5 <0.5? 4.3 3.7 - — - — - -
Cr/Hok/B003/22 2 2.5 <05 6.0 3.5 - - — - — -
(H5N2) 2 <05 <05 40 3.0 - = - = - -
2 2.3 2.3 4.0 3.5 - — - — - -
4 <05 <05 1.7 <0.5 3.7 2.7 - — - —
Ew/Hok/Q71/22 5 <05 <05 <05 <05 1.0 <05 2.7 <05 2.7 1.5
(H5NI) 5 <05 <05 1.0 <05 17 <05 20 <05 2.7 1.8
5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 3.5 1.7 2.7 2.0
5 <0.5 <0.5 <0.5 1.0 1.3 1.5 3.5 2.0 3.5 1.7
Ck/Hok/B102/23 2 <0.5 <0.5 3.7 3.0 - - - - _ _
(HSNT) 2 <05 <05 4.0 2.7 - - - - - -
2 <05 <05 45 2.7 - - - - - -
4 <0.5 <0.5 <0.5 <0.5 2.7 2.7 2.3 2.3 - -

"No samples were collected. 2< 0.5 logio TCIDso/mL is the lowest detection limit of the virus titers.
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Table 7. Virus recovery from swabs collected in Rhode Island Red chickens after post-inoculation with three representative viruses

Virus titers in swab sample (logio TCIDso/mL)

Virus D?izzgn Day 1 Day 2 Day 3 Day 4 Day 5
Tracheal Cloacal Tracheal Cloacal Tracheal Cloacal Tracheal Cloacal Tracheal Cloacal
Ck/Hok/E001/22 2 1.5 2.0 4.7 5.7 1 - - - - -
(H5NT1) 2 1.0 2.0 6.0 4.0 —~ —~ —~ —~ —~ —~
2 1.3 1.5 4.0 4.5 - - - - - -
Cr/Hok/B003/22 3 <052 <05 2.0 1.5 4.7 4.7 - - - -
(H5N2) 3 <05 <05 4.0 3.7 4.7 4.7 - - - -
3 1.0 1.5 6.0 5.5 6.3 5.3 - - - -
Ew/Hok/Q71/22 3 <0.5 <05 <05 <05 2.0 2.5 - - - -
(H5N1) 4 <05 <05 1.0 <0.5 2.0 3.7 1.0 3.0 - -
5 <05 <05 2.0 <0.5 3.3 <0.5 2.0 <0.5 2.5 1.5

ndicate no samples were collected.
2<0.5 logio TCIDso/mL is the lowest detection limit of the virus titers.



Mutational analysis

Detailed mutational analysis was performed with 30 isolates in Hokkaido with
whole-genome sequences to identify amino acid substitutions that could contribute to
virulence, transmissibility, or host adaptation. Thirty-eight variable sites were identified and
specifically linked to phenotypes, such as virulence, transmission, or host adaptation, as
reported previously [57]. Of these 38 variable sites, eight were identified in PB2, three in PB1,
one in PB1-F2 [60], five in PA, eight in HA based on HS numbering, three in NP, three in
M1, and seven in NS1 (Table 8). Due to the introduction of multiple HPAIV genotypes in
Hokkaido in 20222023, different variables have been found across some genotypes, such as
L292V in PB2, S224P in PA, and N319K in NP, previously reported to have contributed to
enhancing polymerase activity and virulence in mice [61-63]. Some mutations, such as
K207R in PB1 and Q400P in PA, known to decrease polymerase activity in mice, have also
been identified in some genotypes [64, 65]. Interestingly, one mutation, such as M105V
in NP, was exclusively found in all isolates, except for Ew/Hok/Q71/22 (H5N1) and
Ew/Hok/M184/22 (H5N1), as this mutation is known to increase pathogenicity in chickens
[66]. In addition, the signature of mammalian adaptation gene markers, such as lysine and
asparagine at positions 627 and 701 in PB2, was not found in all isolates investigated and

deceased Ezo red foxes.
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Table 8. Mutational analysis on all the reported amino acid positions of HS HPAIVs isolated in Hokkaido in winter 2022-2023 and

early winter 2023-2024

Segment Mutation

Amino acid in the following number of virus'

1

2

3

O

10 11 121314 15 16 17 18

19 20 21 22 23 24 25 26 27 28

29

Associated phenotypes

PB2

L&9V

1292V

G309D

T339K

R477G

1495V

A676T
S7T15N

< Q@ »~ U

o2

, Enhanced  polymerase

activity,
increased virulence in mice
Enhanced polymerase activity,
increased virulence in mice
Enhanced polymerase
increased virulence in mice
Enhanced polymerase
increased virulence in mice
Enhanced polymerase activity,
increased virulence in mice

activity,

activity,

Enhanced polymerase activity,
increased virulence
Enhanced polymerase activity,

increased virulence in mice
Decreased virulence in mice

PB1

D3V

K207R

D622G

Q »~ < |Z 43

Enhanced polymerase activity and
replication in mammalian cell line
Decreased polymerase activity in
mammalian cell line

Enhanced polymerase activity,
increased virulence in mice
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Table 8 (cont). Mutational analysis on all the reported amino acid positions of HS HPAIVs isolated in Hokkaido in winter 2022-2023
and early winter 20232024

Amino acid in the following number of virus!

Segment  Mutation =535 10 11 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 Associated phenotypes
PB1-F2 Enhanced  polymerase  activity,
N66S N <2 S S S SSSSSSS S S S SS S S S S S S S S S virulence and antiviral response in
mice
Enhanced  polymerase  activity,
5224 S - + P P * ot s s s e s e e e P e e e e e e e e+ ¢ increased virulence in mice and duck
PA 4P S .« + P P S Ephanced. polymerase activity and
virulence in mice and duck
H266R R L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] Enh.a'nc.ed POlymeraSe. aCtIVIt}., and
replication in mammalian cell line
N3ID N + o+ o o DDD *DDOD * « D D o o o o DD Enhgnc§d .polymerase. act1v1ty and
replication in mammalian cell line
Q400P Q e« « P P ¢ ¢ ¢ P e o o P P o P o P P P P P P P ¢ <« Decreasedvirulence in mice
Enhanced  polymerase  activity,
ASIST T o o o o e ¢ o e o e o e+ e o e o e o e e e o o o o jncreased virulence in mammals and
birds
Increased virulence in chicken and
SIO7R - R mice, increased PH fusion
Increased virulence in chicken and
3 L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L]
HA T1081 mice, increased PH fusion
SI23P P ¢ o o o ® o o o e s s+ e e s s s s s o s e s o o o Increased virus binding to 02-6
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Table 8 (cont). Mutational analysis on all the reported amino acid positions of HS HPAIVs isolated in Hokkaido in winter 2022-2023

and early winter 20232024

Segment

Mutation

Amino acid in the following number of virus!

—_

O

10 11 1213 14 15 16

Associated phenotypes

17 18 19 20 21 22 23 24 25 26 27 28 29 30

HA3

S133A
T156A

K218Q

S223R
P235S

* « Increased pseudovirus binding to 02-6
Increased virus binding to 02-6,
increased transmission in guinea pigs
Increased virus binding to 02-6 and
a2-3

Increased virus binding to 02-6 and
02-4

* + Increased virus binding to 02-6

NP

M105V
Al184K

N319K
M105V
A184K

N319K

z Rz R =R O > P

I.S..........
vvVvvVvvVvvVvVvVvyVvVvyvVvVvyVvy VvVvVvVvyVvy

~
~
~
~
~
~
~
~
~
~
~
~
~

V 'V Increased virulence in chickens

. Increased replication in avian cells
and virulence in chickens
Increased polymerase activity and
replication in mammalian cell line

V 'V Increased virulence in chickens

. Increased replication in avian cells
and virulence in chickens
Increased polymerase activity and
replication in mammalian cell line
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Table 8 (cont). Mutational analysis on all the reported amino acid positions of HS HPAIVs isolated in Hokkaido in winter 2022-2023

and early winter 20232024

Amino acid in the following number of virus!

Segment Mutation

10 11 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Associated phenotypes

Increased virulence in mice
Increased virulence in chickens
Increased virulence in mice

1 234

Ml N3OD D <2 - -
[43M M + o

T2I5A A o «

NSI P42S S o o -
KSSE E ¢ »«

K66E E « »

L103F F =« o o

[106M M ¢ « -

CI138F

VI49A A + o

Increased virulence and decreased
antiviral response in mice
Increased replication in
mammalian cells and decreased
interferon response

Increased replication in
mammalian cells and decreased
interferon response

Increased replication in
mammalian cells and virulence in
mice

Increased replication in
mammalian cells and virulence in
mice

Increased replication in
mammalian cells and decreased
interferon response

Increased virulence and decreased
interferon responded in chickens

!The number of the virus is corresponding to ID in Table 2. Dot indicates same amino acid in virus number 1. *H5 numbering relative to A/Vietnam/1203/2004 (H5N1).



Discussion

The global spread of clade 2.3.4.4b H5 HPAIVs has caused a large-scale outbreak,
significantly impacting the poultry industry and wildlife. The Far East, such as Japan and
other countries, has been recognized as a hotspot due to the continuous introduction of
HPAIVs. In winter 2021-2022, high numbers of dead wild birds and outbreaks in the
poultry farm were affected in Hokkaido due to the introduction of 2.3.4.4b H5N1
HPAIVs [21]. The continuous circulation of HS HPAIVs in 2023 by migratory birds has
disseminated viruses into rarely affected countries in the South American region, such as
Peru, Ecuador, and Venezuela [28]. Hokkaido was no exception to the continual invasion
of clade 2.3.4.4b H5 HPAIVs in winter 2022—-2023. In this study, 30 HPAIVs isolated in
Hokkaido were genetically analyzed in all eight gene segments. Based on the phylogenetic
analysis of the HA gene segment, all Hokkaido isolates still belonged to clade 2.3.4.4b
and further formed three phylogenetic clusters of G2b, G2c, and G2d (Figure 1A).
HPAIVs in the G2d subgroup share common ancestors closely related to Hokkaido isolates
in winter 2021-2022, together with A/crow/Khabarovsk/776-56/2022 (H5N1) and
A/goose/Magadan/2272-5/2022 (H5N1) isolated in eastern Russia in spring and autumn
2022. This might indicate that Hokkaido isolates in winter 2021-2022 in the G2d
subgroup had been carried over outside of Hokkaido, including eastern Russia, by spring
migration and could have been maintained in the nested lake in northern Russia during
summer 2022. An isolate in Hokkaido in November 2023 was also grouped into the
subgroup G2d. The continuous introduction of HPAIVs in the subgroup G2d during the
three consecutive seasons could reveal that the viruses in this subgroup should be
sustained in the Russian Far East and carried back and forth from Hokkaido, even with
three different subgroups (G2b, G2c, and G2d) of H5 HPAIVs been introduced into
Hokkaido in winter 2022—2023. This finding can also be supported by the results of gene
constellation analysis that genotype I, which is a dominant genotype in Hokkaido in
winter 2022-2023, had dominantly caused outbreaks for a certain period [21], was also a
majority in winter 2021-2022 and isolated at the beginning of winter 2023-2024. A
similar assumption was also proposed for HPAIV isolates in the G2b subgroup. Based on
BLAST analysis, some Hokkaido isolates in winter 20222023, such as Ew/Hok/Q71/22
(H5NT1) and Ew/Hok/M184/22 (H5N1) in the G2b subgroup, showed high sequence
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identity to Ck/Hok/TU25-3/22 (H5N1) isolated in the poultry outbreak at the end of
spring 2022 in Hokkaido. The nucleotide sequences of those isolates were highly
homologous to H5 HPAIVs isolated in southern Japan in winter 2021-2022. These
observations also suggested that HPAIV isolates in the G2b subgroup were likely to be
brought to Hokkaido by bird migration in spring 2022 and maintained in northern and
eastern Russia during summer 2022. These HPAIVs were reintroduced into the Far East
in the following autumn migration [21]. Multiple HPAI outbreaks caused by HS HPAIVs
in Hokkaido poultry were also reported in early April 2023. One of the isolates from
the poultry outbreak, Ck/Hok/B102/23 (H5N1), clustered in G2¢ subgroup, showed high
genetic similarity to isolates from southern Japan in winter 2022-2023. Those isolates
were also genetically close to those circulating in the Republic of Korea and China [39],
and invasion of HPAIVs in southern Japan to Hokkaido was speculated once again in

winter 2022-2023 following the spring migration.

During the winter 2022-2023, multiple genotypes of HPAIVs could have been
sporadically introduced into Hokkaido. Extensive reassortment events in 2.3.4.4b H5N1
HPAIVs have been frequently reported, such as the recent cases in the Republic of Korea
and China, where genetic reassortment was observed between clade 2.3.4.4b H5 HPAIVs
with Eurasian LPAIVs [38, 39, 58]. Based on phylogenetic trees of other internal gene
segments in this study, it was confirmed that multiple genotypes, genotypes II and III,
were reassorted (Figure 2). Reassorted HPAIVs were produced between clade 2.3.4.4b
H5 HPAIVs, genotype I, circulating predominantly in Hokkaido in winter 2021-2022, and
LPAIVs originated from wild birds in the Far East. It was speculated that dominant HSN1
HPAIVs in European or Asian countries could undergo genetic reassortment with other
LPAIVs during migration or at the breeding sites of migratory birds. Thus, further genetic
analysis should provide the role of wild birds in contributing to the reshuffle of genetic
properties of AIVs, which allows the formation of a temporary genome constellation of
viruses that might enhance the transmission and pathogenicity in wild birds [67].
However, there were limitations in this study, as many HPAIV cases in wild birds were
reported through the passive survey for HS HPAIV in Japan from the suspected dead birds.
This may not represent the true ecology of the geographical distribution of three HS
HPAIV subgroups (G2b, G2¢, and G2d) in Japan.
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The unusually high number of dead crows positive for HS HPAIVs in Hokkaido
was also reported in winter 2022—-2023, similar to winter 2021-2022 [21]. Interestingly,
multiple HS HPAIV genotypes, genotypes I, I1I, and IV (Figure 2), were identified among
dead crows discovered in the city center of Hokkaido, in winter 20222023, indicating
that crows could play a role in virus transmission by introducing various genotypes of
HPAIVs from the outside to inside of the poultry farm. Many HPAI cases in crows may
have led to virus spillover to foxes, as HPAIVs isolated from crows and foxes were
genetically highly homologous to another. The increase in spillover of HPAIVs from
birds to mammals has also caused great concern for public health regarding the adaptation

of HPAIVs in mammals.

The antigenicity of isolates in winter 2022-2023 and an isolate in November
2023 was close to those of clade 2.3.4.4b H5 HPAIVs isolated in Japan or the Democratic
Republic of the Congo of Africa in the past few years and still close with HS HPAIVs in
clade 2.3.4.4c (Figure 3). In contrast, moderate differences in antigenicity between
clades 2.3.4.4b and 2.3.4.4e H5 HPAIVs were observed, as supported by the previous
study investigating clade 2.3.4.4b H5 HPAIVs in Japan and Africa [51, 54]. In addition,
slight differences in antigenicity among isolates of three subgroups, G2b, G2¢, and G2d,
were observed, corresponding to an observation in a study among subgroups G2b and
G2d of 2.3.4.4b H5 HPALIV isolates in Japan in winter 2021-2022 [35]. Since autumn
2021, the Eurasian lineage of HS HPAIVs in clade 2.3.4.4b has been spreading globally
and eventually introduced into countries such as the South American region, which are
rarely affected by HS HPAIVs in this lineage. The constant widespread of HS HPAIV
might generate HPAIVs with different characteristics, including antigenicity. However,
the antigenicity of the isolates in Hokkaido has demonstrated minor antigenicity changes
in the past several seasons, indicating preservation of H5 HPAIVs in clade 2.3.4.4b

under less selective pressure for major antigenicity changes.

A low morbidity rate but a sudden increase in lethality rates in broiler flocks has
been described during an outbreak of clade 2.3.4.4b HSN1 HPAIV in Italy in winter 2021—
2022 [68]. Thus, to understand the pathogenicity of HS HPAIVs in different chicken
breeds, four representative HPAIVs with different gene constellations were selected for

pathogenicity study in three chicken breeds. In this study, it was highlighted that Chunky
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(broiler) chickens also demonstrated similar mortality rates and clinical signs to the ones
found in White Leghorn (layer) and Rhode Island Red (layer) chickens except for one
strain. The pathogenicity of Ck/Hok/B102/23 (H5N1) in Chunky chicken was
significantly lower than in White Leghorn chicken, corresponding to the observation
reported in Italy broiler flocks even though the virus load recovered from the swab
samples among Chunky and White Leghorn chickens were similar (Tables 5 and 6). The
difference in the pathogenicity displayed in different chicken breeds can be due to the
existence of some avian genes such as plasminogen activator urokinase, vascular cell
adhesion molecule 1 protein, tumor necrosis factor receptor superfamily member 1A, and
placental growth factor gene, which were downregulated during inflammatory response
in the lungs of the chicken breed, which can affect disease tolerance; the commercial
broiler in Spain was reported to be resistant toward the clade 2.3.4.4b H5N§ HPAIV
infection [69]. In this study, it is estimated that the 50% chicken lethal dose (CLDso) of
Ck/Hok/B102/23 (H5N1) in Chunky chicken should be 10°7 EIDso, which is higher than
the ones previously reported in White Leghorn chicken [35]. Furthermore, in the
pathogenicity assessment of representative HPAIVs in all three chicken breeds, the
pathogenicity of Ck/Hok/E001/22 (H5N1) was generally highest, followed by
Cr/Hok/B003/22 (HSN2), lastly Ew/Hok/Q71/22 (H5N1) and Ck/Hok/B102/22 (H5N1).
A significant difference was observed in the mean death time between Ck/Hok/E001/22
(H5NT) and Ew/Hok/Q71/22 (H5N1), corresponding to a slower virus growth kinetics in
swab samples of Ew/Hok/Q71/22 (H5N1) (Tables 5-7). The slower growth kinetics of
Ew/Hok/Q71/22 (H5N1) indicated the inability of the virus to replicate well in respiratory
and intestinal organs compared to Ck/Hok/E001/22 (H5N1) and Cr/Hok/B003/22
(H5N2). This demonstrated that different genotypes of HPAIVs can contribute to different
characteristics in pathogenicity even within the same clade 2.3.4.4b H5 HPAIVs, as
lower pathogenicity was observed in chickens challenged with HSN8 HPAIV compared
to HSN1 HPAIV that was circulating at the same time [35]. As different pathogenicity
characteristics were observed among the representative viruses, the difference in the
amino acid in each of the representative HPAIV strains was compared according to
pathogenicity markers in previously reported AIVs [57]. All identified polymorphic sites
in isolates have been linked to several associated phenotypes, such as altering the activities

of the polymerase, replication efficacy in mammalian cells, and virulence in mammalian or
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avian hosts [57]. Interestingly, the relatively lower pathogenicity observed in chickens
infected with Ew/Hok/Q71/22 (H5N1) might be due to the preservation of the amino acid
(105M) in NP, as all isolates in this season, except for Ew/Hok/Q71/22 (H5N1) and
Ew/Hok/M184/22 (H5N1) with the mutation (M105V) in NP, which could contribute to the
increase in the pathogenicity of chickens [57, 66]. Though molecular determinants in
contributing to different pathogenicity observed in four HPAIVs were unknown yet, it was
speculated that viral segments originating from LPAIVs might play a role in contributing to
switch virus pathogenicity, as some studies have demonstrated that reassortant viruses
with PB2, PB1, PA, and NP genes could contribute to higher pathogenicity in ferrets [27].
As strain-specific mutations were observed across the substitution of polymerase units of
the four representative viruses, the role of those unique amino acid residues observed across
the investigated viruses might need to be clarified in future studies. Nevertheless, as a
potential public health concern, the receptor binding sites of viral HA of all 30 isolates still
indicate the preference to bind to a2,3-sialic acid linkage (237G, 238Q, and 240G; HS
numbering). Any associated markers contributing to high virulence in mammals were not
found in Hokkaido isolates, demonstrating that threat of these viruses on public health
should be very low [57]. However, cases among mink-to-mink transmission in Spain
should heighten the concern about HPAIV adaptation in mammals if viruses continue

circulating among wild birds and mammals globally [70].

Overall, HS HPAIVs isolated in Hokkaido in winter 2022-2023 were
phylogenetically, antigenically, and pathogenetically characterized. These were
genetically close to Eurasian viruses isolated in winter 2021-2022 and consisted of
multiple genotypes identified across wild birds and poultry, indicating the possibility of
introducing HPAIVs with different genotypes by migratory birds to Japan. Furthermore,
the same genotype of H5 HPAIV was also reintroduced to Hokkaido in early winter
2023-2024. Thus, the invasion of multiple viruses with distinct characteristics, especially
transmissibility, host range, and pathogenicity in multiple animals, may perplex the
understanding of the epidemiology and ecology of pathogens in the field to reduce their
risk. Therefore, continuous monitoring and information sharing of the latest HPAIVs
must be essential at the global level to understand dominant or critical HPAIV strains to

establish effective control actions.
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Brief summary

HPALI has impacted poultry and wild birds globally. The number of HS HPAIV
infection cases in wild birds in Hokkaido (northern Japan) was high in the last two
seasons, contributing to virus spillover to resident birds and poultry. Therefore, HS
HPAIVs in birds and mammals in Hokkaido in winter 2022—-2023 and 2023-2024 were
monitored and viruses were phylogenetically, antigenically, and pathogenetically
characterized. Thirty HPAIV isolates were subtyped and pathotyped by sequencing the
HA gene of viruses. Phylogenetic analysis of the HA gene revealed that all isolated
HPAIVs were categorized into clade 2.3.4.4b and divided into three groups (G2b, G2c,
and G2d). Most isolates belonging to subgroup G2d clustered with isolates in winter
2021-2022 in Hokkaido. The other isolates were categorized into two subgroups, G2b
and G2c, mainly composed of isolates in Honshu Island in winter 2021-2022 and 2022—
2023, respectively. Two H5 HPAIVs isolated in eastern Russia in spring and autumn
2022 were genetically close to most Hokkaido isolates (G2d), and a virus isolated in
Hokkaido in November 2023 was also grouped in subgroup G2d. Further analysis of all
eight gene segments identified six types of gene constellations. Cross-HI test indicated
that the antigenicity of HS HPAIVs isolated in the last several seasons was similar within
them but slightly different from that in the 2010s. Three chicken breeds were
intranasally challenged with four representative isolates to assess their pathogenicity.
All chickens except one broiler chicken were dead until 5 dpc with different
pathogenicity of these viruses. The pathogenicity of one HPAIV strain was significantly
lower in broiler chickens than in layer chickens. The mixture of multiple characteristics
of HPAIVs in Hokkaido was confirmed by bird migration routes. Thus, many HPAIVs

can be brought and scattered anywhere on Earth.
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Chapter 11

Cocirculation of genetically distinct high pathogenicity
avian influenza HSN5 and H5N1 viruses in crows,

Hokkaido, Japan
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Introduction

H5 HPAIVs of the Gs/Gd lineage have diversified into multiple clades,
threatening wild birds and poultry worldwide. Clade 2.3.4.4b HPAIVs have been
consistently isolated in Asia and Europe since 2016 [16, 36, 37], and expanded further to
North America in late 2021 [27]. The global circulation of H5S HPAIVs over a relatively
short time highlights the pivotal role of migratory birds in virus dissemination [9]. H5
HPAIVs in clade 2.3.4.4 frequently acquire the NA gene from locally circulating
LPAIVs, which often infect waterfowl, leading to the generation of novel H5Nx
reassortant viruses, such as HSN2, H5N6, and HSNS [71].

During the winter seasons 2021-2022 and 2022-2023, Hokkaido, located in the
northernmost part of Japan, experienced HPAIV outbreaks driven by bird migration that
substantially affected poultry and other resident birds. Those viruses clustered in the G2
subgroup within clade 2.3.4.4.b, which has multiple subgroups, G2a—e, and shared a
common ancestor with HPAIVs detected in Europe in late 2020 [58]. HPAIV subgroup
G2d might have undergone intercontinental transmission from Europe to Japan [21, 72].
During winter 2023-2024, HSNS5 HPAIVs were detected in a crow flock in Hokkaido,
and further monitoring revealed cocirculation of 2 distinct viruses in the crow population.
The genetic origin and antigenicity of HSNS5 HPAIVs isolated in Hokkaido were

investigated.
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Materials and Methods

Sample collection and virus isolation

The passive surveillance of HPAIV infections in wild birds was conducted in the
public garden of Sapporo City, Hokkaido. After dead crows were reported in the garden
by garden staff, tracheal and cloacal swab samples were collected from the dead
carcasses and immediately mixed with a virus transport medium consisting of MEM
(Shimadzu Diagnostics Corporation) containing 10 mg/mL streptomycin (Meiji Seika
Pharma), 10,000 U/mL penicillin G (Meiji Seika Pharma), 250 U/mL nystatin (Sigma-
Aldrich), 0.3 mg/mL gentamicin (MSD), and 0.5% bovine serum albumin fraction V
(Roche) and then inoculated into 10-day-old embryonated eggs for virus isolation [43].
The isolation of virus was confirmed in the collected allantoic fluid by using an HA
assay. The isolated viruses were subtyped by using an HI test consisting of chicken
hyperimmune serum against the referenced influenza virus subtyping strain [45]. The
pathogenicity of the isolates was determined by using the viral RNA extracted from the
allantoic fluid by using either TRIzol LS Reagent (Thermo Fisher Scientific), or the
QIAamp Viral RNA Mini Kit (Qiagen), direct sequencing after PCR was conducted by
using a region-specific primer set to confirm the presence of nucleotides in the HA gene
encoding multiple basic amino acid residues, which is a molecular marker for HPAIV
[46]. NGS was performed by using the Flongle adaptor (Oxford Nanopore Technologies)
to determine the genetic background of the HPAIV isolates; the primers used to amplify
all 8 gene segments of HPAIV isolates have been previously described [48]. Oxford
nanopore libraries were prepared by using the NEB Ultra II End Repair/dA-Tailing
Module (New England Biolabs) and sequenced on the Flongle adaptor by using the
Ligation Sequencing Kit V14 (Oxford Nanopore Technologies). The sequencing reads
were mapped and assembled by using FIluGAS version 2 (World Fusion).
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Genetic analysis

H5 HPAIVs isolated in Hokkaido and an H5NS5 isolate from Kumamoto in winter
2023-2024 were used in the genetic analysis (Table 9). The nucleotide sequences of HS
HPAIVs were phylogenetically analyzed by using the ML method and the best-fit general
time-reversible model of nucleotide substitution with gamma-distribution rate variation
among sites (with 4 rate categories, I') according to the Tamura-Nei model [49]. Bootstrap
analysis with 1,000 replications was applied to construct the phylogenetic tree in MEGA
7 by using default parameters. Sequence data of the genes were compared with reference
nucleotide sequences of representative H5Nx viruses (with different NA subtypes)
belonging to clade 2.3.4.4 strains downloaded from GISAID and GenBank. BLAST of
the GISAID database was used to identify the most homologous HPAIV nucleotide

sequences isolated in this study.
Antigenic analysis

Using a cross-HI test, the antigenicity of the representative HSN5 HPAIV from
Hokkaido, A/large-billed crow/Hokkaido/B073/2024 (Cr/Hok/B073/24; H5NS), was
compared with that of the past few seasons (2014-2023) in Japan. Other antigens were
analyzed and compared in representative clade 2.3.4.4 strains, including Cr/Hok/B003/22
(H5N2), Ck/Hok/E001/22 (H5N1), Ew/Hok/Q71/22 (H5N1) [72], WTE/Hok/R22/22
(H5N1),  A/duck/Vietnam/HU-16DD3/2023  (Dk/VN/HU16-DD3/23;  H5N1),
Mdk/DRC/KAF1/17  (H5N8) [54], Ck/Hok/B102/23 (H5N1), A/Ezo red
fox/Hokkaido/1/2022 (H5N1), Cr/Hok/B067/23 (H5N1), NP/Hok/M13/20 (H5NS),
Ck/Kum/1-7/14 (H5N8) [52], and Bs/Aki/1/16 (H5SN6) [53], by using antiserum against
Cr/Hok/B003/22 (H5N2), Ck/Hok/E001/22 (H5N1), Ew/Hok/Q71/22 (H5N1),
WTE/Hok/R22/22 (H5N1), Dk/VN/HU16-DD3/23 (H5N1), Mdk/DRC/KAF1/17
(H5NS), Ck/Kum/1-7/14 (H5NS8), and Bs/Aki/1/16 (H5N6) to determine cross-reactivity

of hyperimmune antiserum and their corresponding antigens.
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Results
Genetic analysis

During the winter 2023-2024, a total of 85 dead crows were identified in a garden
in Sapporo through passive surveillance. By the end of April 2024, 80 of these were
confirmed to be infected with HS HPAIV. The complete genome sequences of all eight
gene segments were successfully obtained from 15 representative HPAIV isolates, as well
as from an additional isolate derived from a peregrine falcon (Falco peregrinus). All
sequences were deposited in the GISAID database (Table 9). Phylogenetic analysis of the
HA gene revealed that all 16 isolates belonged to clade 2.3.4.4b and were assigned to the
G2 genotype, which shares a common ancestor with clade 2.3.4.4b HSN8 HPAIVs first
detected in Europe in late 2020 (Figure 5A) [58]. The G2 genotype was further subdivided
into multiple subgroups (G2a—e) based on phylogenetic clustering. Seven isolates from
2023-2024, including H5N1 and one H5NS5 subtype, were classified into a subgroup
tentatively designated G2d, which also includes HPAIVs previously detected in
Hokkaido during winter 2022-2023.

In contrast, the remaining isolates from Hokkaido collected since December 2023
were grouped into the G2a subgroup, along with H5SNS viruses that clustered with HS
HPAIVs detected in southern Japan during winter 2020-2021. Notably, the H5NS
HPAIVs in the G2a subgroup formed a distinct cluster from those of 2020-2021, showing
closer phylogenetic relationships to contemporary HSNS isolates from North America
and Europe. Similar clustering patterns were observed in phylogenetic trees of the internal
gene segments (Figure 5SB—H). BLAST analysis of all eight gene segments of the G2a
subgroup HSN5 HPAIVs isolated in Hokkaido during winter 2023-2024 indicated high
nucleotide identity (> 99.0%) with European isolates, suggesting recent intercontinental
gene flow. Interestingly, the HSNS isolate from the peregrine falcon found in southern
Japan during the same season showed high homology with viruses in the G2d subgroup
for all gene segments except NA (Table 10). The N5 NA gene of this isolate was closely
related to LPAIVs circulating in East Asia, suggesting that this strain resulted from a

reassortment event involving the NA gene.
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Table 9. List of HS HPAIVs isolated in Hokkaido and an HSNS HPAIV in Kumamoto, Japan in winter 2023-2024

Accession number of

Virus Subgroup Sample collection date  City/Town Latitude Longitude strain!
Al/large-billed crow/Hokkaido/B067/2023 (H5N1) G2d 23/11/2023 Sapporo 43°03'50"N  141°20'35"E EPI ISL 18591747
Allarge-billed crow/Hokkaido/B068/2023 (HSN1) G2d 24/11/2023 Sapporo 43°03'S0"N  141°20'35"E ~ EPI_ISL 18594618
Allarge-billed crow/Hokkaido/0112F066T/2023 (HSN5) G2a 19/12/2023 Erimo 42°00'59"N  143°08'S3"E ~ EPI ISL 18837770
Allarge-billed crow/Hokkaido/0112F066C/2023 (H5NS) G2a 19/12/2023 Erimo 42°00'59"N  143°08'S3"E ~ EPI ISL 18838019
Allarge-billed crow/Hokkaido/B073/2024 (HSNS) G2a 08/01/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI ISL 18792212
Allarge-billed crow/Hokkaido/B074/2024 (HSNS) G2a 09/01/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI _ISL 18830859
A/crow/Hokkaido/B075/2024 (H5NS) G2a 11/01/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI_ISL 18830860
Allarge-billed crow/Hokkaido/B076/2024 (HSN1) G2d 12/01/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI ISL 18830861
Allarge-billed crow/Hokkaido/B078/2024 (HSN1) G2d 17/01/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI ISL 18876661
A/carrion crow/Hokkaido/B079/2024 (H5N1) G2d 18/01/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI_ISL 18876662
Allarge-billed crow/Hokkaido/B080/2024 (HSN1) G2d 22/01/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI_ISL 18932042
A/carrion crow/Hokkaido/B081/2024 (H5N1) G2d 26/01/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI ISL 18876663
Allarge-billed crow/Hokkaido/B104/2024 (HSNS) G2a 20/02/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI_ISL 19033207
Allarge-billed crow/Hokkaido/B120/2024 (HSNS) G2a 16/03/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI_ISL 19055087
Allarge-billed crow/Hokkaido/B157/2024 (HSNS) G2a 30/04/2024 Sapporo 43°03'S0"N  141°20'35"E ~ EPI_ISL 19174744
Al/peregrine falcon/Kumamoto/4301C001/2024 (H5NS) G2d 16/01/2024 Kumamoto ~ 32°56'07"N_ 130°33'45"E  EPI ISL 18876660

I'The GISAID accession numbers.



Afwhooper swan/Miyagi/0411B002/2023 (HSN1)
4 /carrion crow/Hoklaido/B079/2024 (HSNI) [2024-01-18]
A farge-billed crow/Hokkaido/0111E092/2023 (H5N1)
| Aflarge-billed crow/Holkkaido/B 078/2024 (H5N1) [2024-01-17]
& large-billed crow/Hoklaido/B076/2024 (HSN1) [2024-01-10)
Aflarge-billed crow/Osaka/HU FA04/2023 (HSNI)
AfHarris hawidHyogoHU FA003/2023 (HSN1)
Afwhooper swan/Hokkaido/0112Q10572023 (HSN1)
§ &/goshawk/Gifu/172023 (HSNI)
fspot-billed duck/Gifuf1118/2023 (H5N1)
Afduck/ Tottor/NK40/2023 (HSNI) [2023-11-09)
AAr‘lanerbxue& crowH okkaido/B068/2023 (HSN1) [2023-11-24]
Adarge-billed crowH okkaido/B067/2023 (H5N1) [2023-11-23]
A /duck/Tottori/TG 164/2023 (HSN1) [2023-12-02)
Aflarge-billed crow/Hokkaido/0112Q104/2023 (HSN1)
| Aflarge-billed crow/Hokkaido/20231207001/2023 (H5N1)
4/Eurasian wigeon/Kagoshima/d6117002/2023 (HSN
Adperegrine falcon/Kumamoto/d301C001/2024 (HSN:
Adarge-billed crowH okkaido/0111Q100/2023 (H5N1)
H Adred-crovmed crane/Hokkaido/20231115001/2023 (HSN1)
38 Atred-crowmed crane/Hoklaido/20231114001/2023 (HSN1)
| Afwhite-tailed eagle/Hokkaido/22-RU-WTE-2/2022 (H5N1)
Afcarrion crow/Hoklaido/B081/2024 (HSNI) [2024-01-26]
08 4 large-billed crow/Hokkaido/B 080/2024 (HSNI) 2024-01-22
[~ Aeastem buzzardNiigata/1 501B001/2022 (HSN1)
= /E20 red fos/Holkaido/2/2023 (HSN1)
[ 4/1arge billed crow/Hokkaido/B003/2022 (HSN2)
[= Alchicken/Hokkaido/HU -E001/2022 (H5N1)
A/Ezo red fox/Hokkaido/1/2022 (HSN1)
— /red fox/Estonia/TA21 26820 21V R10433-13/2021 (HSN1)

[2024-01-16]

G2b
A/Changsha/1/2022(HSNG)
AfucidHunan/S40199/2021(H5NG)
A envitonmentHangzhowE 1153/2021 (HSN6)
Afduck/Guangsi/S1009972021 (HSNE)
Adwild bird/K orea/H467/2020 (HANE)
4 /crane/Kagoshina/KU 93/2021 (HSNS)
Afchicken/Akita/7C/2021 (HSNE)
A fchicken/Kagoshima/B 372021 (HSNS)
0% Amhooded crane/Kagoshima/KU-5TA2021 (HSNE)
[ A whooper swan/Romania/ L0311 21VIR349-2/3021 (HSNS)
Afswan/Rostov/2299-2/2020 (H5NS) [2020-12-29)
A black-necked grebe/Kalmykia/7s-1V/2021 H5N5)
A waterfowl/Russia/1 526-4/2021 (HSNS)
Afwhite-ailed eagle/MNorway2022-07-100 (HSNS) [2022-02-25]
[ /sea eagle/Norway/2022-07-198 22VIR3866-2/2022 (HSNS) [2022-03-24]
p{ ARed FoNSFAV-0241-1/2023 (HSNS) [2023.05-23]
A/Northem Fulmar/NSFAV-0264-6/72023 (H5NS) [2023-03-02)

1 ' A/MNorthem FulmarNS/FAV-0264-3/2023 (H5N5) [2023-02-16]

G2d

2.3.4.4b

(B)

® A/large-billed crow/Hoklaido/B 104/, 024 HsNS) [zuM
@ A/large-billed crow/Hoklaido/B 12012024 (H5NS) [2024-03-16)

Aftarge-billed crow/Hokdaido/B 157/2024 (HSNS) [2024-04-30)
® A\/large-billed crow/Hoklaido/B 0812024 (N5 NA gene) [2024-01-22)
@ Adlarge-billed crow/Hoklaido/B 074/2024 (H5NS) [2024-01-09]

@ 4/crowHolkkaido/B 075/2024 (HSNS) [2024-01-11]

'@ Allarge-billed crowHoklaido/B 0732024 (H5NS) [2024-01-08]

| A/great black-backed gull/Scotland/123498/2023 (HSNS) [2023-00-25]
/European heming gull/Norway2023-07-3048- 1 (HSNS) [2023-10-17)
& meming gull England/404384/2023 (HSNS) [2023-10-10)

| 4 eming guil/E ngland/404234/2023 (HISNS) [2023-10-06]

[ /comemon gullEngland/] 20428/2023 (HSN5) [2023-10-27)
&eming gull England/1 23277/2023 (HSNS) [2023-09-25)
/gannet/Scotland/124903/2023 (HSNS) [2023-10-09]

Afwhite tailed eagle/Norvway/2024-07-14 (HSNS) [2024-01-16)

Afcommon eider/lceland/2023A108561/2023 (HSNS) [2023-09-25)

A/European heming gull/Norway/2022-07-1141-1T/2022 (HSN5) [2022-06-15]

Afgreat black backed gull Norway/2022-07-3018-2 (HSNS) [2022-10-03)

Afglaucous gull/Norway/2022-07-1148/2022 (HSNS) [2022-06-13]

Afgreat black-backed gull/Norway/2022-07-1141-4T/2022 (HSNS) [2022-06-15]
Afsea eagle/Norway/2022-07-198 22VIR3866-2/2022 (HSNS) [2022-03-24]
Afsea eagle/Norway/2022-07-196 22VIR3866-1/2022 (HSNS) [2022-03-25)
4 fwhite-tailed eagle/Norway2022-07-100 (HSNS) [2022-02-25)

AfAmerican CrowPELFAV-0035-6/2023 (HSNS) [2023-01-09)

A/Great Black Backed GullNS/FAV 0264-15/2023 (HSNS) [2023-04-30)
[ osthem goshawkiNorway/2023-07-184-1 (HNS) 202303-13)

A /Herring Gull/NSFAV-0406-4/2023 (HSNS) [2023-05-16)
| 4/Northem FulmarNS/FAV-0264-8/2023 (HSNS) [2023-03-21]
= A/MNorthern FulmarNSFAV-0264-3/2023 (HSNS) [2023-02-16]

Herring GullNS/FAV-0231-1/2023 (HSNS) [2023-06-02)

AfNorthern Fulmar/NSFAV-0406-2/2023 (H3NS5) [2023-05-15]
Crow/PEIFAV-0068-9/2023 (H5NS) [2023-01-31]
_&/RedFo}dNSVFAVVUZMVI/ZUZB (H5NS) [2023-05-23)

A/Northern Fulrar/NS/F AV-0264-6/2023 (H5NS) [2023-03-02)
[ /shelduck/Kalmykia/1 814-1/2021 (HSNS)
s fuaterfovd/Russia/] 526-4/2021 (HSNS)

8] || 4morthern goshawi/Norway/2023-07-184-1 (HSNS) [2023-03-13] Afwhite-Tailed Eagle/Sweden/SVA210527S20358/KN002111/C-2021 (H5NS)
[ A/Herring Gull/NSFAV-0406-4/2023 (H5N5) [2023-05-16] Afmute swan/Slovakia/Paht 21VIR 1086-2/2021 (HSNS)
[ &/4merican Crow/PELF AV-0035-6/2023 (HSNS) [2023-01-09] . "
4/Great Black-Backed GulVNS/FAV -0264-15/2023 (HSNS) [2023-04-30] AlswanRostou/2299-2/2020 (HENS) [2020-12-29)
A/Northem Fultmar/NSFAV-0264-8/2023 (HSNS) [2023-03-21) Algull/Dagestan/397-2/2021 (HINS)
9 ' AfAmerican Crow/PELFAV-0068-9/2023 (H5NS) [2023-01-31] A/European hering gull/B ulgaria/222 21VIR4270-1/2021 (H5NS)

Afwhooper swan/Romania/1 0123 21VIR849-1/2021 (HSNS)

A/Herring Gul/NS/FAV-0231-1/2023 (HSNS) [2023-06-02] [ /Anas platyrhymchos/Belgium/7828/2018 (HIZNS)
o} & /Northem FulmayNS/FAV -0406-2/2023 (HSNS) [2023-05-15] /Ana 51000172020 (H12NS)
Afgreat black-backed gull/Norway/2022-07-11414T/2022 (HSNS) [2022-06-15] B il Denmark1 2047.12020-10.26 (HINS)
‘A/gaucous gull/Norvay/2022-07-1148/2022 (HSNS) [2022-06-13] L s st Chuany324/2017 (H 12105
‘4 fgreat black-backed gull/Norway/2022-07-3018-2 (HSNS) [2022-10-0] /kam/s (dm/SVlilﬂl ISZO0RNDL 1 720/2021 (N
Alsea eagle/MNorway/2022-07-196 22V IR 3866-1/2022 (HSNS) [2022-03-25] we NS
5 AfEumpmnhanngguqurway/ZUZZ -07-1141-1T/2022 (HSNS) [2022-:06-15) | (G2 4210201, 3-1P4/2021 (HSNS)
Aflarge-billed crow/H okkaido/B 157/2024 (H5NS5) [2024-04-30] 'AfEurasian teal Norway/2023-07-2933-4 (HEN5)
5| A/hrgf -billed crow/Holdaido/B 120/2024 (H5NS) [2024-03-16] Afshoveler/Novosibirsk region/999k/2018 (H12N5)
@ &/large.illed crowHokicaido/B 07472024 (HSNS) [2024-01-10] A/emmironmentB angladesty521 10/2022 (H10NS)
5}|® &/crowHokicaido/B 075/2024 (HISNS) [2024-01-09] A fmallardNovosibirsk region354 112020 (H125)
Aflarge-billed crow/Hokkaido/0112F066T/2023 (H5N5) [2023-12-19] -
@ &/large-billed crow/Hokdkaido/ 112F066C/2023 (HSNS) [2023-12-19] 4 A/g“‘e’R““‘a"Fe’“““"/om‘k;‘fw 612020 (¢H5NS)
. @ A arge-billed crow/Hokkaido/B 10472024 (HSNS) [2024-02-20] Aperegrine falcon/Denmark/1 3776-1/2020-10-30 (HSNS)
74 @ 4 targe billed crovHolleido/B 07312024 (HSNS) [2024-01-03) Alchicken/Sweden/SV 42102268201 68/KN048380-P9/2021 (HSNS)
I /common eiderecand 2023A106561/2023 (HSNS) [2023-09-25) Jpealtus galusBelgumy1 2168 00212020 (HSNS)
Awhite tailed eagle/Norway/2024-07-14 (HSNS) [2024-01-16] 'Afbarnacle goose/Sweden/SVA201201SZ035F/KN003624/2020 (HSNS)
Afcommon gulVEngland/1 20428/2023 (HSNS) [2023-10-27) JduckKyoto261007/2014 (HENS)
Afherring gullEngland/123277/2023 (H5NS) [2023-09-25] Awild tird/KoreaH2995-1/2015 (H10N5)
A/European herring gull/Norway2023-07-3048-1 (HSNS) [2023-10-17]
124903/2023 (HSNS) [2023-10-09] Mpereg Cumamoto/4301C001/2024 (S5 [2024-01-18
s|Aerring guliEagland/404384/2023 (HSNS) [2023-10-10] Alduck/Bangladesh/17D747/2016 (H3NS)
Alcommon buzzard/England/264162/2023 (H5NS) [2023-11-03] ] Afenvironment/Kamchatka/18/2016 (HSNS)
/herring gull England/404234/2023 (HSNS) [2023-10-06] A/gadwall/ltaly/17VIR133-2/2017 (HSNS)
Afouzzard/Germany- MV 10216612020 (HSNS) Ahurkey/Germany-SH/AR420-L03202/2017 (HSNS)
Awh msfma;z/‘s"vmmmzosznz1nﬁé;§3122[;273§51150§f)m5N5) Spaickenratia/l oy (O
O00per 5 - ‘A/swan/Genmany-SN/R 10645/2016 (HSNS,
A furkey/Gennany-SH/AR 827-L03306/2017 (HSNS) ¢ v N
northern 3/2020 (H5N8) —
A black swanih kitaf1/2016 (HSNG) I G1 0.005
001 I 2.3.4.4¢

Figure 5. Phylogenetic analysis of HSNS and H5N1 HPAIVs isolated in Japan in
winter 2023-2024. The HS HA (A), N5 NA (B), PB2 (C), PB1 (D), PA (E), NP (F), M
(G), and NS (H) gene segments of HSN5 HPAIVs isolated in winter 2023-2024, together
with reference strains from clade 2.3.4.4b and its subclades. The scale bar indicates
nucleotide substitutions per site. Bootstrap support values (> 50%) were calculated from
1000 replicates. HSN5 HPAIVs from Hokkaido (2023-2024) are shown in red, and one
isolate from southern Japan is shown in blue. Collection dates follow strain names, and
Hokkaido isolates are marked with circles.
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(C) Afcommon gull/England/129428/2023 (H5N5) [2023-10-27]
Afgannet/Scotland/124903/2023 (H5N5) [2023-10-09]
6 A/herring gull/England/404234/2023 (H5N5) [2023-10-06]
A/herring gull/England/404384/2023 (H5N5) [2023-10-10]
Algreat black-backed gull/Scotland’123498/2023 (H5NS5) [2023-09-25]
|” A/European herring gull/Norway/2023-07-3048-1 (H5N5) [2023-10-17]
A/common buzzard/England/264162/2023 (H5N5) [2023-11-03]
Afherring Gull/England/123277/2023 (H5NS) [2023-09-25]
|” A/white tailed eagle/Norway/2024-07-14 (H5N5) [2024-01-16]
@ Allarge-billed crow/Hokkaido/0112F066T/2023 (HSN5) [2023-12-19]
® Aflarge-billed crow/Hokkaido/0112F066C/2023 (HSN5) [2023-12-19]
® Aflarge-billed crow/Hokkai do/B073/2024 (H5NS5) [2024-01-08]
® A/crow/Hokkaido/B075/2024 (H5NS5) [2024-01-11]
® A/large-billed crow/Hokkaido/B074/2024 (H5N5) [2024-01-09]
884 ® A/large-billed crow/Hokkaido/B120/2024 (H5N5) [2024-03-16]
® Aflarge-billed crow/Hokkaido/B104/2024 (H5N5) [2024-02-20]
® Aflarge-billed crow/Hokkaido/B157/2024 (H5NS) [2024-04-30]
5 A/common eider/Iceland/2023 A108561/2023 (H5N5) [2023-09-25]
A/European herring gull/Norway/2022-07-1141-1T/2022 (H5NS5) [2022-06-15]
Alglaucous gull/Norway/2022-07-1148/2022 (H5NS5) [2022-06-13]
Algreat black-backed gull/Norway/2022-07-1141-4T/2022 (H5NS5) [2022-06-15]
log A/Herring Gull/NS/FAV-0231-1/2023 (H5N5) [2023-06-02]
A/Northern Fulmar/NS/FAV-0406-2/2023 (H5N5) [2023-05-15]
A/Herring Gull/NS/FAV-0406-4/2023 (H5NS5) [2023-05-16]
5 Lq' A/Red Fox/NS/FAV-0241-1/2023 (H5N5) [2023-05-23]
A/Northern Fulmar/NS/FAV-0264-6/2023 (H5N5) [2023-03-02]
[~ A/sea eagle/Norway/2022-07-196 22VIR3866-1/2022 (H5NS) [2022-03-25]
ol A/American Crow/PEVFAV-0035-6/2023 (H5N5) [2023-01-09]
A/Great Black-Backed Gull/NS/FAV-0264-15/2023 (H5N5) [2023-04-30]
M~ Algreat black-backed gull/Norway/2022-07-3018-2 (H5N5) [2022-10-03]
[ A/Northern Fulmar/NS/FAV-0264-3/2023 (H5NS) [2023-02-16]
A/Northern Fulmar/NS/FAV-0264-8/2023 (H5NS5) [2023-03-21]
8487 A/American Crow/PELVFAV-0068-9/2023 (H5N5) [2023-01-31]
Al/white-tailed eagle/Norway/2022-07-100 (H5N5) [2022-02-25]
— Alsea eagle/Norway/2022-07-198 22VIR3866-2/2022 (HSN5) [2022-03-24]
Afwaterfowl/Russia/1526-4/2021 (H5N5)
P9~ Afshelduck/Kalmykia/1814-1/2021 (H5N5)
A/European herring gull/Bulgaria/222 21VIR4270-1/2021 (H5N5)
A/whooper swan/Romania/10123 21VIR849-1/2021 (H5N5)
[ A/mute swan/Romania/11981-1 21 VIR3163-5/2021 (H5NS5)
A/mute swan/Slovakia/Pah6 21 VIR1086-2/2021 (H5NS5)
™ A/swan/Rostov/2299-2/2020 (HSN5) [2020-12-29]
A/white-tailed Eagle/Sweden/SVA210527SZ0358/KN002111/C-2021 (H5NS5)
67 A/gull/Dagestan/397-2/2021 (HSNS)
Afshoveler/Chany Lake/62/2019 (H1N1)
A/mallard/Novosibirsk region/1894k/2019 (H4N6)
A/Eurasian wigeon/Hokkaido/Q71/2022 (H5SN1)
Alquail/Korea/H526/2021 (H5N1)
A/chicken/Hokkaido/HU-E001/2022 (H5N1)
A/common teal/Sakhalin/66¢/2020 (H3N8)
A/Ezo red fox/Hokkaido/2/2023 (H5N1)
[ A/peregrine falcon/Denmark/13776-1/2020-10-30 (H5NS5)
64 Afchicken/Sweden/SVA2102015Z0080/FB000693-1P4/2021 (HSNS5)
9 Alchicken/Sweden/SVA210226SZ0168/KN048380-1P9/2021 (H5NS5)
Afbarnacle goose/Sweden/SVA201201S5Z0353/KN003624/2020 (H5N5)
A/Gallus gallus/Belgium/12168 002/2020 (H5N5)
99" A/goose/Russian Federation/Omsk/1680-6/2020 (H5NS5)
5 A/whooper swan/Sanmenxia/G28/2020 (H5N8)
8 A/chicken/Astrakhan/321-01/2020 (H5Ng)
A/goose/Omsk/0111/2020 (H5N8)
Alchicken/Hokkaido/HU-B102/2023 (H5N1)
Altufted duck/Poland/MB061/2021 (H5N5)
ge-billed crow/Hokkaido/B003/2022 (H5N2)
[ A/pochard/Buryatia/33/2018 (H4N6)
Algadwall/Ttaly/17VIR133-2/2017 (H5NS5)
Afturkey/Germany-SH/AR420-103292/2017 (H5NS)
Afswan/Germany-SN/R10645/2016 (H5NS5)
Afchicken/Croatia/104/2017 (H5NS5)
Alenvironment/Kamchatka/18/2016 (H5NS5)
Alenvironment/Kagoshima/KU-G8/2021 (H4N2)
A/mute swan/Poland/P071/2020 (HON2)
Alteal/Chany/324/2017 (H12NS5) 2017-09-03
A/Ezo red fox/Hokkaido/1/2022 (H5N1)
Alcarrion crow/Hokkaido/B081/2024 (H5N1) [2024-01-26]
Alflarge-billed crow/Hokkaido/B080/2024 (H5N1) [2024-01-22]
Alcartion crow/Hokkaido/B079/2024 (HSN1) [2024-01-18]
Aflarge-billed crow/Hokkaido/B076/2024 (H5N1) [2024-01-12]
Aflarge-billed crow/Hokkaido/B078/2024 (H5N1) [2024-01-17]
A/duck/Tottori/TG164/2023 (H5N1) [2023-12-02]
A/duck/Tottori/NK40/2023 (H5N1) [2023-11-09]
g Aflarge-billed crow/Hokkaido/B067/2023 (H5N1) [2023-11-23]
Al/peregrine falcon/Kumamoto/4301C001/2024 (H5N5) [2024-01-16]
Aflarge-billed crow/Hokkaido/B068/2023 (H5N1) [2023-11-24]
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® Aflarge-billed crow/Hokkaido/0112F066C/2023 (H5NS5) [2023-12-19]
(D) ® Allarge-billed crow/Hokkaido/B157/2024 (H5NS5) [2024-04-30]
@ Aflarge-billed crow/Hokkaido/B104/2024 (H5N5) [2024-02-20]
64 ® Allarge-billed crow/Hokkaido/B120/2024 (H5NS5) [2024-03-16]
® Aflarge-billed crow/Hokkaido/0112F066T/2023 (H5NS) [2023-12-19]
® Aflarge-billed crow/Hokkaido/B074/2024 (H5NS) [2024-01-09]
® A/crow/Hokkaido/B075/2024 (H5N5) [2024-01-11]
® Aflarge-billed crow/Hokkaido/B073/2024 (HSNS) [2024-01-08]
[A/common eider/Iceland/2023A108561/2023 (H5NS) [2023-09-25]
Alwhite tailed eagle/Norway/2024-07-14 (H5N5) [2024-01-16]
A/European herring gull/Norway/2023-07-3048-1 (HSNS5) [2023-10-17]
A/herring gull/England/123277/2023 (H5N5) [2023-09-25]
A/common buzzard/England/264162/2023 (H5N5) [2023-11-03]
7 o Algreat black-backed gull/Scotland/123498/2023 (H5N5) [2023-09-25]
A/herring gull/England’404384/2023 (H5N5) [2023-10-10]
A/herring gull/England’404234/2023 (H5N5) [2023-10-06]
5 A/common gull/England/129428/2023 (H5N5) [2023-10-27]
Afgannet/Scotland/124903/2023 (H5N5) [2023-10-09]
A/European herring gull/Norway/2022-07-1141-1T/2022 (H5N5) [2022-06-15]
I~ A/great black-backed gull/Norway/2022-07-3018-2 (H5N5) [2022-10-03]
Alsea eagle/Norway/2022-07-196 22VIR3866-1/2022 (H5N5) [2022-03-25]
= Afsea eagle/Norway/2022-07-198 22VIR3866-2/2022 (HSN5) [2022-03-24]
qA/glaucous gull/Norway/2022-07-1148/2022 (H5N5) [2022-06-13]
Algreat black-backed gull/Norway/2022-07-1141-4T/2022 (H5N5) [2022-06-15]
A/American Crow/PEI/FAV-0035-6/2023 (HSN5) [2023-01-09]
A/Great Black-Backed Gull/NS/FAV-0264-15/2023 (H5N5) [2023-04-30]
A/Herting Gull/NS/FAV-0231-1/2023 (HSNS) [2023-06-02]
A/Northern Fulmar/NS/FAV-0406-2/2023 (H5N5) [2023-05-15]
A/Northern goshawk/Norway/2023-07-184-1 (H5N5) [2023-03-13]
A/Northern Fulmar/NS/FAV-0264-8/2023 (H5N5) [2023-03-21]
A/American Crow/PEIFAV-0068-9/2023 (H5NS) [2023-01-31]
AfHerring Gull/NS/FAV-0406-4/2023 (H5N5S) [2023-05-16]
A/Northemn Fulmar/NS/FAV-0264-3/2023 (H5N5) [2023-02-16]
A/Red Fox/NS/FAV-0241-1/2023 (H5N5) [2023-05-23]
A/Northern Fulmar/NS/FAV-0264-6/2023 (H5N5) [2023-03-02]
~ A/white-tailed eagle/Norway/2022-07-100 (H5N5) [2022-02-25]
Alwaterfowl/Russia/1526-4/2021 (H5N5)
A/shelduck/Kalmykia/l1814-1/2021 (H5NS)
Al/white-tailed eagle/Sweden/SVA210527SZ0358/KN002111/C-2021 (H5NS5)
Algull/Dagestan/397-2/2021 (H5N5)
Alswan/Rostov/2299-2/2020 (H5NS)
A/European herring gull/Bulgaria/222 21 VIR4270-1/2021 (H5N5)
96~ Afwhooper swan/Romania/10123 21VIR849-1/2021 (H5NS5)
Alenvironment/Kagoshima/KU-G8/2021 (H4N2)
A/pochard/Buryatia/33/2018 (H4N6)
A/chicken/Sweden/SVA210201SZ0080/FB000693-1P4/2021 (H5N5)
Alenvironment/Kamchatka/18/2016 (H5N5)
Afswan/Germany-SN/R10645/2016 (H5NS5)
Afchicken/Croatia/104/2017 (H5N5)
Algadwall/Ttaly/17VIR133-2/2017 (H5N5)
74~ A/mute swan/Slovakia/Pah6 21VIR1086-2/2021 (H5N5)
A/mute swan/Romania/11981-1 21 VIR3163-5/2021 (H5N5)
A/Ezo red fox/Hokkaido/1/2022 (H5N1)
A/Ezo red fox/Hokkaido/2/2023 (H5N1)
Alchicken/Hokkaido/HU-E001/2022 (H5N1)
Aflarge-billed crow/Hokkaido/B003/2022 (H5N2)
Alcarrion crow/Hokkaido/B081/2024 (H5N1) [2024-01-26]
Allarge-billed crow/Hokkai do/B080/2024 (H5N1) 2024-01-22
Allarge-billed crow/Hokkaido/B068/2023 (H5N1) [2023-11-24]
Aflarge-billed crow/Hokkaido/B067/2023 (H5N1) [2023-11-23]
A/duck/Tottori/NK40/2023 (H5N1) [2023-11-09]
A/duck/Tottori/TG164/2023 (H5N1) [2023-12-02]
Afperegrine fal con/Kumamoto/4301C001/2024 (H5N5) [2024-01-16]
Aflarge-billed crow/Hokkaido/B076/2024 (H5N1) [2024-01-12]
og| A/large-billed crow/Hokkaido/B078/2024 (H5N1) [2024-01-17]
75 Afcarrion crow/Hokkaido/B079/2024 (H5N1) [2024-01-18]
Afchicken/Hokkaido/HU-B102/2023 (H5N1)
ml er/Chany Lake/62/2019 (E[1N1)
99~ A/mallard/Novosibirsk region/1894k/2019 (H4N6)
A/Eurasian wigeon/Hokkaido/Q71/2022 (H5SN1)
A/quail/Korea/H526/2021 (H5N1)
A/mute swan/Poland/P071/2020 (H9N2)
A/tufted duck/Poland/MB061/2021 (H5N5)
Alteal/Chany/324/2017 (H12N5 )
Alturkey/Germany-SH/AR420-1.03292/2017 (H5NS5)
A/common teal/Sakhalin/66¢/2020 (H3N8&)
64 Afwhooper swan/Sanmenxia/G28/2020 (H5N8)
Afchicken/Astrakhan/321-01/2020 (H5N8)
A/goose/Omsk/0111/2020 (H5N8)
A/peregrine falcon/Denmark/13776-1/2020-10-30(H5N5) (H5SN5)
A/goose/Russian Federation/Omsk/1680-6/2020 (H5N5)
Afbarnacle goose/Sweden/SVA201201SZ0353/KN003624/2020 (H5N5)
A/Gallus gallus/Belgium/12168 002/2020 (H5NS)
Alchicken/Sweden/SVA210226SZ0168/KN048380-1P9/2021 (H5NS)
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Afcommon gull/England/129428/2023 (H5N5) [2023-10-27]
Algannet/Scotland/124903/2023 (HSNS) [2023-10-09]
Alherring gull/England/404234/2023 (H5N5) [2023-10-06]
Avherring gull/England/404384/2023 (H5NS5) [2023-10-10]
Algreat black-backed gull/Scotland/123498/2023 (H5NS5) [2023-09-25]
Aferring gull/England/123277/2023 (H5NS) [2023-09-25]
A/European herring gull/Norway/2023-07-3048-1 (H5N5) [2023-10-17]
A/common buzzard/England/264162/2023 (H5N5) [2023-11-03]
® Aflarge-billed crow/Hokkaido/B073/2024 (H5N5) [2024-01-08]
® A/crow/Hokkaido/B075/2024 (H5NS5) [2024-01-11]
® A/large-billed crow/Hokkaido/B074/2024 (H5N5) [2024-01-09]
® Aflarge-billed crow/Hokkaido/B104/2024 (H5N5) [2024-02-20]
&1 @ Afarge-billed crow/Hokkaido/0112F066T/2023 (H5NS5) [2023-12-19]
@ Aflarge-billed crow/Hokkaido/0112F066C/2023 (H5NS5) [2023-12-19]
® Aflarge-billed crow/Hokkaido/B120/2024 (H5N5) [2024-03-16]
® Aflarge-billed crow/Hokkaido/B157/2024 (HSN5) [2024-04-30]
LA/common eider/Iceland/2023A108561/2023 (H5NS5) [2023-09-25]
4~ A/white tailed eagle/Norway/2024-07-14 (H5NS5) [2024-01-16]
A/European herring gull/Norway/2022-07-1141-1T/2022 (H5N5) [2022-06-15]
.LA/American Crow/PEI/FAV-0035-6/2023 (H5N5) [2023-01-09]
6P A/Great Black-Backed Gull/NS/FAV-0264-15/2023 (H5N5) [2023-04-30]
sq.—A/Northem Fulmar/NS/FAV-0264-8/2023 (H5N5) [2023-03-21]
A/American Crow/PEI/FAV-0068-9/2023 (HSN5) [2023-01-31]
56— Alsea eagle/Norway/2022-07-196 22VIR3866-1/2022 (H5N5) [2022-03-25]
i Alglaucous gull/Norway/2022-07-1148/2022 (HSN5) [2022-06-13]
Algreat black-backed gull/Norway/2022-07-1141-4T/2022 (H5N5) [2022-06-15]
A/Northern goshawk/Norway/2023-07-184-1 (H5N5) [2023-03-13]
|~ Afsea eagle/Norway/2022-07-198 22VIR3866-2/2022 (HSNS5) [2022-03-24]
|~ A/great black-backed gull/Norway/2022-07-3018-2 (H5NS5) [2022-10-03]
[ A/Herring Gull/NS/FAV-0406-4/2023 (HSNS) [2023-05-16]
A/Red Fox/NS/FAV-0241-1/2023 (H5N5) [2023-05-23]
A/Northern Fulmar/NS/FAV-0264-6/2023 (H5N5) [2023-03-02]
A/Northern Fulmar/NS/FAV-0264-3/2023 (H5N5) [2023-02-16]
A/Herring Gull/NS/FAV-0231-1/2023 (H5N5) [2023-06-02]
A/Northern Fulmar/NS/FAV-0406-2/2023 (H5NS) [2023-05-15]
Al/white-tailed eagle/Norway/2022-07-100 (H5NS) [2022-02-25]
A/waterfowl/Russia/1526-4/2021 (H5NS5)
99~ A/shelduck/Kalmykia/1814-1/2021 (H5N5)
Al/white-tailed eagle/Sweden/SVA210527SZ0358/KN002111/C-2021 (H5NS5)
A/gull/Dagestan/397-2/2021 (H5N5)
A/swan/Rostov/2299-2/2020 (HSN5) [2020-12-29]
A/European herring gull/Bulgaria/222 21VIR4270-1/2021 (H5NS5)
57" Afwhooper swan/Romania/10123 21VIR849-1/2021 (H5N5)
A/mute swan/Poland/P071/2020 (HIN2)
Alteal/Chany/324/2017 (H12N5)
A/chicken/Hokkaido/HU-B102/2023 (H5N1)
A/mallard/Novosibirsk region/1894k/2019 (H4NG6)
A/pochard/Buryatia/33/2018 (H4N6)
A/goose/Russian Federation/Omsk/1680-6/2020 (H5NS5)
Altufted duck/Poland/MB061/2021 (H5N5)
A/Whooper swan/Sanmenxia/G28/2020 (H5N8)
91~ A/chicken/Astrakhan/321-01/2020 (H5N8)
A/chicken/Hokkaido/HU-E001/2022 (H5N1)
Aflarge-billed crow/Hokkaido/B003/2022 (H5N2)
A/goose/Omsk/0111/2020 (H5N8)
Afperegrine falcon/Denmark/13776-1/2020-10-30 (H5N5)
A/barnacle goose/Sweden/SVA2012015Z0353/KN003624/2020 (H5NS)
A/Gallus gallus/Belgium/12168 002/2020 (H5NS5)
A/Chicken/Sweden/SVA210201SZ0080/FB000693-1P4/2021 (H5NS5)
Al chicks d 'VA210226SZ0168/KN048380-1P9/2021 (H5NS5)
A/Eurasian wigeon/Hokkaido/Q71/2022 (H5N1)
Alquail/Korea/H526/2021 (H5N1)
Afshoveler/Chany Lake/62/2019 (HIN1)
A/mute swan/Slovakia/Pah6 21VIR1086-2/2021 (H5N5)
A/mute swan/Romania/11981-1 21 VIR3163-5/2021 (H5N5)
A/Ezo red fox/Hokkaido/1/2022 (H5N1)
Alcarrion crow/Hokkaido/B081/2024 (H5N1) [2024-01-26]
Allarge-billed crow/Hokkai do/B080/2024 (H5N1) [2024-01-22]
Alcarrion crow/Hokkaido/B079/2024 (H5N1) [2024-01-18]
Aflarge-billed crow/Hokkaido/B076/2024 (H5N1) [2024-01-12]
Aflarge-billed crow/Hokkaido/B078/2024 (H5N1) [2024-01-17]
Alperegrine falcon/Kumam oto/4301C001/2024 (H5N5) [2024-01-16]
A/duck/Tottori/TG164/2023 (H5SN1) 2023-12-02
73] A/duck/Tottori/NK40/2023 (H5N1) 2023-11-09
624 Aflarge-billed crow/Hokkaido/B068/2023 (H5N1) [2023-11-24]
88 Aflarge-billed crow/Hokkaido/B067/2023 (H5N1) [2023-11-23]
A/common teal/Sakhalin/66¢/2020 (H3N8)
A/Ezo red fox/Hokkaido/2/2023 (H5N1)
Alenvironment/Kagoshima/KU-G8/2021 (H4N2)
Alenvironment/Kamchatka/18/2016 (H5NS5)
A/chicken/Croatia/104/2017 (H5NS)
A/gadwall/Ttaly/17VIR133-2/2017 (H5NS5)
99" A/swan/Germany-SN/R10645/2016 (H5SNS)
Afturkey/Germany-SH/AR420-103292/2017 (H5N5S)

o
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(F) ® Allarge-billed crow/Hokkaido/B120/2024 (H5NS5) [2024-03-16]
® Aflarge-billed crow/Hokkaido/B104/2024 (HSNS5) [2024-02-20]
® Aflarge-billed crow/Hokkaido/B157/2024 (H5N5) [2024-04-30]
® Aflarge-billed crow/Hokkaido/0112F066C/2023 (H5N5) [2023-12-19]
® Aflarge-billed crow/Hokkaido/0112F066T/2023 (HSNS5) [2023-12-19]
® Aflarge-billed crow/Hokkaido/B074/2024 (H5N5) [2024-01-09]
® A/crow/Hokkaido/B075/2024 (H5NS) [2024-01-11]
® Aflarge-billed crow/Hokkaido/B073/2024 (H5N5) [2024-01-08]
Algannet/Scotland/124903/2023 (H5NS) [2023-10-09]
A/common buzzard/England/264162/2023 (H5N5) [2023-11-03]
A/common gull/England/129428/2023 (H5N5) [2023-10-27]
Afsea eagle/Norway/2022-07-198 22VIR3866-2/2022 (H5N5) [2022-03-24]
Algreat black-backed gull/Norway/2022-07-3018-2 (H5N5) [2022-10-03]
Algreat black-backed gull/Scotland/123498/2023 (H5NS5) [2023-09-25]
A/common eider/Iceland/2023 AT108561/2023 (H5NS5) [2023-09-25]
A/herring gull/England/404384/2023 (H5NS5) [2023-10-10]
[ A/white-tailed eagle/Norway/2022-07-100 (H5N5) [2022-02-25]
A/European herring gull/Norway/2023-07-3048-1 (H5NS5) [2023-10-17]
Alsea eagle/Norway/2022-07-196 22VIR3866-1/2022 (H5NS) [2022-03-25]
A/erring gull/England/404234/2023 (H5N5) [2023-10-06]
A/herring gull/England/123277/2023 (H5NS5) [2023-09-25]
[ A/European herring gull/Norway/2022-07-1141-1T/2022 (H5NS5) [2022-06-15]
~ A/white tailed eagle/Norway/2024-07-14 (H5N5) [2024-01-16]
[~ A/American Crow/PEVFAV-0035-6/2023 (H5N5) [2023-01-09]
Alglaucous gull/Norway/2022-07-1148/2022 (H5N5) [2022-06-13]
[ A/great black-backed gull/Norway/2022-07-1141-4T/2022 (H5NS5) [2022-06-15]
[ A/Great Black-Backed Gull/NS/FAV-0264-15/2023 (H5NS5) [2023-04-30]
A/Herring Gull/NS/FAV-0406-4/2023 (H5NS) [2023-05-16]
A/Northern Fulmar/NS/FAV-0264-6/2023 (H5SN5) 2023-03-02]
A/Northern Fulmar/NS/FAV-0264-8/2023 (HSNS5) [2023-03-21]
A/American Crow/PEI/FAV-0068-9/2023 (H5N5) [2023-01-31]
A/Northern Fulmar/NS/FAV-0264-3/2023 (H5N5) [2023-02-16]
AfHerring Gull/NS/FAV-0231-1/2023 (H5N5) [2023-06-02]
A/northern goshawk/Norway/2023-07-184-1 (H5N5) [2023-03-13]
A/Red Fox/NS/FAV-0241-1/2023 (H5NS) [2023-05-23]
A/Northern Fulmar/NS/FAV-0406-2/2023 (H5N5) [2023-05-15]
Alwaterfowl/Russia/1526-4/2021 (H5NS)
Af/shelduck/Kalmykia/1814-1/2021 (H5NS5)
|~ A/white-tailed eagle/Sweden/SV.A210527SZ0358/KN002111/C-2021 (H5NS)
[ A/European herring gull/Bulgaria/222 21VIR4270-1/2021 (H5NS)
[~ A/whooper swan/Romania/10123 21VIR849-1/2021 (HSN5)
[ A/gull/Dagestan/397-2/2021 (H5N5)
— A/swan/Rostov/2299-2/2020 (H5N5) [2020-12-29]
A/mute swan/Poland/P071/2020 (HIN2)

A/chicken/Sweden/SVA210226SZ0168/KN048380-1P9/2021 (H5NS5)
71 Alenvironment/Kagoshima/KU-G8/2021 (H4N2)
Alteal/Chany/324/2017 (H12N5)

A/Eurasian wigeon/Hokkaido/Q71/2022 (H5N1)
A/quail/Korea/H526/2021 (H5N1)
A/mallard/Novosibirsk region/1894k/2019 (H4N6)

Alpochard/Buryatia/33/2018 (H4N6)
A/mute swan/Slovakia/Pah6 21 VIR1086-2/2021 (H5NS5)
A/mute swan/Romania/11981-1 21VIR3163-5/2021 (H5NS)
A/Ezo red fox/Hokkaido/1/2022 (H5N1)
Allarge-billed crow/Hokkaido/B003/2022 (H5N2)

A/chicken/Hokkaido/HU-E001/2022 (H5N1)
Alcarrion crow/Hokkaido/B081/2024 (H5N1) [2024-01-26]
Allarge-billed crow/Hokkai do/B080/2024 (H5N1) [2024-01-22]
Alcarrion crow/Hokkaido/B079/2024 (H5N1) [2024-01-18]
Allarge-billed crow/Hokkaido/B076/2024 (H5N1) [2024-01-12]
Allarge-billed crow/Hokkai do/B078/2024 (H5N1) [2024-01-17]
Alperegtine falcon/Kumamoto/4301C001/2024 (H5N5) [2024-01-16]
Afduck/Tottori/NK40/2023 (H5N1) [2023-11-09]
A/duck/Tottori/TG164/2023 (H5N1) [2023-12-02]
Alflarge-billed crow/Hokkaido/B068/2023 (H5N1) [2023-11-24]
Alflarge-billed crow/Hokkaido/B067/2023 (H5N1) [2023-11-23]
—_ A/shoveler/Chany Lake/62/2019 (HIN1)
9 Al/goose/Russian Federation/Omsk/1680-6/2020 (H5N5)
A/barnacle goose/Sweden/SVA201201S5Z0353/KN003624/2020 (H5N5)
99| A/Gallus gallus/Belgium/12168 002/2020 (H5NS5)
5 Alchicken/Astrakhan/321-01/2020 (H5N8)
A/whooper swan/Sanmenxia/G28/2020 (H5N8)
A/goose/Omsk/0111/2020 (HI5N8)
Alturkey/Germany-SH/AR420-1.03292/2017 (H5N5)
Altufted duck/Poland/MB061/2021 (H5NS5)
A/chicken/Sweden/SVA210201SZ0080/FB000693-1P4/2021 (H5NS5)
Afchicken/Hokkaido/HU-B102/2023 (H5N1)
Afperegrine falcon/Denmark/13776-1/2020-10-30 (H5NS)
Alenvironment/Kamchatka/18/2016 (H5SNS5)
A/swan/Germany-SN/R10645/2016 (H5N5)
A/chicken/Croatia/104/2017 (H5NS5)
Afgadwall/Ttaly/17 VIR133-2/2017 (H5NS5)
A/common teal/Sakhalin/66¢/2020 (H3N8)

Figure 5 (cont). Phylogenetic analysis of HSNS and HSN1 HPAIVs isolated in Japan
in winter 2023-2024
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(G) Afcommon buzzard/England/264162/2023 (H5N5) [2023-11-03]
Al/gannet/Scotland/124903/2023 (H5N5) [2023-10-09]

A/herring gull/England/123277/2023 (H5N5) [2023-09-25]

62 A/common gull/England/129428/2023 (H5NS5) [2023-10-27]

A/herring gull/England/404234/2023 (H5NS5) [2023-10-06]

Afherring gull/England/404384/2023 (HSN5) [2023-10-10]

A/European herring gull/Norway/2023-07-3048-1 (HSNS5) [2023-10-17]

Algreat black-backed gull/Scotland/123498/2023 (H5NS5) [2023-09-25]

® Allarge-billed crow/Hokkaido/0112F066T/2023 (H5NS) [2023-12-19]

® Aflarge-billed crow/Hokkaido/0112F066C/2023 (H5N5) [2023-12-19]

® Aflarge-billed crow/Hokkaido/B073/2024 (HSNS5) [2024-01-08]

® A/crow/Hokkai do/B075/2024 (H5N5) [2024-01-11]

|| ®Aflarge-billed crow/Hokkaido/B074/2024 (H5N5) [2024-01-09]

Aflarge-billed crow/Hokkaido/B120/2024 (H5N5) [2024-03-16]

[~ ®A/large-billed crow/Hokkaido/B157/2024 (H5N5) [2024-04-30]

® Aflarge-billed crow/Hokkaido/B104/2024 (HSNS5) [2024-02-20]
Alwhite tailed eagle/Norway/2024-07-14 (H5NS5) [2024-01-16]
|~ A/European herring gull/Norway/2022-07-1141-1T/2022 (H5N5) [2022-06-15]
— A/common eider/Iceland/2023 A108561/2023 (H5N5) [2023-09-25]
A/Red Fox/NS/FAV-0241-1/2023 (H5N5) [2023-05-23]

A/Northern Fulmar/NS/FAV-0264-6/2023 (H5NS) [2023-03-02]

A/American Crow/PEI/FAV-0035-6/2023 (H5NS5) [2023-01-09]

A/Great Black-Backed Gull/NS/FAV-0264-15/2023 (H5N5) [2023-04-30]
54 | A/Herring Gul/NS/FAV-0231-1/2023 (HSNS) [2023-06-02]

—— A/northern goshawk/Norway/2023-07-184-1 (H5SN5) [2023-03-13]

|~ A/American Crow/PEI/FAV-0068-9/2023 (H5N5) [2023-01-31]
AfHerring Gull/NS/FAV-0406-4/2023 (H5N5) [2023-05-16]
A/Northern Fulmar/NS/FAV-0406-2/2023 (H5N5) [2023-05-15]
A/Northern Fulmar/NS/FAV-0264-8/2023 (H5N5) [2023-03-21]
A/Northern Fulmar/NS/FAV-0264-3/2023 (H5N5) [2023-02-16]

Algreat black-backed gull/Norway/2022-07-3018-2 (H5NS5) [2022-10-03]
[ Afsea eagle/Norway/2022-07-196 22 VIR3866-1/2022 (H5N5) [2022-03-25]
[ A/waterfowl/Russia/1526-4/2021 (H5N5)
[~ A/white-tailed eagle/Norway/2022-07-100 (H5N5) [2022-02-25]
51 | A/shelduck/Kalmykia/1814-1/2021 (H5NS)
Alglaucous gull/Norway/2022-07-1148/2022 (H5N5) [2022-06-13]

87 Algreat black-backed gull/Norway/2022-07-1141-4T/2022 (H5N5) [2022-06-15]
— A/sea eagle/Norway/2022-07-198 22VIR3866-2/2022 (H5N5) [2022-03-24]
[ A/swan/Rostov/2299-2/2020 (H5N5) [2020-12-29]

{A/European herring gull/Bulgaria/222 21VIR4270-1/2021 (H5N5)

Afwhooper swan/Romania/10123 21VIR849-1/2021 (H5NS5)

[~ A/gull/Dagestan/397-2/2021 (H5N5)

[ A/white-tailed eagle/Sweden/SVA210527SZ0358/KN002111/C-2021 (H5NS5)

Afwhooper swan/Sanmenxia/G28/2020 (HSN8)

A/chicken/Astrakhan/321-01/2020 (H5N8)

Algoose/Omsk/0111/2020 (H5N8)

A/goose/Russian Federation/Omsk/1680-6/2020 (H5N5)

[ Afchicken/Sweden/SVA210226SZ0168/KN048380-1P9/2021 (H5N5)

A/barnacle goose/Sweden/SVA2012015Z0353/KN003624/2020 (H5N5)

[ A/chicken/Sweden/SVA210201SZ0080/FB000693-TP4/2021 (H5NS5) [2022-01-21]

Altufted duck/Poland/MB061/2021 (H5NS5)

A/mute swan/Slovakia/Pah6 21 VIR1086-2/2021 (H5NS5)

A/mute swan/Romania/11981-1 21VIR3163-5/2021 (H5N5)

Afchicken/Hokkaido/HU-B102/2023 (H5N1)

A/chicken/Hokkaido/HU-E001/2022 (H5N1)

A/Ezo red fox/Hokkaido/2/2023 (H5N1)

A/Ezo red fox/Hokkaido/1/2022 (H5N1)

Allarge-billed crow/Hokkai do/B003/2022 (H5N2)

Alcarrion crow/Hokkaido/B081/2024 (H5N1) [2024-01-26]

Allarge-billed crow/Hokkai do/B080/2024 (H5N1) [2024-01-22]

Alduck/Tottori/TG164/2023 (H5N1) [2023-12-02]

Afcarrion crow/Hokkaido/B079/2024 (H5N1) [2024-01-18]

Aflarge-billed crow/Hokkaido/B076/2024 (H5N1) [2024-01-12]

Aflarge-billed crow/Hokkaido/B078/2024 (H5N1) [2024-01-17]

Alperegrine falcon/Kumamoto/4301C001/2024 (H5N5) [2024-01-16]

Aflarge-billed crow/Hokkaido/B068/2023 (H5N1) [2023-11-24]

s A/duck/Tottori/NK40/2023 (H5N1) [2023-11-09]
Aflarge-billed crow/Hokkaido/B067/2023 (H5N1) [2023-11-23]

[ A/peregrine falcon/Denmark/13776-1/2020-10-30 (H5N5)

[ A/Gallus gallus/Belgium/12168 002/2020 (H5NS)

j A/Eurasian wigeon/Hokkaido/Q71/2022 (H5N1)
6 A/quail/Korea/H526/2021 (H5N1)

Alenvironment/Kamchatka/18/2016 (H5SN5)
[ A/chicken/Croatia/104/2017 (H5NS5)
Algadwall/Italy/17VIR133-2/2017 (H5N5)
Alturkey/Germany-SH/AR420-1.03292/2017 (H5N5)
— A/swan/Germany-SN/R10645/2016 (H5N5)
[ Alenvironment/Kagoshima/KU-G8/2021 (H4N2)
A/common teal/Sakhalin/66¢/2020 (H3Ng)
Alteal/Chany/324/2017 (H12N5)
Afshoveler/Chany Lake/62/2019 (H1N1)

A/mute swan/Poland/P071/2020 (H9N2)

A/mallard/Novosibirsk region/1894k/2019 (H4N6)

A/pochard/Buryatia/33/2018 (H4NG6)
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Figure 5 (cont). Phylogenetic analysis of HSNS and HSN1 HPAIVs isolated in Japan
in winter 2023-2024
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(H) A/Northern Fulmar/NS/FAV-0264-8/2023 (H5N5) [2023-03-21]
A/Northern Fulmar/NS/FAV-0264-3/2023 (H5N5) [2023-02-16]
A/American Crow/PEI/FAV-0035-6/2023 (H5N5) [2023-01-09]
A/Red Fox/NS/FAV-0241-1/2023 (H5N5) [2023-05-23]
A/Northern Fulmar/NS/FAV-0264-6/2023 (H5N5) [2023-03-02]
Alglaucous gull/Norway/2022-07-1148/2022 (H5N5) [2022-06-13]
Algreat black-backed gull/Norway/2022-07-1141-4T/2022 (H5NS5) [2022-06-15]
[ A/Herring Gull/NS/FAV-0231-1/2023 (HSNS) [2023-06-02]
6§ A/Northern Fulmar/NS/FAV-0406-2/2023 (H5N5) [2023-05-15]
[ A/Herring Gull/NS/FAV-0406-4/2023 (H5NS5) [2023-05-16]
[ A/Great Black-Backed Gull/NS/FAV-0264-15/2023 (H5N5) [2023-04-30]
A/American Crow/PEI/FAV-0068-9/2023 (H5N5) [2023-01-31]
A/northern goshawk/Norway/2023-07-184-1 (H5NS5) [2023-03-13]
Algreat black-backed gull/Norway/2022-07-3018-2 (H5NS5) [2022-10-03]
Afsea eagle/Norway/2022-07-196 22 VIR3866-1/2022 (H5N5) [2022-03-25]
Af/white-tailed eagle/Norway/2022-07-100 (H5N5) [2022-02-25]
A/European herring gull/Norway/2022-07-1141-1T/2022 (H5N5) [2022-06-15]
Afwaterfowl/Russia/1526-4/2021 (H5NS5)
A/shelduck/Kalmykia/1814-1/2021 (H5NS)
® Allarge-billed crow/Hokkaido/B104/2024 (HSN5) [2024-02-20]
® Aflarge-billed crow/Hokkaido/B157/2024 (H5N5) [2024-04-30]
® Aflarge-billed crow/Hokkaido/B120/2024 (H5N5) [2024-03-16]
® A/large-billed crow/Hokkaido/B074/2024 (H5N5) [2024-01-09]
® A/crow/Hokkaido/B075/2024 (H5NS) [2024-01-11]
® Aflarge-billed crow/Hokkaido/B073/2024 (H5N5) [2024-01-08]
@ Aflarge-billed crow/Hokkaido/0112F066T/2023 (HSN5) [2023-12-19]
® Aflarge-billed crow/Hokkaido/0112F066C/2023 (H5NS) [2023-12-19]
A/common eider/Iceland/2023A108561/2023 (H5NS) [2023-09-25]
Algreat black-backed gull/Scotland/123498/2023 (H5NS5) [2023-09-25]
A/European herring gull/Norway/2023-07-3048-1 (H5N5) [2023-10-17]
Alwhite tailed eagle/Norway/2024-07-14 (H5NS5) [2024-01-16]
Aherring gull/England/404384/2023 (H5N5) [2023-10-10]
Aherring gull/England/404234/2023 (H5N5) [2023-10-06]
A/common gull/England/129428/2023 (H5N5) [2023-10-27]
Aherring gull/England/123277/2023 (H5NS5) [2023-09-25]
A/common buzzard/England/264162/2023 (H5N5) [2023-11-03]
Afgannet/Scotland/124903/2023 (H5NS) [2023-10-09]
Alsea eagle/Norway/2022-07-198 22VIR3866-2/2022 (H5N5) [2022-03-24]
[ A/swan/Rostov/2299-2/2020 (H5NS) [2020-12-29]
[AfEuropean herring gull/Bulgaria/222 21 VIR4270-1/2021 (H5NS5)
7|~ A/whooper swan/Romania/10123 21VIR849-1/2021 (H5N5)
[ A/gull/Dagestan/397-2/2021 (H5NS5)
- Afwhite-tailed eagle/Sweden/SVA210527SZ0358/KN002111/C-2021 (HSNS5)
A/mute swan/Poland/P071/2020 (HON2)
Alchicken/Croatia/104/2017 (H5N5)
Afswan/Germany-SN/R10645/2016 (H5N5)
8F Argadwall/Italy/17 VIR133-2/2017 (H5N5)
Alenvironment/Kamchatka/18/2016 (H5N5)
Alturkey/Germany-SH/AR420-1.03292/2017 (H5N5)
Al/tufted duck/Poland/MB061/2021 (H5NS5)
A/goose/Russian Federation/Omsk/1680-6/2020 (H5NS5)
A/chicken/Astrakhan/321-01/2020 (H5N8)
A/goose/Omsk/0111/2020 (H5SN8)
A/whooper swan/Sanmenxia/G28/2020 (H5N8)
A/chicken/Sweden/SVA2102265Z0168/KN048380-1P9/2021 (HSNS5)
Alperegrine falcon/Denmark/13776-1/2020-10-30 (H5SNS5)
A/bamacle goose/Sweden/SVA201201SZ0353/KN003624/2020 (H5N5)
Alchicken/Sweden/SVA210201SZ0080/FB000693-1P4/2021 (H5NS5)
A/Gallus gallus/Belgium/12168 002/2020 (HSNS)
A/chicken/Hokkaido/HU-B102/2023 (H5N1)
64 A/mute swan/Slovakia/Pahé 21 VIR1086-2/2021 (H5NS5)
A/mute swan/Romania/11981-1 21VIR3163-5/2021 (H5N5)
A/Ezo red fox/Hokkaido/2/2023 (H5N1)
Alchicken/Hokkaido/HU-E001/2022 (H5N1)
5 97| | A/Ezo red fox/Hokkaido/1/2022 (H5N1)
Allarge-billed crow/Hokkaido/B003/2022 (H5N2)
6| | A/carrion crow/Hokkaido/B079/2024 (H5N1) [2024-01-18]
Aflarge-billed crow/Hokkaido/B076/2024 (H5N1) [2024-01-12]
Allarge-billed crow/Hokkaido/B078/2024 (H5N1) [2024-01-17]
Afperegrine falcon/Kumamoto/4301C001/2024 (HSNS) [2024-01-16]
Alcarrion crow/Hokkaido/B081/2024 (H5N1) [2024-01-26]
Allarge-billed crow/Hokkaido/B080/2024 (H5N1) [2024-01-22]
Afduck/Tottori/TG164/2023 (H5N1) [2023-12-02]
A/duck/Tottori/NK40/2023 (H5N1) [2023-11-09]
Aflarge-billed crow/Hokkaido/B068/2023 (H5N1) [2023-11-24]
Allarge-billed crow/Hokkaido/B067/2023 (H5N1) [2023-11-23]
— A/pochard/Buryatia/33/2018 (H4N6)
Alteal/Chany/324/2017 (H12N5)
A/Eurasian wigeon/Hokkaido/Q71/2022 (H5N1)
98~ A/quail/Korea/H526/2021 (H5N1)
Alenvironment/Kagoshima/KU-G8/2021 (H4N2)
[~ A/mallard/Novosibirsk region/1894k/2019 (H4N6)
Al/shoveler/Chany Lake/62/2019 (HIN1)
Afcommon teal/Sakhalin/66¢/2020 (H3N8)
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Figure 5 (cont). Phylogenetic analysis of HSNS and HSN1 HPAIVs isolated in Japan
in winter 2023-2024
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Table 10. BLAST search results of HSNS HPAIVs isolated in Japan in winter 2023—
2024 in study of cocirculation of genetically distinct HSNS and H5N1 HPAIVs in
crows, Hokkaido, Japan!

Virus name  Gene Most homologous strain Hom;ol OBy ACCESSIOH
Allarge-billed PB2 A/Common eider/Iceland/ 99.7 EPI12791002
crow/ 2023A108561/2023 (H5NS)

Hokkaido/B073/ PBI1 A/Common eider/Iceland/ 99.8 EPI2791003
2024 (H5N5)? 2023A108561/2023 (HSNS)
PA A/Common eider/Iceland/ 99.7 EPI2791001
2023A108561/2023 (HSNS)
HA A/Common gull/ 99.8 EPI2815885
England/129428/2023 (H5NS)
NP A/Herring gull/England/404384/2023 99.9 EPI2815894
(H5NS)
NA A/Herring gull/England/404384/2023 99.5 EPI2815900
(H5NS)
M  A/Herring gull/England/404384/2023 99.9 EPI2815896
(H5NS)
NS A/Herring gull/England/404384/2023 99.9 EPI2815895
(H5NS)
A/peregrine PB2 Allarge-billed crow/ 99.9 EPI12898966
falcon/ Hokkaido/20231207001/2023 (H5N1)
Kumamoto/ PBI Allarge-billed crow/ 99.9 EPI12898967
4301C001/2024 Hokkaido/20231207001/2023 (H5N1)
(H5N5)? PA Allarge-billed crow/ 99.8 EPI2841124
Hokkaido/0111Q100/2023 (H5NT1)
HA Allarge-billed crow/ 99.9 EPI12898969
Hokkaido/20231207001/2023 (H5N1)
NP Allarge-billed crow/ 99.7 EPI2815894
Hokkaido/0112Q104/2023 (H5N1)
NA A/Duck/Hokkaido/W24/2020 (H6NS)  99.1 EPI1896526
M Allarge-billed crow/ 100.0 EPI2815896
Hokkaido/20231207001/2023 (H5N1)
NS Allarge-billed crow/ 99.9 EPI12898973

Hokkaido/20231207001/2023 (H5N1)

!Gene segment sequences of 2 HSN5 HPAIVs were compared with those of other H5 virus sequences by
using BLAST. Accession numbers are from GISAID.

2H5N5 HPALV isolated in Hokkaido Prefecture in winter 2023-2024.
SH5N5 HPALV isolated in Kumamoto Prefecture in winter 2023-2024.
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Antigenic analysis

Cross-HI test was performed to assess the antigenic relationships among
representative HS HPAIVs from different genetic subgroups of clade 2.3.4.4 (Table 11).
The H5NS strain Cr/Hok/B073/24 (G2a subgroup) showed broadly comparable antigenic
reactivity to recent HS viruses. Antisera from subgroups G2b, G2c, and G2d reacted
within a twofold range of HI titers against Cr/Hok/B073/24 (H5N5), indicating a high
degree of antigenic similarity across these subgroups. The lowest reactivity was observed
with the antiserum raised against Ew/Hok/Q71/22 (H5N1; G2b subgroup), although the
reduction remained within the minor twofold variation threshold. Antisera derived from
other clade 2.3.4.4 lineages, including 2.3.4.4c and 2.3.4.4e, also showed no substantial
antigenic titer reductions compared with Cr/Hok/B073/24 (H5NS).
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Table 11. Cross-HI assay of HS HPAIVs in Hokkaido in winter 2023-2024

Hemagglutination inhibition titer?

Virus! Subtype  Clade  Subgroup Ci/Hok/ Ck/Hok/ Ew/Hok/ WTE/Hok/ Hgll‘/gg% Mdk/DRC/  Ck/Ku/  Bs/Aki/

B003/22 E00122 Q7122  R22/22 P KAFI/17 1714 1/16
Cr/Hok/BOT3/24° H5N5  2344b  Ga 640 160 40 640 320 640 320 320
Ct/Hok/B003/22 HSN2  2344b  G2d 640 640 80 320 640 1280 640 160
CK/Hok/E001/22 HSNI  2344b  G2d 320 640 160 320 640 1280 640 80
Ew/Hok/Q71/22 HSNI  2344b  G2b 320 640 320 160 640 1280 320 160
WTE/Hok/R22/22 HSNI  2344b  G2d 640 640 160 320 640 2560 640 80
DK/VN/HUI6-DD3 /23 HSN1  2344b  G2o 640 320 80 640 640 320 320 80
Ck/Hok/B102/23 HSNI  2344b G 640 320 80 320 1280 160 160 40
MdK/DRC/KAFI/17  HSNS  2344b  N/A’ 640 640 80 160 640 1280 640 80
Fox/Hok/1/22 HSNI  2344b  G2d 640 320 160 640 640 640 320 160
Cr/Hok/BO67/23 HSNI  2344b  G2d 160 160 80 320 640 320 80 40
Np/Hok/M13/20 HSNS  2344b Gl 640 640 20 160 640 2560 640 40
Ck/Kum/1-7/14 HSNS  2344c  N/A 320 640 40 20 160 640 640 80
Bs/Akita/1/16 HSN6  2344e  N/A 160 320 20 80 160 320 160 640
Fox/Hok/1/22 HSNI  2344b  G2d 640 320 160 640 640 640 320 160
Cr/Hok/B067/23 HSNI  2344b  Gd 160 160 80 320 640 320 80 40
Np/Hok/M13/20 HSNS  2344b Gl 640 640 20 160 640 2560 640 40

'Each abbreviated name is defined as follows: Cr/Hok/B073/24 (H5N5), A/large-billed crow/Hokkaido/B073/2024 (H5N5); Cr/Hok/B003/22, A/large-billed crow/Hokkaido/B003/2022
(H5N2); Ck/Hok/E001/22, A/chicken/Hokkaido/HU-E001/2022 (H5N1); Ew/Hok/Q71/22, A/Eurasian wigeon/Hokkaido/Q71/2022 (H5N1); WTE/Hok/R22/22, A/white-tailed
eagle/Hokkaido/22-RU-WTE-2/2022 (H5N1); Dk/VN/HU-16-DD3/23, A/duck/Vietnam/HU16-DD3/2023 (H5N1); Ck/Hok/B102/23, A/chicken/Hokkaido/HU-B102/2023 (H5N1);
Mdk/DRC/KAF1/17, A/Muscovy duck/DR  Congo/KAF1/2017 (H5N8); Fox/Hok/1/22, A/Ezo red fox/Hokkaido/1/2022 (H5N1); Cr/Hok/B067/23, A/large-billed
crow/Hokkaido/B067/2023 (H5N1); Np/Hok/M13/20, A/northern pintail/Hokkaido/M13/2020 (H5N1); Ck/Kum/1-7/14, A/chicken/Kumamoto/1-7/2014 (H5NS); Bs/Akita/1/16, A/black
swan/Akita/1/2016 (H5NG6). 2Antiserum against H5 virus isolates was used to test antigenicity of different HSNx HPAIVs. Underline values indicate homologous titers. *H5NS virus isolated
in Hokkaido in winter 2023-2024. “N/A, not applicable.



Discussion

Passive surveillance of HPAIV infections in wild birds was conducted in a public
garden in Sapporo, the prefectural capital of Hokkaido, Japan, where approximately 2,000
crows congregate during winter and are routinely monitored by garden staff. Viruses were
isolated from tracheal and cloacal swab samples collected from dead crows during winter
2023-2024. In contrast, HA genes of 3 H5 HPAIVs isolated from dead crows on January
8-11, 2024, were closely related to the G2a subgroup of HSNS5 HPAIVs found in northern
Europe and North America. Subsequent whole-genome sequencing analysis of the 3 G2a
HPAIVs confirmed their subtype was HSNS; they were named Cr/Hok/B073/24 (H5NS),
A/large-billed crow/Hokkaido/B074/2024 (H5NS), and A/crow/Hokkaido/B075/2024
(H5NS) (Table 9).

Phylogenetic analysis was performed on virus isolates together with reference
sequences obtained from GISAID. The HA genes of HSN5 HPAIVs isolated in Hokkaido
diverged considerably from those of HPAIVs detected in Japan during the winter 2020—
2021 [73], forming a distinct branch within the G2a subgroup (Figure 5A). In addition,
the other gene segments of HSN5 HPAIVs from Hokkaido were genetically distant from
those in HPAIV strains isolated in Japan during winter 2021-2022 (Figures 5B—H).
BLAST analysis of sequences from GISAID revealed that all 8 gene segments of HSNS
HPAIVs from Hokkaido were very close (genetic similarity > 99%) to HSN5 HPAIVs
detected in northern Europe since 2022, in contrast to those from North America (Table
10), suggesting a low possibility of virus transmission from North America. HSNS
HPAIVs from Hokkaido shared a common ancestor with HSN5 HPAIV from Europe
assigned the genotype EA-2021-1 by the European Food Safety Authority [74]. Parent
strains of HSNS HPAIVs from Europe, represented by A/swan/Rostov/2299-2/2020
(H5NS), were proposed to originate in western Russia during autumn 2020. Those viruses
underwent genetic evolution via reassortment events involving HS5N8 HPAIVs
circulating in Europe since 2018 [75], and the N5 NA gene derived from concurrently
circulating LPAIVs [76]. HSNS HPAIVs reported in northern Europe during 2022-2023
exhibited specific genetic differences compared with HSNS5 HPAIVs detected in Europe
during autumn 2020, particularly in the N5 NA gene. Those differences included a 66
base pairs nucleotide deletion within the N5 NA gene, which also observed in the HSNS
HPAIVs from Hokkaido. Truncation of the NA stalk has been attributed to the adaptation
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of those viruses from wild birds to Galliformes spp. birds [77]. However, most HSNS
HPAIV infections in Europe were detected in wild birds, and no cases have been detected
in Galliformes spp. birds since 2022 [78]. Further investigation is needed to clarify
whether NA stalk truncation affects the pathogenesis of HSN5 HPAIVs.

During the winter 2023-2024, H5NS HPAIV infections were confirmed in wild
birds, particularly crows, in Erimo (December 19, 2023; south-central Hokkaido) and
Kushiro (January 18, 2024; eastern Hokkaido). Infection was also detected in a peregrine
falcon (Falco peregrinus) in Tamana, Kumamoto Prefecture, Kyushu Island, on January
16, 2024. The isolate from Tamana, A/peregrine falcon/Kumamoto/4301C001/2024
(H5NS), was classified into the G2d subgroup based on its HA gene sequence, whereas
its NA gene sequence showed similarity to that of LPAIVs isolated in East Asia (Table
10). Although this combination had not been observed in Japan, reassortment events
between the HPAIV H5N1 G2d subgroup and LPAIVs have been documented [72].
H5N5 HPAIVs were detected in Hokkaido in January 2024. A total of 85 crows were
found dead in the Sapporo garden, 80 of which were diagnosed as HPAIV positive by the
end of April. No HPAIVs were detected in birds within the garden after April 2024. The
continuous detection of HSN5 HPAIVs in the Sapporo garden during January—April
without unusual deaths of birds other than crows and multiple isolations of H5NS
HPAIVs in other areas of Hokkaido suggest the potential for widespread dissemination

of HSN5 HPAIVs within the Hokkaido region.

H5N1 G2d HPAIVs persisted in crows residing in the Sapporo garden even after
the introduction of HSN5 G2a viruses, indicating concurrent circulation of genetically
distinct viruses within a single crow population. Indeed, the average nanopore sequencing
coverage for A/large-billed crow/Hokkaido/B080/2024 (H5N1) was 5497.4 reads for the
N1 NA gene (G2d subgroup) and 1943.7 reads for the N5 NA gene (G2a subgroup) (Table
12). This observation suggests single hosts were co-infected with 2 viruses and
reassortment occurred between viruses originating from geographically distant areas.
Antigenic characterization of HSN5 HPAIVs showed that Cr/Hok/B073/24 (H5NS)
exhibited only minor antigenic differences, within a 2—4-fold range in HI titers (Table
11), indicating that HSNS viruses in subgroup G2a remain antigenically conserved and

closely related to other contemporary H5 HPAIVs circulating in Japan, despite genetic
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diversification among subgroups (Table 13). H5N5 HPAIVs with unique gene
constellations were likely introduced into Japan through stepwise bird migration across
northern Eurasia. Cocirculation of two genetically distinct viruses was identified within
a single flock of crows. The occurrence of HSN5 HPAIV infections in waterfowl in Japan
remains poorly understood, and the absence of reports from neighbouring countries on
H5NS HPAIVs originating from Europe has hindered efforts to reconstruct the spread of
this genotype to eastern Asia. Continuous monitoring and timely international
information sharing are essential for understanding the global dynamics of HPAIVs and

preventing their further dissemination.
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Table 12. Results of whole-genome sequencing of the HPAIV A/large-billed
crow/Hokkaido/B080/2024 (H5N1) isolated from a crow in Hokkaido, Japan, in
winter 2024!

Allarge-billed crow/Hokkaido/B080/2024

Se(;frll’:m H5NI H5N5
Coverage, %  Mean coverage Coverage, %  Mean coverage
PB2 100 2761.018 NR? NR
PB1 100 5578.526 NR NR
PA 100 7086.121 NR NR
HA 100 11962.420 NR NR
NP 100 4856.926 NR NR
NA 100 5497.429 100 1943.684
MP 97.8 16003.720 NR NR
NS 99.2 30145.500 NR NR

!Sequencing detected N1 and N5 NA genes in one host, indicating co-infection. 2NR, no reads.
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Table 13. Genetic homology between HPAIVs Cr/Hok/B073/24 (HSNS; G2a
subgroup) and Cr/Hok/B067/23 (H5N1; G2d subgroup)

Gene Homology, %
PB2 91.9

PB1 95.8

PA 94.8

HA 98.2

NP 96.8

NA 55.7

MP 98.7

NS 95.6
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Brief summary

HPAI continues to cause substantial mortality among poultry and wild bird
populations worldwide. In Hokkaido, northern Japan, detections of HS HPAIVs in wild
birds markedly increased during winters 2021-2023, resulting in spillover to resident
birds and poultry. During winter 2023-2024, two genetically distinct HPAIV subtypes,
H5NS and H5NI1, were isolated from crows (Corvus spp.) in Hokkaido. Phylogenetic
analysis of the HA gene classified both isolates within clade 2.3.4.4b, with HSNS viruses
assigned to subgroup G2a and H5N1 viruses to subgroup G2d. The HSNS viruses in G2a
were genetically related to HPAIVs circulating in northern Europe but distinct from those
in Asia. In contrast, an additional H5NS5 virus isolated from a peregrine falcon (Falco
peregrinus) in Kumamoto Prefecture belonged to subgroup G2d and possessed a
reassorted N5 NA gene derived from LPAIV circulating in East Asia. The H5SN1 isolates
in subgroup G2d were closely related to Hokkaido strains from winters 2021-2023,
suggesting annual reintroduction from neighboring regions. Antigenic analysis using
cross-HI assays indicated that the HSNS viruses retained antigenic similarity with other
clade 2.3.4.4b strains. These findings demonstrate the ongoing genetic and antigenic
diversification of HPAIVs in Japan and underscore the importance of sustained
surveillance and rapid international information exchange to prevent further HPAI

dissemination.
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Chapter 111

Introduction and inter-species transmission dynamics
of high pathogenicity avian influenza HS5N1 viruses

in Japan 2021-2025
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Introduction

After H5SN1 HPAIV entered Japan in November 2021, successive seasonal
outbreaks have occurred among poultry and wild birds. The HA genes of HSN1 and HSN§
HPAIVs circulating in Japan in winter 2021-2022 belonged to G2, which arose from the
H5 HPAIVs that circulated in Europe in late 2020 [58]. G2 is further divided into multiple
subgroups (G2a—e) based on a naming system specific to Japan, and the origins of these
subgroups have been previously described [72, 79]. Among them, G2b and G2d were
primarily identified in Japan during winter 2021-2022 [35]. In the following winter
season, the outbreak worsened, coinciding with the emergence of multiple G2 subgroups
(G2b, G2c¢, and G2d), indicating increased viral diversity [72]. Despite a temporary
decline in the outbreak numbers in winter 2023-2024, a resurgence occurred in the
following winter 2024-2025, with viruses in the G2d subgroup remaining prevalent.
Unlike in Europe, H5S HPAIVs have not been detected in Japan during the summer,
supporting the hypothesis of annual winter introductions from neighboring countries [79].
Moreover, HSN1 HPAIV cases have been reported across multiple host species, including
the large-billed crow (Corvus macrorhynchos), white-naped cranes (Grus vipio), white-
tailed sea eagle (Haliaeetus albicilla), slaty-backed gull (Larus schistisagus), and
Galliformes, such as chicken, emu, quail, and guinea fowl [72, 79—81]. Considering the
repeated HSN1 HPAIV outbreaks in Japan across multiple host species and the detection
of viruses from multiple G2 subgroups, understanding the origin and transmission
dynamics of these viruses in different species is imperative. HSN1 HPAIVs were
consistently detected in Japan from 2021 to 2025, but other subtypes, such as HSN8 and
H5NS HPAIVs, were limited in Japan. Similar to the pattern observed in Europe, HSN1
HPAIVs were replaced with HSN8 HPAIVs in 2021-2022 and H5N5 HPAIVs were
introduced from Europe, mainly in winter 2023-2024, via a distinct bird migration route

[35, 82].

Recent phylodynamic analyses have revealed continuous viral exchanges among
East Asian countries such as China, Republic of Korea, and Japan, reflecting persistent
lineage turnover and gene flow within wild bird populations along the East Asian—
Australasian Flyway [83]. Furthermore, H5N1 viruses closely related to East Asian

lineages have been found in North America, including Alaska and Canada, indicating
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sporadic transcontinental dispersal via the trans-Beringian route or the West Pacific
Flyway [25, 84]. Although these introductions have contributed only marginally to the
overall viral diversity in North America, this underscores the role of overlapping
migratory flyways in linking continental bird populations [85]. Overall, these findings
demonstrate how phylodynamic approaches can reveal intercontinental connections and
the evolutionary processes driving the global spread of HSN1 HPAIV. In this study, a
Bayesian phylodynamic framework was used to analyze a comprehensive sequence
dataset of 892 HSN1 HPAIV HA gene sequences collected in Japan from 2021 to 2025,
together with additional sequences from other countries that are closely related to
Japanese isolates, obtained from a public database. Using this approach, the geographic
origins of virus introductions and the transmission patterns between bird species can be
inferred. By combining sequence data with host, temporal, and geographic metadata,
phylodynamic models can effectively reconstruct viral spread and evolution [86—88],
helping establish epidemiological links between wild and domestic bird populations as

well as facilitating national surveillance and control strategies.
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Materials and Methods
Sample collection and virus isolation

Active and passive surveillance is conducted annually at the Laboratory of
Microbiology, Faculty of Veterinary Medicine, Hokkaido University, Sapporo, Japan, to
monitor the circulation of HPAIV in Hokkaido, the northernmost prefecture of Japan.
Detailed information about sampling sites for active surveillance and methods for passive
surveillance has been published previously [72, 79]. Tracheal and cloacal swab samples
were collected from bird carcasses and immediately mixed with a virus transport medium,
consisting of MEM (Shimadzu Diagnostics Corporation) containing 10 mg/mL
streptomycin (Meiji Seika Pharma), 10,000 U/mL penicillin G (Meiji Seika Pharma), 250
U/mL nystatin (Sigma-Aldrich), 0.3 mg/mL gentamicin (MSD), and 0.5% bovine serum
albumin fraction V (Roche). This mixture was then inoculated into 10-day-old
embryonated eggs; the virus was isolated from the allantoic fluid and confirmed using an

HA assay [43].
Genome sequencing

To evaluate the pathogenicity of the isolates, viral RNA was extracted from the
allantoic fluid using either TRIzol LS Reagent (Thermo Fisher Scientific) or the QIAamp
Viral RNA Mini Kit (Qiagen). The HA gene was amplified by PCR with a specific primer
set to confirm the presence of multiple basic amino acid residues at the HA cleavage site,
a molecular marker of HPAIV [89]. The PCR products were sequenced using the BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and analyzed using the
3500 Genetic Analyzer (Thermo Fisher Scientific). Then, NGS was performed using the
Flongle adaptor (Oxford Nanopore Technologies) to analyze the genetic background of
the HPAIV isolates. The primers used to amplify all eight gene segments, namely PB2,
PB1, PA, HA, NP, NA, M, and NS, of these isolates have been described previously [72].
Libraries for Oxford Nanopore were prepared with the NEB Ultra II End Repair/dA-
Tailing Module (New England Biolabs) and sequenced on the Flongle adaptor using the
Ligation Sequencing Kit V14 (Oxford Nanopore Technologies). The sequencing reads

were then mapped and assembled using FluGAS version 2 (World Fusion).
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Phylogenetic tree inferences of HSN1 HPAIV in Japan

The HA sequences of HSN1 HPAIV (n = 141) obtained by the Laboratory of
Microbiology, Hokkaido University, were combined with other sequences acquired from
Japan between 2021 and 2025 (n = 309) by the GISAID. To identify genetically similar
sequences from other countries, BLAST in GISAID was used to compare the Japanese
sequences with global HA sequences to identify the HSN1 HPAIV sequences with high
similarity to the Japanese isolates for further analysis. All HA sequences were aligned
using MAFFT v7.526 [90], and manually inspected and trimmed with AliView v1.30
[91]. Sequences that were identical (100% sequence homology) and sequences shorter
than 1700 base pairs were excluded. The HA gene sequences used in this study contained
only the open reading frame region. ML phylogenies were inferred using 1Q-TREE 2
[92], with the HKY+G4 nucleotide substitution model [93]. These phylogenies were used
to identify monophyletic Japanese clades and evaluate the temporal signal in TempEst
v1.5.3[94]. For visualization and annotation of phylogenies, the R package ggtree v3.14.0
was used [95].

Bayesian phylodynamic of HSN1 HPAIV in Japan

A Bayesian phylodynamic approach was used to infer the introduction and inter-
species transmission dynamics of HSN1 HPAIV. The Multi-Type Birth-Death (MTBD)
model was applied to the phylogenetic tree to explicitly account for structured populations
representing different hosts or geographic regions, with separate transmission, sampling,
and removal rates [96, 97]. The MTBD model was chosen over simpler birth—death
models and discrete phylogeographic approaches because it enables joint estimation of
type-specific epidemiological parameters, including the effective reproductive number
(Re), becoming-uninfectious rate, sampling proportion, and migration rates between
demes. This allows for the inference of virus spread over time in a way that accurately
reflects how infections actually occur [98, 99]. Unlike discrete phylogeographic models,
which estimate ancestral geographic states without linking to transmission dynamics,
MTBD directly models migration as part of the epidemiological process and can adjust

for uneven sampling across hosts or regions.
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HA sequences were categorized into four epizootic periods (June 2021-May
2022, June 2022-May 2023, June 2023—May 2024, and June 2024-May 2025) and
further organized by geographic origin and avian host species. Geographic demes
included Europe, Japan, Northeast Asia (Republic of Korea and China), North Asia
(Russia), and Northwest America (Canada: British Columbia and Alberta; United States:
Alaska). Host demes were grouped as anatidae (ducks, swans, geese), charadriiformes
(gulls and curlews), poultry (chickens, ducks, emus, quails, guinea fowl), raptors (eagles,
falcons, hawks), cranes, and crows; species with particularly low sample sizes in Japan
were combined into a ‘Japan birds’ category to avoid overparameterization. Table 14
provides the detailed sequence counts and subgroup distributions. The MTBD model was
implemented in BEAST v2.6.3 with the BDMM-Prime package, using the BEAGLE
library for computational efficiency [100]. Analyses employed an HKY+G4 nucleotide
substitution model [93], and a relaxed lognormal molecular clock [101]. Priors for all key
model parameters are summarized in Tables 15-18, including the becoming-uninfectious
rate, which corresponds to a median infectious period of seven days [102], and migration
rates, which are expected to average about two migration events per lineage per year

[103].

To mitigate potential sampling bias caused by uneven surveillance efforts among
hosts and regions (such as the overrepresentation of poultry outbreaks compared to wild
bird detections), deme-specific sampling proportions were calculated within the MTBD
framework. For each deme, the sampling proportion reflects the likelihood that an
infection was represented in the dataset. It was estimated as the ratio of analyzed
sequences to the total number of reported cases in the Food and Agriculture
Organization's EMPRES Global Animal Disease Information System (EMPRES-i)
(Tables 15—18) [104]. This method partially compensates for uneven sampling coverage
by using priors informed by relative surveillance effort and calibrated to avoid overfitting
demes with small sample sizes. The MTBD model assumes that transmission, becoming-
uninfectious, and sampling rates stay constant within each analysis period and that all
relevant demes are included in the dataset; therefore, estimated parameters should be
considered as time-averaged values across sampled populations [98]. Phylodynamic
parameters and posterior trees were estimated using Markov chain Monte Carlo over 100

million steps, sampling every 10,000 iterations. The first 10% of samples were discarded
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as burn-in, and convergence was assessed in Tracer v1.7, ensuring all effective sample
sizes exceeded 200 [105]. Maximum clade credibility (MCC) trees were reconstructed
with TreeAnnotator v1.10.4 [106], and visualized in R v2.4.2 using the ggtree package
[95].
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Table 14. Number of HSN1 HPAIV sequences used in MTBD analyses among
regions and among hosts by period and genetic subgroup

Total sequences G2d host- G2c host-
Period used in MTBD associated associated
analysis sequences sequences
Jun 2021- |
May 2022 215 75 NA
Jun 2022—
May 2023 389 120 242
Jun 2023-
May 2024 131 131 NA
Jun 2024—
May 2025 161 145 NA

'NA: Not applicable.
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Table 15. Prior values and distributions among different regions and hosts used in the MTBD model in winter 2021-2022

Factor

Among regions

Among hosts

Parameter Prior Rationale Parameter Prior Rationale
Molecular  Nucleotide HKY + T4 Unequal substitution rates, base Nucleotide HKY + T4 Unequal substitution rates, base
evolution substitution model bias, and rate heterogeneity (four substitution model bias, and rate heterogeneity (four
model categories). categories).
Clock rate Lognormal Median substitution rate of 0.001 Clock rate Lognormal Median substitution rate of 0.001
per site per year per site per year
MTBD Become Lognormal Median infectious period of 7 Become Lognormal Median infectious period of 7
model uninfectious rate (0.0, 52.0) days uninfectious rate (0.0, 52.0) days
Deme of origins Distribution ~ Equal prior among demes Deme of origins Distribution Equal prior among demes
Migration rate  Distribution  Equal prior among demes Re among demes Distribution Equal prior among demes
among demes
Sampling  Europe Uniform 36 sequences/3862  reported Raptor Uniform 3 sequences/7 reported cases
proportion (0.0, 0.0095)  cases (0.0, 0.429)
Japan Uniform 90 sequences/100 reported cases Anatidae Uniform 3 sequences/9 reported cases
(0.0, 0.9) (0.0, 0.333)
North Asia Uniform 14 sequences/10 reported cases Crow Uniform 34 sequences/56 reported cases
(0.0, 1.0) (0.0, 0.607)
Northeast Asia Uniform 67 sequences/92 reported cases Poultry Uniform 20 sequences/1 reported cases
(0.0, 0.728) (0.0, 1.0)
Northwest America Uniform 8 sequences/272 reported cases North Asia birds Uniform 7 sequences/1 reported case
(0.0, 0.0294) (0.0, 1.0)
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Table 16. Prior values and distributions among different regions and hosts in the G2¢ and G2d subgroups used in the MTBD model
in winter 2022-2023

Factor

Among regions

Among hosts

Parameter Prior Rationale Parameter Prior Rationale
Molecular  Nucleotide HKY + T4 Unequal substitution rates, Nucleotide HKY + T4 Unequal substitution rates, base bias, and rate
evolution substitution model base bias, and rate substitution model heterogeneity (four categories).
model heterogeneity (four
categories).
Clock rate Lognormal Median substitution rate of Clock rate Lognormal Median substitution rate of 0.001 per site per
0.001 per site per year year
MTBD Become Lognormal Median infectious period of 7 Become Lognormal Median infectious period of 7 days
model uninfectious rate (0.0, 52.0) days uninfectious rate (0.0, 52.0)
Deme of origins Distribution ~ Equal prior among demes Deme of origins Distribution Equal prior among demes
Migration rate  Distribution  Equal prior among demes R. among demes Distribution Equal prior among demes
among demes
psr?)rll)](l)) 1}‘[1112)%1 Japan ( OU(;j 1{)(,)25110) i:sz:s sequences/226 - reported G2c subgroup G2d subgroup
. Uniform 90 sequences/774 reported . Uniform 12 sequences/ Japan Uniform 5 sequences/
Northwest America 660 116)  cases ! b Anatidae 0 0462y 26 rep(:lrted cases biIr)ds (0.0,0.078) 64 reported cases
North Asia Uniform 9 sequences/107  reported Crane Uniform 57 sequences/ Crow Uniform 11 sequences/
(0.0, 0.084) cases (0.0, 1.0) 36 reported cases (0.0, 0.256) 43 reported cases
. Uniform 146 sequences/124 reported Uniform 9 sequences/ Uniform 8 sequences/
Northeast Asia 0.0,1.0)  cases Crow 00,0209  43reported cases DO (0.0,0.615) 13 reported cases
Poultry Uniform 21 sequences/ Raptor Uniform 4 sequences/
(0.0, 1.0) 13 reported cases (0.0,0.148) 27 reported cases
Raptor Uniform 5 sequences/ N:;tllg:;/:;t Uniform 8171 Zefel;)eotﬁscsi/
(0.0, 0.185) 27 reported cases bi (0.0, 0.763)
irds cases
North Uniform 4 sequences/
Asia birds (0.0, 1.0) 2 reported cases
Northeast Uniform 134 sequences/
Asia birds (0.0,1.0) 126 reported cases
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Table 17. Prior values and distributions among different regions and hosts used in the MTBD model in winter 2023-2024

Factor

Among regions

Among hosts

Parameter Prior Rationale Parameter Prior Rationale
Molecular ~ Nucleotide HKY + T4 Unequal substitution rates, base Nucleotide HKY + T4 Unequal substitution rates, base
evolution  substitution model bias, and rate heterogeneity (four substitution model bias, and rate heterogeneity (four
model categories). categories).
Clock rate Lognormal Median substitution rate of 0.001 Clock rate Lognormal Median substitution rate of 0.001
per site per year per site per year
MTBD Become Lognormal Median infectious period of 7 Become Lognormal Median infectious period of 7
model uninfectious rate (0.0, 52.0) days uninfectious rate (0.0, 52.0) days
Deme of origins Distribution ~ Equal prior among demes Deme of origins Distribution Equal prior among demes
Migration rate  Distribution  Equal prior among demes Re among demes Distribution Equal prior among demes
among demes
Sampling Uniform 107  sequences/146  reported L Uniform
proportion Japan (0.0,0.733)  cases Northeast Asia birds (0.0, 1.0) 6 sequences/5 reported cases
. Uniform . Uniform
Northwest America (0.0, 0.024) 9 sequences/371 reported cases Anatidae (0.0, 0.588) 20 sequences/34 reported cases
. Uniform Uniform
North Asia (0.0, 0.321) 9 sequences/28 reported cases Crane (0.0, 0.75) 9 sequences/12 reported cases
. Uniform Uniform
Northeast Asia (0.0, 0.231) 6 sequences/26 reported cases Crow (0.0, 0.933) 56 sequences/60 reported cases
Uniform
Poultry (0.0, 1.0) 13 sequences/12 reported cases
Uniform
Raptor (0.0, 0.409) 9 sequences/22 reported cases
Northwest America Uniform
birds (0.0,0.187) 9 sequences/48 reported cases
Uniform

North Asia birds

(0.0, 0.333)

9 sequences/27 reported cases
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Table 18. Prior values and distributions among different regions and hosts used in the MTBD model in winter 2024-2025

Among regions

Among hosts

Factor Parameter Prior Rationale Parameter Prior Rationale
Molecular  Nucleotide HKY + T4 Unequal substitution rates, base Nucleotide HKY + T4 Unequal substitution rates, base
evolution  substitution model bias, and rate heterogeneity (four substitution model bias, and rate heterogeneity (four
model categories). categories).
Clock rate Lognormal Median substitution rate of 0.001 Clock rate Lognormal Median substitution rate of 0.001
per site per year per site per year
MTBD Become Lognormal Median infectious period of 7 Become Lognormal Median infectious period of 7
model uninfectious rate (0.0, 52.0) days uninfectious rate (0.0, 52.0) days
Deme of origins Distribution ~ Equal prior among demes Deme of origins Distribution Equal prior among demes
Migration rate  Distribution  Equal prior among demes Re among demes Distribution Equal prior among demes
among demes
Sampling Uniform 107 sequences/231  reported . Uniform
proportion Japan (0.0,0.463)  cases Anatidae (0.0, 0.346) 9 sequences/26 reported cases
. Uniform 48 sequences/1297  reported .. Uniform
Northwest America (0.0,0.039)  cases Charadriiforme (0.0, 0.108) 4 sequences/37 reported cases
. Uniform Uniform
Northeast Asia (0.0, 0.031) 3 sequences/97 reported cases Crane (0.0, 0.880) 44 sequences/50 reported cases
Uniform
Crow (0.0, 0.361) 22 sequences/61 reported cases
Uniform
Poultry (0.0, 0.462) 6 sequences/13 reported cases
Uniform
Raptor (0.0, 0.538) 7 sequences/13 reported cases
Northwest America Uniform
birds (0.0, 0.096) 51 sequences/531 reported cases
Uniform

Northeast Asia birds

(0.0, 0.021)

2 sequences/9 reported cases




Results
Overview of HSN1 HPAIV epizootics in Japan 2021-2025

During the winter 2021-2022, outbreaks were reported in 22 poultry birds in the
first half of the season and 83 wild birds later in the season (Figure 6A). By the following
winter, the number of cases increased to 136 wild birds and 88 poultry, mostly early in
the season and peaking in midwinter. During winter 2023-2024, the wild bird cases
remained high (n = 136), but only 10 poultry outbreaks occurred. In winter 2024-2025,
wild bird cases surged to 302, along with 47 poultry outbreaks, with wild bird cases
showing a significant rise at the end of winter. Throughout this period, no infections were

detected in Japan during the summer months (June—August).
Genetic analysis

To investigate potential links, an additional 47 European HSN1 HPAIV sequences
from 2020-2021 were included in the analysis. Phylogenetic analysis of the H5NI1
HPAIV HA genes revealed that Japanese isolates from winter 2021-2022 were
genetically distinct from European isolates collected in 2020-2021 (Figure 7). Some
Japanese isolates clustered with European viruses from 2021-2022, considered
descendants of the 2020-2021 European strains. These clusters also included viruses from
Northwest America collected in 2021-2022. Additionally, a subset of Japanese isolates
from 2021-2022 clustered with viruses from North Asia and Northeast Asia. Similar
clustering patterns were observed in subsequent winter seasons (2022-2023, 2023-2024,
and 2024-2025), with Japanese isolates remaining genetically linked to viruses from
Northwest America, Northeast Asia, and North Asia, while no European H5N1 isolates
were detected in Japan after 2022. This pattern suggests ongoing interregional migration
events involving Northeast Asia, Northwest America, and North Asia in each winter

s€ason.

82



80

@

3

2

S 60

2

<

e

==

wy

=z 40

=

<

=

5

E

E 2

Z

0

AN A
B
Winter 2021-2022

& v}
EY

Winter 2022-2023

I wild birds

Winter 2021-2022

<0 . ®

Figure 6. Temporal and spatial distribution of HSN1 HPAIV cases and genotypes in
Japan (2021-2025). (A) The number of HSN1 HPAIV cases in clade 2.3.4.4b outbreaks
in Japan from September 2021 to May 2025, detected in wild and domestic birds by
month according to EMPRES-i. (B) The map shows the distribution of different HSN1
HPAIV genotypes in Japan based on sequences obtained through the GISAID during the

Winter 2023-2024

M 62 subgroup

4,
s,

G2c Subgroup

Winter 20232024

I Domestic birds

A :

M G subgroup

four winter seasons from September 2021 to May 2025.

83

o
&
&

K
Winter 2024-2025

4,
U o5

S £ 0§

Winter 2022-2023

Winter 20242025



Region (period)

Europe (2020-2021)

Europe (2021-2022)

Japan (2021-2022)

Japan (2022-2023)

Japan (2023-2024)

Japan (2024-2025)

North Asia (2021-2022)

North Asia (2022-2023)

North Asia (2023-2024)
Northeast Asia (2021-2022)
Northeast Asia (2022-2023)
Northeast Asia (2023-2024)
Northeast Asia (2024-2025)
Northwest America (2021-2022)
Northwest America (2022-2023)
Northwest America (2023-2024)
Northwest America (2024-2025)

Figure 7. Phylogenetic tree of the HA gene of HSN1 HPAIVs in winters 2020-2025.
The tree includes 450 H5SN1 HPAIVs isolated in Japan during the winters 2021-2025,
together with genetically related reference strains obtained from public influenza
sequence databases. Reference sequences represent viruses with the highest genetic
similarity to Japanese isolates within clade 2.3.4.4b collected during winters 2021-2025,
as well as European H5N1 isolates from 2020-2021. The tree was inferred using the ML
method implemented in IQ-TREE 2. Node values indicate bootstrap support based on
1,000 replicates, with only values > 70% shown.
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Introduction of HSN1 HPAIV into Japan 2021-2023

During winter 2021-2022, two independent introductions of HSN1 HPAIV into
Japan were observed based on the MCC tree, which were identified as the G2b and G2d
subgroups (Figure 8A). The G2b subgroup was predominantly detected in southern Japan
through sporadic outbreaks (Figure 6B) at the beginning of the epidemic and probably
originated from Northeast Asia (e.g., Republic of Korea and China) because the ancestral
strains trace back to this region. Conversely, the G2d subgroup was predominantly
detected in northern Japan, specifically in Hokkaido, in the middle of the epidemic. It was
most likely introduced from Northwest America (such as the United States and Canada)
based on the ancestral strains, leading to multiple outbreaks. For the migration per lineage
per year, the mean migration rates indicated Northwest America (1.6, 95% highest
posterior density (HPD) [0.7, 2.8]) and Northeast Asia (0.7, 95% HPD [0.3, 1.1]) as major
potential sources for introduction into Japan. Conversely, North Asia (1.9, 95% HPD [0.4,
4.0]), Northwest America (2.2, 95% HPD [0.5, 4.7]), and Northeast Asia (2.5, 95% HPD
[0.7, 5.0]) were inferred to be major potential destination regions from Japan (Figure 8B).
However, the number of inferred migration events showed that most of the viral
movements to Japan occurred from Northwest America (30.2, 95% HPD [16, 43]), with
fewer events originating in Northeast Asia (10.5, 95% HPD [6.0, 16.0]) (Figure 8C). This
suggests that while some routes exhibit high potential migration rates, they may have
contributed to fewer introductions, possibly due to shorter lineage time spent in Japan or
sparse sampling. Indeed, the viruses spent comparable amounts of time across the
following regions: Northeast Asia (6.5, 95% HPD [5.4, 7.8]), followed by Europe (6.2,
95% HPD [4.8, 7.7]), and Northwest America (4.0, 95% HPD [2.4, 5.5]). However, the
viruses spent the least amount of time in Japan (1.5, 95% HPD [1.0, 2.1]) and North Asia
(0.6, 95% HPD [0.3, 1.0]) (Figure 8D).

H5N1 HPAIV was reintroduced in winter 2022-2023, and was categorized into
three distinct subgroups (G2b, G2c¢, and G2d) based on the MCC tree. The G2c¢ subgroup
was primarily seen in southern Japan, likely originating from Northeast Asia. Viruses in
the G2d subgroup were primarily detected in northern Japan, in Hokkaido Prefecture
(Figure 6B), and were likely introduced from Northwest America. The G2b subgroup,
which was detected in Hokkaido in autumn 2022, likely originated from North Asia
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(Figure 9A). The mean migration rates indicated that North Asia (1.9, 95% HPD [0.7,
3.3]) and Northeast Asia (1.5, 95% HPD [0.5, 2.6]) were major potential sources for
introduction into Japan, while Northeast Asia (1.7, 95% HPD [0.4, 5.1]) and North Asia
(1.4,95% HPD [0.3, 2.7]) were potential destination regions for viral lineages originating
from Japan (Figure 9B). Regarding the number of inferred migration events, a high
number of viral movements from North Asia (21.7, 95% HPD [6.0, 38.0]), followed by
Northeast Asia (10.8, 95% HPD [2.0, 2.0]) to Japan, was observed but with fever inferred
events involving Northwest America (7.9, 95% HPD [2.0, 13.0]) (Figure 9C). Based on
the detection of multiple subgroups of the viruses in Japan, it can be deduced that the
amount of time these viruses spend in Japan (11.7, 95% HPD [8.6, 15.0]) is comparable
to that in other regions such as Northwest America (10.7, 95% HPD [8.8, 12.9]), followed
by Northeast Asia (9.3, 95% HPD [7.1, 11.9]). The viruses seem to spend the least amount
of time in North Asia (5.7, 95% HPD [2.6, 8.9]) (Figure 9D).
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Figure 8. Phylogeographic analysis of HSN1 HPAIV clade 2.3.4.4b in Japan during
winter 2021-2022. (A) The MCC tree was constructed using the HA gene of the H5N1
HPAIV from clade 2.3.4.4b in Japan from June 2021 to May 2022. It was supplemented
with other HSN1 HPAIV samples from different regions during the same period,
represented by different colors for the internal and external nodes of the MCC tree. (B)
Heatmaps showing the average per-lineage virus migration rates and (C) the number of
inferred virus migrations between different geographic regions in winter 2021-2022. (D)
The pie chart displays the percentage of time the viruses spent in each geographic region

during winter 2021-2022.
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Figure 9. Phylogeographic analysis of HSN1 HPAIV clade 2.3.4.4b in Japan during
winter 2022-2023. (A) The MCC tree was constructed using the HA gene of the H5N1
HPAIV from clade 2.3.4.4b in Japan from June 2022 to May 2023. It was supplemented
with other HSN1 HPAIV samples from different regions during the same period,
represented by different colors for the internal and external nodes of the MCC tree. (B)
Heatmaps showing the average per-lineage virus migration rates and (C) the number of
inferred virus migrations between different geographic regions in winter 2022-2023. (D)
The pie chart displays the percentage of time viruses spent in each geographic region
during winter 2022-2023.
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Shift in the geographic origins of HSN1 HPAIV during winters 2023-2025

H5N1 HPAIVs from the G2c¢ and G2d subgroups were reintroduced during
winters 2023-2024 and 20242025, with a shift in the geographic origin of the viruses in
the G2d subgroup. While introductions in winters 2021-2022 and 2022-2023 were
primarily linked to ancestral strains from Northwest America, those in the later winters
were more likely to have originated from Northeast Asia (Figures 10A and 11A). In
winter 2023-2024, North Asia (1.6, 95% HPD [0.5, 3.2]), Northeast Asia (1.4, 95% HPD
[0.7, 2.3]), and Northwest America (1.3, 95% HPD [0.4, 2.5]) had similar rates of virus
introduction into Japan (Figure 10B). Meanwhile, Northeast Asia (2.2, 95% HPD [0.4,
4.4]) was inferred as the major potential destination from Japan. Based on the number of
inferred migration events, most of the viral movement was observed from Northeast Asia
(65.8, 95% HPD [50.0, 80.0]) to Japan with fewer inferred events involving Northwest
America (4.0, 95% HPD [0.0, 10.0]) and North Asia (2.1, 95% HPD [0.0, 6.0]) (Figure
10C), as evidenced by the substantial duration of time these viruses spend in Northeast
Asia (11.8,95% HPD [8.8, 15.6]). However, they spend the least amount of time in Japan
(2.4, 95% HPD [1.4, 3.6]), followed by Northwest America (1.1, 95% HPD [0.3, 2.0]),
and North Asia (0.7, 95% HPD [0.2, 1.3]) (Figure 10D).

In winter 20242025, introductions into Japan were again mainly from Northeast
Asia (1.0, 95% HPD [0.5, 1.6]) and Northwest America (1.6, 95% HPD [0.4, 3.2]), with
most inferred migration events traced to Northeast Asia (38.0, 95% HPD [29.0, 46.0]),
and only limited inferred events involving the Northwest America (0.6, 95% HPD [0.0,
2.0]) (Figure 11B—C). Viruses also spent considerably more time in Northeast Asia (8.3,
95% HPD [6.0, 10.9]) than in Japan (1.6, 95% HPD [1.0, 2.2]) or Northwest America
(0.7,95% HPD [0.3, 1.2]) (Figure 11D), which suggest that Northeast Asia remained the

dominant source and reservoir of viruses during these consecutive winters.
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Figure 10. Phylogeographic analysis of HSN1 HPAIV clade 2.3.4.4b in Japan during
winter 2023-2024. (A) The MCC tree was constructed using the HA gene of the H5N1
HPAIV from clade 2.3.4.4b in Japan from June 2023 to May 2024. It was supplemented
with other HSN1 HPAIV samples from different regions during the same period,
represented by different colors for the internal and external nodes of the MCC tree. (B)
Heatmaps showing the average per-lineage virus migration rates and (C) the number of
inferred virus migrations between different geographic regions in winter 2023-2024. (D)
The pie chart displays the percentage of time the viruses spent in each geographic region

during winter 2023-2024.
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Figure 11. Phylogeographic analysis of HSN1 HPAIV clade 2.3.4.4b in Japan during
winter 2024-2025. (A) The MCC tree was constructed using the HA gene of the H5N1
HPAIV from clade 2.3.4.4b in Japan from June 2023 to May 2024. It was supplemented
with other HSN1 HPAIV samples from different regions during the same period,
represented by different colors for the internal and external nodes of the MCC tree. (B)
Heatmaps showing the average per-lineage virus migration rates and (C) the number of
inferred virus migrations between different geographic regions in winter 2024-2025. (D)
The pie chart displays the percentage of time the viruses spent in each geographic region

during winter 2024-2025.
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Inter-species transmission dynamics of HSN1 HPAIV in Japan during winters 2021—

2025

In winter 2021-2022, the analyses focused on avian hosts within the G2d
subgroup, including raptors, crows (Corvidae), anatidae (e.g., ducks and geese), and
poultry. The mean R. within the host groups, which indicates the average number of
secondary infections within a host group, exceeded 1 in poultry (3.1, 95% HPD [0.9, 5.7])
and crows (1.3, 95% HPD [0.1, 2.8]) (Figure 12A), suggesting sustained transmission
among these populations. Conversely, the mean R. between host groups, called inter-
species transmission, was lower, indicating more limited inter-species spread. The highest
mean R. was from raptors (1.8, 95% HPD [0.0, 6.4]) and anatidae (1.6, 95% HPD interval
[0.0, 5.7]) to crows (Figures 12B and 13A). This is consistent with the number of inferred
inter-species transmission events, which was the highest in raptors (8.1, 95% HPD [0.0,
29.0]), followed by anatidae (8.0, 95% HPD [0.0, 29.0]) to crows (Figure 12C). In
contrast, transmission from crows to other host groups was rare, with few inferred events
to raptors, poultry, or anatidae. This directional asymmetry was also reflected in the MCC
tree, where most crow isolates formed a monophyletic clade, indicating limited
transmission to other species (Figure 13B). In winter 2022-2023, the G2c¢ and G2d
subgroups were analyzed separately. In the G2¢ subgroup, the mean Re within the host
groups exceeded 1 only in the cranes (1.6, 95% HPD [1.0, 2.2]), while this value was
below 1 in the other host groups (Figure 14A). The mean R. between host groups
remained consistently below 1, suggesting very limited inter-species transmission
(Figures 14B and 15A). In the G2d subgroup, the mean R. values within and between
host groups were also below 1 (Figures 14D-E, 16A), supported by the low number of
inferred inter-species transmission events (Figure 14F).

In winter 2023-2024, the mean R. within host groups in the G2d subgroup
exceeded 1 in several bird species, with the highest value observed in crows (4.8, 95%
HPD [1.0, 8.2]), followed by poultry (2.5, 95% HPD [0.1, 5.3]), cranes (2.0, 95% HPD
[0.2, 4.0]) and anatidae (1.7, 95% HPD [0.1, 3.8]) (Figure 17A), indicating ongoing
within-group transmission. Although the mean Re between host groups remained below
1, it was closer to this threshold compared to that seen in previous winters, for instance,
from raptors to crows (0.9, 95% HPD [0.0, 2.3]) and anatidae (0.9, 95% HPD [0.0, 2.4])

(Figures 17B and 18A). This pattern aligns with the number of transmission events
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estimated between those groups (Figure 17C) and is also reflected in the MCC tree
(Figure 18B). In winter 2024-2025, the mean R. within host groups in the G2d subgroup
exceeded 1 in several bird species, with the highest in cranes (9.5, 95% HPD [5.5, 14.1)),
followed by crows (6.2, 95% HPD [0.2, 10.4]), poultry (2.1, 95% HPD [0.0, 15.1]),
anatidae (1.1, 95% HPD [0.0, 3.2]) and charadriiformes (1.2, 95% HPD [0.0, 3.4]) (Figure
19A). Meanwhile, the mean Re between host groups exceeded 1 from raptors to anatidae
(1.2, 95% HPD [0.0, 3.4]) and charadriiformes (1.1, 95% HPD [0.0, 3.3]), as well from
anatidae to raptors (1.0, 95% HPD [0.0, 2.8]) and charadriiformes (1.0, 95% HPD [0.0,
2.9]). Interestingly, transmission from crows to charadriiformes (1.1, 95% HPD [0.0,
3.2]) also showed a mean R exceeding 1 (Figures 19B and 20A). This pattern matches
the estimated number of transmission events observed between these groups (Figure

19C), as shown in the MCC tree (Figure 20B).
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Figure 12. Host-associated R. and cross-species transmission dynamics of HSN1
HPAIV among avian hosts in Japan during winter 2021-2022. (A) The ridge plot for
each host type (x-axis) shows the density distribution of the mean Re (x-axis) within the
hosts during winter 2021-2022. (B) The chord diagram displays transmission events
between different bird species in Japan and other regions during the winter 2021-2022,
indicating the mean R among host groups. The line thickness reflects the magnitude of
the mean Re between hosts, and the arrows show the direction of host transmission. (C)
The heatmap displays the inferred cross-species transmissions among hosts in Japan and
between other regions during winter 2021-2022.
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Figure 13. Host-associated R. and phylogenetic relationships of HSN1 HPAIV
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The MCC tree was constructed using the HA gene of the HSN1 HPAIV in clade 2.3.4.4b
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of the MCC tree are colored by the host type.
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Figure 14. Host-associated R. and cross-species transmission dynamics of HSN1
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line thickness reflects the magnitude of the mean Re between hosts, and the arrows show
the direction of transmission. Heatmaps denoting the inferred cross-species transmissions
among hosts in Japan in the (C) G2c subgroups, and between other regions during winter
2022-2023.
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HSN1 HPAIV among avian hosts in Japan during winter 2022-2023. Ridge plots for
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line thickness reflects the magnitude of the mean Re between hosts, and the arrows show
the direction of transmission. Heatmaps denoting the inferred cross-species transmissions
among hosts in Japan in the (F) G2d subgroups, and between other regions during winter

2022-2023.
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Figure 15. Host-associated Re and phylogenetic relationships of HSN1 HPAIV (G2¢
subgroup) among avian hosts in Japan during winter 2022-2023. (A) Heatmap
showing the mean Re number among host groups in Japan and between other regions
during winter 2022-2023. (B) The MCC tree was constructed using the HA gene of the
H5N1 HPALIV in clade 2.3.4.4b, specifically for the viruses in the G2c subgroup in Japan
from June 2022 to May 2023. It was supplemented with other HSN1 HPAIV samples
from different regions during the same period. The internal and external nodes of the
MCC tree are colored by the host type.
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different regions during the same period. The internal and external nodes of the MCC tree
are colored by the host type.
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Figure 17. Host-associated R. and cross-species transmission dynamics of HS5N1
HPAIV among avian hosts in Japan during winter 2023-2024. (A) The ridge plot for
each host type (x-axis) shows the density distribution of the mean Re (x-axis) within hosts
during winter 2023-2024. (B) The chord diagram displays transmission events between
different bird species in Japan and other regions during winter 2023-2024, indicating the
mean Re among host groups. The line thickness reflects the magnitude of the mean Re
between hosts, and the arrows show the direction of host transmission. (C) The heatmap
displays the inferred cross-species transmissions among hosts in Japan and between other
regions during winter 2023-2024.
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The MCC tree was constructed using the HA gene of the HSN1 HPAIV in clade 2.3.4.4b
in Japan from June 2023 to May 2024. It was supplemented with other HSN1 HPAIV
samples from different regions during the same period. The internal and external nodes
of the MCC tree are colored by the host type.
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Figure 19. Host-associated R. and cross-species transmission dynamics of HSN1
HPAIV among avian hosts in Japan during winter 2024-2025. (A) The ridge plot for
each host type (x-axis) shows the density distribution of the mean Re (x-axis) within hosts
during winter 2024-2025. (B) The chord diagram displays transmission events between
different bird species in Japan and other regions during winter 20242025, indicating the
mean Re among host groups. The line thickness reflects the magnitude of the mean Re
between hosts, and the arrows show the direction of host transmission. (C) The heatmap
displays the inferred cross-species transmissions among hosts in Japan and between other
regions during winter 2024-2025.
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Figure 20. Host-associated R. and phylogenetic relationships of HSN1 HPAIV
among avian hosts in Japan during winter 2024-2025. (A) Heatmap showing the mean
Re among host groups in Japan and between other regions during winter 2024-2025. (B)
The MCC tree was constructed using the HA gene of the HSN1 HPAIV in clade 2.3.4.4b
in Japan from June 2024 to May 2025. It was supplemented with other HSN1 HPAIV
samples from different regions during the same period. The internal and external nodes
of the MCC tree are colored by the host type.
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Discussion

This study examined the geographic origins and transmission patterns of HSN1
HPAIVs belonging to clade 2.3.4.4b across different bird species, which have been
repeatedly introduced to Japan each winter from 2021 to 2025. The results showed that
the HA gene sequences in Japan diverged into multiple subgroups, such as G2b, G2c, and
G2d, as reported previously [72]. The G2b subgroup detected in winter 2021-2022 likely
originated from Northeast Asia. When it re-emerged in winter 2022-2023, it was
probably introduced from North Asia. HSN1 HPAIV in the G2c¢ subgroup, first identified
in Japan in winter 2022-2023, was likely introduced from Northeast Asia, and reappeared
in winter 20242025, again originating from Northeast Asia, indicating consistent virus
movement between Northeast Asia and Japan [72, 107, 108]. The presence of G2b and
G2c in Japan from winters 2021-2025 further indicates that HPAIV spreads along the
East Asian-Australasian flight route, primarily through wild migratory birds during
autumn. Multiple phylogenetic studies support a primary west-to-east transmission
pattern, with East Asian viruses being more closely related to those from Europe and

Central Asia than to North American lineages [9, 84, 109].

In contrast, the G2d subgroup was first identified in Japan during winter 2021—
2022 and has been detected annually since then [21, 72, 79]. This study shows that during
winters 2021-2023, common ancestral strains were found in North Asia, Northwest
America, and Japan, as evidenced by frequent viral migration events among these regions.
Notably, phylodynamic analyses suggest that the ancestral strains of the G2d subgroup
may have originated from viruses circulating in Northwest America during winters 2021—
2023, suggesting a trans-Beringian introduction of viruses from North America to Japan.
Such a transmission route has historically been considered unlikely due to limited
migratory bird overlap and sparse surveillance in critical regions such as Alaska and
Siberia [9, 84, 110]. However, a distinct cluster in the MCC tree for winter 2022—2023
further supports this hypothesis by revealing North Asia as an intermediate region before
the virus transmission into Japan. Despite the possibility of a direct introduction from
Northwest America to Japan, the limited availability of genomic data from North Asia
constrains definitive conclusions. Nevertheless, previous studies have shown genetic
similarities between HPAIVs detected in Northwest America and those isolated in Japan,

indicating possible transmission through migratory birds along the West Pacific flight
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path [25]. Additionally, a bidirectional viral flow might exist, as viruses detected in East
Asia in autumn 2022 were closely related to those identified in North America, although
current evidence is limited [111]. From winter 2023-2024, the likely geographical origin
of the G2d subgroup appeared to have shifted, with evidence suggesting its Northeast
Asian origin. This implies that the changes in transmission patterns for this group of
viruses may result from ongoing viral migration events among North Asia, Northwest
America, and Northeast Asia, with North Asia serving as a major viral hub, given its role
as a key breeding ground for many migratory birds and its location at the intersection of
multiple flight paths [112]. This may promote the spread of G2d viruses to Northeast
Asia, as shown by the increased viral migration events from North Asia. Furthermore, the
extended presence of the virus in Northeast Asia in winters 2023-2025 suggests a
potential local presence of G2d viruses in that region. These findings suggest that Japan
could act as a hub for intercontinental virus introductions, as multiple virus entries from
different regions, including North Asia, Northwest America, and Northeast Asia, have
been detected, reflecting its strategic location along the East Asia—Australasian and West
Pacific migratory flyways. This is particularly concerning given that, despite the
seemingly distinct introduction routes for each subgroup (G2b, G2¢, and G2d), their entry
patterns appear to change across the years, reflecting the unpredictable nature of HPAIV

spread and complicating control strategies.

This study revealed variations in the transmission patterns of HSN1 HPAIVs
across different bird species (Figure 21). Poultry showed consistent within-Re during
several seasons, notably during the winters 2021-2022 (Re = 3.1), 2023-2024 (R. = 2.5),
and 2024-2025 (R = 2.1), suggesting sustained intraspecies transmission. Farm-to-farm
transmission of HPAIV is relatively rare in Japanese HPAIV outbreaks, according to the
post-outbreak investigations by the national authorities. The high mean Re observed in
poultry may result from duplicate sequence submissions from multiple laboratories in
Japan for the same poultry cases. This might result in the reporting of multiple sequences
for a single event, leading to an overestimation of the mean R values within the poultry
population. However, HPAI outbreaks occurred continuously at high rates in poultry
farms during winter 2024-2025, which theoretically matches the high mean Re in these
birds. Overall, between group transmission from poultry to wild birds remained rare

throughout, suggesting that poultry most likely act as recipients rather than drivers of
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inter-species transmission. Crows emerged as a key host group with divergent roles across
the seasons. In the winters 0£2021-2022, 2023-2024, and 2024-2025, the mean R, within
crows exceeded 1 (Re = 1.3, 4.8, and 6.2, respectively), indicating sustained intraspecies
transmission. While onward transmission from crows to other species remained limited
early on, an increasing transmission potential was observed in later seasons, including to
charadriiformes in winter 2024-2025. These findings suggest a shift in the role of crows
from primarily dead-end hosts (as seen with G2c) to potential intermediate hosts (notably
for G2d), possibly driven by ecological factors such as regional overwintering behavior
in Hokkaido and the environmental persistence of viruses. Nevertheless, crows may still
function as opportunistic transmitters, as evidenced by the higher number of inferred
events between crows and poultry in the winters 2022-2023 and 20242025, based on
the presence of dead crows near infected poultry farms [113]. Experimental studies also
indicate variable susceptibility to different HS HPAIV subgroups [114], which warrants
further investigation for the G2b, G2c, and G2d subgroups, as shown by the differences

in pathogenicity in chickens across these subgroups [72].

Raptors significantly contribute to inter-species transmission, with the highest
between-host R observed in the earlier seasons, especially toward crows (Re = 1.8 in
winter 2021-2022; Re = 0.9 in winter 2023-2024) and toward anatidae and
charadriiformes (R. = 1.1 in winter 2024-2025). Transmission from raptors to anatidae is
generally considered uncommon because these two species occupy different ecological
niches. Viruses are not easily detectable in waterfowl, which are considered to be
asymptomatic carriers. In contrast, raptors are highly susceptible to HPAIV infection
because they sometimes scavenge on infected birds, including waterfowl. This typically
causes early death [115], leading to earlier detection and reporting of their HPAIV
infection. The difference in disease notifications after HPAIV infection among anatidae
and raptors could also indirectly affect the interpretation of the disease dynamics.
Furthermore, crows are also susceptible to HPAIV infection due to scavenging or habitat
sharing with waterfowl. However, they are usually not assessed until their mass die-off,
unlike that in the raptors. Although raptors are typically regarded as spillover hosts,
acquiring infection through predation or scavenging infected birds, the results suggest
that they may contribute to local transmission to other host groups before succumbing to

the virus infection. Though their limited mobility after infection restricts their long-
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distance spread [116], their role in local amplification and transmission, especially to
crows and other wild birds, warrants further study. Anatidae played a dual role across the
seasons. Notably, the within-group Re values were often above 1 (Re = 1.7 in winter 2023—
2024, Re = 1.1 in winter 2024-2025), suggesting sustained transmission within wild
waterfowl populations, these birds were recurrently identified as sources of cross-species
transmission, especially to crows, raptors, cranes, and charadriiformes, consistent with
their capacity for long-distance migration even when infected or asymptomatic [117]. In
contrast, cranes showed a progressive increase in epidemiological significance
throughout the study period. In winter 2022-2023, they were the only host group in the
G2c subgroup with a mean Re above 1 (Re = 1.6). Their transmission potentials increased
further in winter 2023-2024 (R. = 2.0) and peaked in winter 2024-2025 (R. = 9.5) within
the G2d subgroup, likely because of virus introduction via shared habitats with anatidae
[118], which facilitated cross-species transmission. However, transmission from cranes
to other wild birds remained rare, indicating that cranes are more often recipients than

drivers of inter-species spread.

Although this study provides valuable insights into the geographic origins and
inter-species transmission dynamics of HSN1 HPAIV in Japan, several limitations
remain. As the available surveillance data relies mainly on deceased birds or
environmental samples in Japan, rather than live-captured birds, it may not accurately
reflect the real-time dynamics of virus circulation because it overlooks subclinical
infections and asymptomatic carriers. Additionally, delays in data sharing or inadequate
surveillance efforts across countries can hinder a prompt understanding of the broader
HPALIV situation. In the context of phylodynamic analyses, sampling biases and limited
sequence availability are setbacks for the accurate depiction of virus transmission. The
MTBD model was appropriate for this study because it connects the phylogenetic tree
with the underlying epidemiological processes of transmission, migration, and sampling
among structured populations. MTBD enables estimation of specific transmission and
migration rates, helping to distinguish repeated introductions from local persistence and
partially accounting for uneven sampling across host types [98]. While discrete-trait
phylogeographic approaches can describe lineage movements, they do not offer
mechanistic insights into transmission dynamics [119]. However, the limitation of MTBD

is that it assumes that transmission, removal, and migration rates are constant within each
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analysis period and does not explicitly account for unsampled populations [96, 98].
Therefore, the estimated rates should be viewed as averages over the period rather than
exact figures. Nonetheless, the observed clustering and virus migration patterns among
regions and hosts remained consistent across all analyses, supporting the robustness of
the inferred transmission and migration dynamics. Consequently, ongoing efforts to
improve global surveillance, including sampling live-captured wild birds and sharing data
promptly, are essential for refining phylodynamic inferences and better understanding of

HS5 HPAIV transmission dynamics.
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Figure 21. Transmission dynamics among hosts in the G2¢ and G2d subgroups
(2021-2025). Graphical abstract depicting the transmission events between hosts in (A)
the G2c¢ subgroup during winter 2022-2023 and (B) the G2d subgroup during winters
2021-2025, based on the mean Re. The arrow indicates the direction of transmission. The
solid and dotted lines represent mean R, greater than or equal to 1.0 and R less than 1.0,
respectively.
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Brief summary

HPAIV impacts poultry and wild birds worldwide. Since the introduction of clade
2.3.4.4b H5NI isolates in Japan in late 2021, new cases have been reported in domestic
birds and poultry each winter. To understand the role of wild birds in introducing these
viruses in Japan, a phylodynamic analysis based on geography and host species was
conducted using H5N1 isolates in Japan from 2021-2025. A total of 892 HA gene
sequences of HSN1 viruses derived from birds collected between June 2021 and May
2025, along with additional sequences that were highly similar to those of Japanese
isolates, were obtained from a public database. The role of wild birds in the transmission
dynamics of H5N1 isolates in Japan across four winter seasons (2021-2025) was assessed
using a Bayesian phylodynamic approach with an MTBD model. Phylodynamic analysis
revealed that the clade 2.3.4.4b comprised three distinct subgroups, G2b, G2¢, and G2d,
which were prevalent during the winter seasons. Isolates from G2b and G2¢ were linked
to common ancestral strains from North Asia and Northeast Asia, respectively.
Meanwhile, G2d, the dominant strain in Japan from 2021 to 2025, shared an ancestral
strain from the Northwest America. During winters 2023-2025, the ancestral strain was
traced to Northeast Asia, indicating a shift in the viral origin. This transition suggests
increased virus migration among regions and infection of a broader range of avian hosts,
implying that Japan may function as a hub for intercontinental virus introductions,
receiving multiple independent viral entries from North Asia, Northeast Asia, and
Northwest America. Additionally, waterfowl and possibly raptors may have introduced
viruses into Japan, whereas poultry and crows were infected but did not appear to
contribute to onward transmission. However, the continuous introduction of HSN1 into
Japan each winter can alter the disease transmission pattern observed in crows, resulting
in more virus spillover from crows to other hosts, such as poultry and charadriiformes.
These findings emphasize the importance of continuous monitoring and prompt

information sharing to better understand the global dynamics of viruses.
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Chapter 1V

Evaluation of the efficacy of low-concentration gaseous
chlorine dioxide in inactivating airborne HS high

pathogenicity avian influenza virus in vivo model
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Introduction

The introduction of HPAIV to poultry farms was believed to result from exposure
to virus-contaminated excretions or secretions from wild birds. This process is facilitated
by the movement of people, contaminated equipment, and vehicles [120]. In addition, the
detection of wild waterbird-derived DNA in the atmosphere of farms demonstrated that
the airborne dispersal of HPAIV might contribute to introducing viruses into the flock
[121]. Therefore, biosecurity measures remain a top priority for controlling HPAI
outbreaks on poultry farms. Segregation, cleaning, and disinfection are fundamental
biosecurity principles that prevent the intrusion of people, wild animals (such as rodents
or crows, which interact with both wild birds and poultry), or vehicles that can carry
pathogens into the farm. Additionally, disinfectants that inactivate pathogens on farm
surfaces and equipment can reduce the risk of HPAI outbreaks in poultry [122]. Although
current biosecurity measures are considered crucial in minimizing HPAI introduction,
outbreaks in poultry farms have been continuously reported, underscoring the need to
continually enhance these measures, including the adaptation of new technologies, as HS
HPAIV can be introduced through aerosolized contaminants from infected birds directly,
through other animals, or by human activities. Safe and effective disinfectants are
additional options to reduce the level of contamination by pathogens, and they are
applicable to poultry farms, markets, and their surrounding environments. Disinfectants
such as sodium hypochlorite (NaOCl) and quaternary ammonium compounds (QACs) are
commonly used in poultry farms. NaOCI is known for its broad-spectrum disinfectant
properties, as it effectively eliminates a variety of viruses, including feline calicivirus,
human influenza virus, and measles virus, as well as bacteria such as Pseudomonas
aeruginosa and Acinetobacter spp. [123, 124]. In conjunction with QACs, NaOCI has
also displayed significant virucidal activity against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and H7N1 LPAIV [125, 126]. However, NaOCl is less
effective in the presence of organic matter, and this compound can corrode the metal
surface [127, 128]. Similarly, QACs lose virucidal properties under these conditions and
at low temperatures [129]. Therefore, another disinfectant, such as ClO,, might be

considered to improve biosecurity on poultry farms.
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ClOz is a yellow, water-soluble gas with a characteristic chlorine-like odor and
strong oxidizing properties. It is classified as an A-1 level disinfectant and recognized by
the WHO as safe and effective, and it is commonly used in commercial settings [130,
131]. Additionally, ClO: is typically less corrosive to metals during disinfection-level
exposure, making it more suitable for environments with sensitive equipment [132].
Several studies have demonstrated the wide range of antimicrobial activities of liquid and
gaseous ClO> against bacteria, fungi, and viruses, including Staphylococcus aureus,
Penicillium chrysogenum, SARS-CoV-2, and H7N1 LPAIV [133-136]. Numerous
studies found that gaseous ClO> exhibits virucidal efficacy against several influenza
viruses, including HIN1 seasonal influenza in a mouse model [0.03 ppmv (0.084 mg/m?)
after 15 min] and H7N9 HPAIV in vitro (5.0 ppmv after 1 h) [137, 138]. The antimicrobial
effects of ClO; are likely associated with the peroxidation of viral lipids, thereby
disrupting the lipid envelope and protein shell [139]. This capability has been
demonstrated through the ability of ClO; to inactivate influenza viruses by oxidizing the
tryptophan residue (W153) to N-formylkynurenine in the HA protein, which is crucial for
viral attachment to host cell receptors [140]. Despite the recognized broad-spectrum
antimicrobial properties of ClO», the virucidal efficacy of gaseous ClO, against HS
HPAIV has not been thoroughly investigated in vivo settings. Therefore, this study
represents the first comprehensive investigation of the efficacy of gaseous ClO; against
H5 HPAIV using a chick model as in vivo model, providing novel empirical data to
support its application. The obtained data will be applied to additional options in

biosecurity measures to reduce HPAI risks on poultry farms.
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Materials and Methods
Virus preparation

An H5N1 HPAIV WTE/Hok/R22/22 (H5N1) strain previously isolated from a
deceased white-tailed eagle (Haliaeetus albicilla) [21], was propagated into 10-day-old
embryonated eggs. Following virus propagation in allantoic fluid as confirmed by the HA
assay [43], the collected allantoic fluid was used as the viral stock. The final titer of the

viral stock was determined as 10°° TCIDso/mL.
Cells and virus quantification

MDCK cells were cultured in a 96-well plate, with each well containing 100 pL
of MEM (Shimadzu Diagnostics Corporation) supplemented with 10% bovine fetal serum
(Merck KGaA, Darmstadt, Germany), 100 U/mL penicillin G (Meiji Seika Pharma), 0.3
mg/mL L-glutamine (Nacalai Tesque, Kyoto, Japan), 0.1 mg/mL streptomycin (Meiji
Seika Pharma), and 8 mg/mL gentamicin (MSD). Once the MCDK cells reached 90%
confluency, each virus sample was diluted 10-fold with MEM and inoculated onto the
cells, which were incubated at 37 °C in a 5% CO. incubator for 3 days to observe CPE in
the infected cells. Using the Reed and Muench method, virus infectivity was quantified

as TCIDso [141].
Experimental setup for the efficacy of gaseous Cl10:

Two isolators, designated as isolators A and B, with dimensions of 46 x 40 x 26
cm? (47.8 L) were used in this experimental setting within the class ITA biosafety cabinet
(Figure 22). The two isolators were connected by a polyvinyl chloride tube with a radius
of 5 cm. Gaseous ClO, produced by an ClO> generator (elecloorer SS, Fujicom, Aichi,
Japan), or negative-control air (0 ppmv ClO,) was introduced into isolator A through an
additional opening. A battery-powered fan was installed inside isolator A to improve air
circulation, whereas nebulizers (Omron, Kyoto, Japan) were employed to generate
aerosol from a suspension of phosphate-buffered saline or viruses suspended in sterilized
distilled water. Following the interaction of the delivered gas with the nebulized viruses,
the air mixture was expelled by an oil air pump into isolator B. The MD8 air sampler

(Sartorius, Gottingen, Germany) collected airborne microorganisms by suctioning a
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specific air volume through a gelatin membrane filter (Sartorius) installed in isolator B.
A sampling tube for ClO, measurement was inserted into isolator A to concurrently
measure and monitor the gaseous ClO; concentration using a ClO2 gas detector (New
Cosmos Electric, Osaka, Japan). The concentration of gaseous ClO; inside isolator A was
manually controlled to 0.010 (the lowest limit of the ClO, generator), 0.025, 0.050, or
0.100 ppmv by adjusting the gas supply from the ClO, generator while monitoring the

concentration with the ClO> gas detector.

The inactivation efficacy of gaseous ClO; and in vivo experiments were evaluated
under the following conditions. A specific concentration of gaseous ClO; (0.010, 0.025,
0.050, or 0.100 ppmv) was introduced for 2 min to maintain the gaseous ClO; levels in
isolator A. After nebulizing a certain concentration of viruses for 2 min, the gaseous ClO2
concentration in isolator A was maintained at the target level for a designated inactivation
time (1 or 5 min, Figure 22A). The air mixture was pumped from isolator A to isolator B
by the air pump, and the air introduced into isolator B was collected by the air sampler at
each sampling interval for subsequent infectivity virus quantification by TCIDso (Figure
22B). For in vivo setting, chicks in isolator B were exposed to the introduced air for each
exposure duration (Figure 22C). In all experiments, temperature and relative humidity

were controlled within the ranges of 22 °C-27 °C and 62-98%, respectively.
Evaluation of the efficacy of gaseous Cl0: against aerosol HS HPAIV

Viruses from various air mixture conditions were collected using a gelatin
membrane filter from the air sampler located in isolator B at a sampling velocity of 20
L/min. The filter was dissolved in 10 mL of a transport medium containing MEM
(Shimadzu Diagnostics Corporation) containing 10 mg/mL streptomycin (Meiji Seika
Pharma), 0.3 mg/mL gentamicin (MSD), 10,000 U/mL penicillin G, 0.5% bovine serum
albumin fraction V (Roche), and 250 U/mL nystatin (Sigma-Aldrich). Then, the
infectivity of the virus collected on the filter in MDCK cells under each experimental
condition was expressed as TCIDso/mL. The effectiveness of gaseous ClO; against HS
HPAIV was evaluated by quantifying viral inactivation using the TCIDso method.
Experiments were conducted independently in five rounds, primarily on different days,

and viral inactivation was expressed as a logio reduction, calculated as the difference
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between the virus titer in the absence of gaseous ClO; (0 ppmv) and the titer after

exposure to gaseous ClO: at a specified concentration for a specified time.
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Figure 22. Experimental setup for evaluating gaseous ClO: inactivation of
aerosolized HS HPAIV. (A) Workflow of the experiment setup for inactivating
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evaluate the effectiveness of gaseous ClO; under aerosolized HS HPAIV conditions (B)
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Evaluation of the sensitivity of chicks to HS HPAIV

The sensitivity of chicks to HS HPAIV was evaluated using the CLDso. Two-day-
old white leghorn chicks were purchased from Iwamura Poultry (Niigata, Japan),
randomly assigned into five groups (five chicks per group), and intranasally inoculated
with 30 pL of WTE/Hok/R22/22 (H5N1). The infectious dosage ranged from 100 to
10°° TCIDso, and the mortality rate of the chicks was monitored for 14 dpc.

Evaluation of the efficacy of gaseous Cl0: against HS HPAIV in 2-day-old chicks

Five 2-day-old white leghorn chicks purchased from Iwamura Poultry were placed
in isolator B and exposed to the air mixture from each experimental condition. After
disconnecting all tubes from isolator B, the clinical condition of the chicks was monitored

daily for 14 dpc.
Antibody detection in the chicks 14 days after virus nebulization

Serum was extracted from the blood of chicks that survived 14 dpc and subjected
to an HI assay to determine the antibody titer against WTE/Hok/R22/22 (H5N1). The
virus was mixed with serial dilutions of serum from each surviving chick and incubated
for 30 min at 37 °C, followed by the addition of 0.5% chicken erythrocytes, which were
mixed for 30 min at room temperature. The HI antibody titers were expressed as the
lowest concentrations of antibodies capable of completely inhibiting four HA units of the

virus.

Ethic statements

All animal experiments were conducted at the Animal BSL-3 Facility, Faculty of
Veterinary Medicine, Hokkaido University, which has been accredited by the AAALAC
International since 2007. The Institutional Animal Care and Use Committee of the
Faculty of Veterinary Medicine, Hokkaido University approved the experiments
(approval number: 23-0121). Additionally, the study was approved by the Biosafety
Management Committee on Pathogens and Other Hazardous Agents at the Faculty of

Veterinary Medicine, Hokkaido University (approval no. 2022-1-78).
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Results

Efficacy of gaseous ClO: against aerosol HS HPAIV

In isolator A, gaseous CIO; or air produced by the gaseous ClO> generator was
allowed to mix evenly with aerosolized HS HPAIV generated by the nebulizer at an
infectious dose of 10%° TCIDso/mL, a significantly higher virus titer than typically used
in experimental conditions, as described in Table 19. To facilitate virus nebulization, the
original viral stock was diluted 10-fold with sterilized distilled water, as the allantoic
fluid-derived stocks contain abundant proteins that could hinder the nebulizing process.
In the absence of gaseous ClO», the virus particles collected by the air sampler placed in
isolator B exhibited virus recovery with mean titers of 2.8 £ 0.3 and 3.3 + 0.9 logio
TCIDso/mL after 0 and 5 min of inactivation, respectively. For this reason, the 5 min
inactivation period, which yielded the lowest dispersion of infectious virus particles, was
considered suitable for assessing the effectiveness of gaseous ClO; against HS HPAIV at
an infectious dose of 103° TCIDso/mL. To evaluate the inactivation efficacy of gaseous
ClO», virus aerosols were mixed with gaseous ClO; at a concentration of 0.100 ppmv for
an inactivation time of 5 min. No infectious viruses were recovered by the air sampler,

demonstrating the inactivation efficacy of gaseous ClO; against HS HPAIV.

Minimum conditions required for the efficacy of gaseous ClO; against aerosol HS
HPAIV

The minimum conditions required for gaseous ClO; to be effective against HS
HPAIV were evaluated using the same experimental setup. Different concentrations of
gaseous CIO> (0.010, 0.025, 0.050, and 0.100 ppmv) and two inactivation times (1 and 5
min) were tested. Under different gas concentration settings, the measured concentration
of gaseous ClO; was 0.013 + 0.005, 0.027 + 0.006, 0.052 + 0.003, and 0.104 + 0.005
ppmv. Variances in virus recovery titers observed under identical experimental conditions
could be attributed to the evaluation of gaseous ClO: inactivation setting being conducted
on different days (rounds). Nevertheless, the overall logio reduction observed under each
round was consistent across all outcomes. To address this variability, all subsequent
results are presented as individual values from three or more independent replicate

experiments rather than as mean titers. In the absence of gaseous ClO, virus titers of 2.7,
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4.5, and 4.5 logio TCIDso/mL were recovered after 1 min inactivation, while titers of 3.3,
2.5, 2.7, and 4.5 logio TCIDso/mL were recovered after 5 min inactivation, using the air
sampler at an infectious dose of 103° TCIDso/mL (Table 20). In contrast, when viruses
were exposed to 0.100 ppmv of gaseous ClO,, a marked decrease in virus recovery was
observed, with only < 0.5, 1.0, and 1.5 logio TCIDso/mL (2.2-3.5 logio reduction) of
infectious particles recovered after 1 min inactivation, and < 0.5 logio TCIDso/mL (2.0—
2.8 logio reduction) after 5 min inactivation. As the concentration of gaseous ClO>
decreased, titers of virus recovery increased accordingly. At 0.050 ppmv, virus titers of <
0.5, 2.0, and 2.0 logio TCIDso/mL (2.2-2.5 logio reduction) and < 0.5, < 0.5, and 1.5 log1o
TCIDso/mL (2.0-3.0 logio reduction) were confirmed after 1 and 5 min inactivation,
respectively. Further reductions in gaseous ClO: levels resulted in increased titers of viral
recovery. At 0.025 ppmyv, viruses with titers of < 0.5, 3.5, and 2.5 logio TCIDso/mL (1.0—
2.2 logio reduction), as well as < 0.5, < 0.5, and 2.3 logio TCIDso/mL (2.0-2.2 logio
reduction), were recovered after 1 and 5 min inactivation, respectively. Similarly, at 0.010
ppmv, viruses with titers of < 0.5, 3.5, and 3.3 logio TCIDso/mL (1.0-2.2 logio reduction)
after 1 min inactivation and <0.5, 2.5, and 2.5 logio TCIDso/mL (2.0-2.2 logio reduction)

after 5 min inactivation were recovered, respectively.
Infectivity of WTE/Hok/R22/22 (H5N1) in chicks

To estimate the CLDso of WTE/Hok/R22/22 (H5N1) in chicks, various doses of
the virus were intranasally inoculated into 2-day-old chicks, which were then monitored
for 14 days (Table 21). Chicks challenged intranasally with the virus at 10*° and 103
TCIDs0/0.03 mL died within 2 dpc (Table 21). Meanwhile, four of five chicks died within
3 dpc when challenged intranasally with 10?° or 10°*° TCIDs0/0.03 mL. The remaining
chicks challenged with 10°°-10'" TCIDs¢/0.03 mL survived for 14 dpc. Based on these
observations, the CLDso of the chicks to H5 HPAIV was estimated to be 10> TCIDso.
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Table 19. Infectious virus recovered by the air sampler after treatment with gaseous ClO;

Input dose CIO, Inactivation Sampling Recovery dose Temperature Relative humidity
(log,, TCID;/mL)  (ppmv) time (min) time (min)  (log,, TCID,,/mL) (°C) (%)
8.0 0 0 10 2.8+0.3 234+2.6 64.3+8.9
8.0 0 5 10 33+09 252+1.9 81.6+£5.9
8.0 0.100 5 10 <0.5+£0.0! 26.1£2.2 779 +4.5

1< 0.5 logio TCIDso/mL is the lowest detection limit of the virus titers.
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Table 20. Assessment of minimum conditions for the efficacy of gaseous ClO: against HS HPAIV

Recovery dose in each round

Logio reduction from

In}gl(;[ dose ClO, Inactivation Sampling (logio TCIDso/mL) no gaseous ClOz in each round Temperature kIlielalt(?;e
TCID sgo}(r)nL) (ppmv) time (min) time (min) (Logio TCIDso/mL) (°O) ur(r;/t))l Y
2 3 42 5 1 2 3 4 5

8.0 0 1 10 NT® NT 2.7 45 45 NA* NA NA NA NA 24.8+1.9 70.7+4.9
8.0 0 5 10 33 25 2.7 4.5 S NA NA NA NA NA 252+1.9 81.6+5.9
8.0 0.010 1 10 NT NT <0.5° 35 33 NT NT >22 1.0 1.2 26.4+0.6 67.8+3.0
8.0 0.010 5 10 NT NT <05 25 25 NT NT >22 2.0 2.0 26.8+0.9 67.3+9.0
8.0 0.025 1 10 NT NT <05 35 25 NT NT >22 1.0 2.0 26.5+£0.6 62.4+6.8
8.0 0.025 5 10 NT <05 <05 23 - NT >20 >22 22 - 26.8+0.9 63.7+11.7
8.0 0.050 1 10 NT NT <05 20 20 NT NT >22 2.5 25 26.9+0.2 63.9+49
8.0 0.050 5 10 NT <05 <05 1.5 - NT >20 >22 3.0 - 262+1.2 72.4+5.8
8.0 0.100 1 10 NT NT <05 1.0 15 NT NT >22 3.5 3.0 26.1+0.9 64.0+6.5
8.0 0.100 5 10 <0.5<05 <05 NT NT >28 >20 >22 NT NT 26.1+2.2 779+4.5

"Number indicates the order of independent rounds.
2Rounds 4 and 5 were performed on the same day.

3NT: Not tested.
“NA: Not applicable.

5_: Indicates that virus titers in Round 4 applied to Round 5, as both rounds were conducted under identical conditions on the same day.
< 0.5 logio TCIDso/mL is the lowest detection limit of the virus titers.



Table 21. Determination of the CLDsy by intranasally challenged with
WTE/Hok/R22/22 (H5N1) in two-day-old chicks (n =5)

Infectious dose

(log1o TCIDs0) Number of surviving chicks

0.0 5
1.0 5
2.0 1
3.0 1
4.0 0
5.0 0
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Minimum conditions for the efficacy of gaseous ClO; against H5S HPAIV in vivo

To determine the minimum conditions for the efficacy of gaseous ClO» against
H5 HPAI in vivo setting, the same experimental setup was used to evaluate its inactivation
efficacy. The measured concentrations of gaseous ClO; under these conditions were
0.012 + 0.002, 0.027 £+ 0.003, 0.054 + 0.003, and 0.104 + 0.003 ppmv. All chicks died
when exposed to aerosolized H5 HPAIV at 103° TCIDso/mL in the absence of gaseous
CIO; (Table 4). However, all chicks survived exposure to aerosolized HS HPAIV that had
been treated with 0.100 ppmv gaseous ClO; for 1 or 5 min, consistent with the results
observed in the gaseous ClO: inactivation setting. Nevertheless, different outcomes
emerged when the gaseous ClO; concentration was reduced to 0.050, 0.025, or 0.010
ppmv. Gaseous ClO2 at 0.050 ppmv protected most chicks against aerosolized HS
HPAIV, with four of five chicks surviving after 5 min of inactivation, whereas only one
chick survived when the inactivation time was 1 min. Conversely, only one and two
chicks survived when the inactivation time was 5 min for ClO2 concentrations of 0.025
and 0.010 ppmv, respectively, whereas no chicks survived when the inactivation time was
1 min. No antibody against HS HPAIV was detected in the surviving chicks by the HI
test after 14 dpc. Thus, the minimum concentration (0.050 ppmv) of gaseous CIO; at an

inactivation time of 5 min can quickly protect against HS HPAIV infection in chicks.
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Table 22. Assessment of minimum conditions for the efficacy of gaseous ClO; against HS HPAIV in vivo setting

Input dose ClOs Inactivation time Sarpp ling Numl?gr of | Temperature Relative humidity
(logio TCIDso/mL)  (ppmv) (min) fime surviving - HlTtiter o) (%)
(min) chicks (n=5)
8.0 0 1 10 0 NA? 23.7+0.0 73.8+2.6
8.0 0 5 10 0 NA 23.8+0.1 86.1 +3.5
8.0 0.010 1 10 0 NA 23.7+0.1 85.6+1.1
8.0 0.010 5 10 2 <23 25.8+0.1 98.1+0.8
8.0 0.025 1 10 0 NA 249 +0.1 842+1.5
8.0 0.025 5 10 1 <2 24.0+0.0 90.8+3.0
8.0 0.050 1 10 1 <2 25.6+0.0 82.0£1.6
8.0 0.050 5 10 4 <2 244+0.0 89.8+£3.9
8.0 0.100 1 10 5 <2 234+0.0 78.6 £2.1
8.0 0.100 5 10 5 <2 22.8+0.2 87.7+4.5

' Antiserum was collected from surviving chicks 14 dpc to detect the presence of antibodies against H5 HPAIV.
2NA: Not applicable.
3 Average hemagglutination inhibition (HI) titer collected from the surviving chicks.



Discussion

Biosecurity measures remain a top priority for preventing avian influenza
outbreaks in the poultry industry. However, even with intensive implementation of these
measures, HPAI outbreaks can still occur in poultry. Therefore, effective and safe
disinfectants represent additional options to halt the spread of pathogens because of their
ability to decontaminate poultry farms, markets, and the surrounding environment,
including surfaces and air, thereby supplementing biosecurity efforts. This study
demonstrated that gaseous ClO> at 0.100 ppmv can inactivate aerosolized H5S HPAIV
within 1 to 5 minutes, achieving approximately 2.0-3.5 logio reduction. Notably, a lower
concentration of gaseous ClO2 (0.010 ppmv) with 5 min inactivation can also effectively
inactivate aerosolized H5 HPAIV, achieving 2.0-2.2 logio reduction, in contrast to studies
evaluating the effects of gaseous ClO2 on various IAV strains. Numerous studies
highlighted the effectiveness of gaseous ClO; in suppressing multiple IAV strains, such
as HINI1, achieving approximately 0.77 and 1.43 logio reductions at concentrations of
0.02 and 0.1 ppmv, respectively, over 10 min [133]. Additionally, significant effects were
noted against H7N9 at gaseous ClO; concentrations exceeding 5.0 ppmv for 1 h of
exposure [138]. The difference in the effectiveness of gaseous ClO2 against I[AVs might
be attributed to experimental settings, such as humidity, the presence of organic matter,
and temperature, which must be considered. In the current in vivo study, chicks, known
to be the most sensitive animals to H5 HPAIV, were used as an animal model to assess
the efficacy of gaseous ClO; against HS HPAIV. According to the survival of chicks
challenged with different dosages of the virus, the CLDs was calculated as 10?° TCIDsy,
as shown in Table 21. In comparison, the CLDso of a viral strain genetically similar to
WTE/Hok/R22/22 (H5N1) was estimated to be approximately 10*° EIDso in 6-week-old

chickens [21], indicating that younger chicks are more susceptible than older birds.

This study found that gaseous ClO; at 0.100 ppmv, whether used for 1 or 5 min,
can completely protect chicks against aerosolized HS HPAIV infection. In the meantime,
the minimum effective concentration of gaseous ClO; against aerosolized HS HPAIV was
0.050 ppmv for 5 min of inactivation, as most chicks survived exposure to viruses treated
with this concentration of gaseous ClO; for 5 min. Conversely, chicks exposed to HS

HPAIV without gaseous ClO; treatment succumbed to viral infection, as demonstrated in
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Table 22. The clear distinction in chick mortality between the presence and absence of
gaseous ClO: highlights its high efficacy in inactivating HS HPAIV in the atmosphere.
This finding aligns with the virus recovery results observed in the gaseous ClO2
inactivation setting, as lower amounts of virus were detected in the air sample after
exposure to 0.100 or 0.050 ppmv CIlO> for 5 min, as shown in Table 20. In addition to in
vivo results, such as chick mortality rates that closely matched the virus reduction
observed in the gaseous ClO: inactivation efficacy, chick mortality increased as the
concentration of gaseous ClO, decreased. Based on the inactivation efficacy of gaseous
ClOg, the virus recovery at 0.100 ppmv (1 and 5 min) and 0.050 ppmv (5 min) ranged <
0.5-1.5 logio TCIDso/mL, remaining insufficient to infect the chicks since the CLDso is
approximately 2.5 logio TCIDso. However, as the concentration of gaseous ClO: declined,
chick mortality increased, as observed at 0.050 ppmv (1 min) and 0.010-0.025 ppmv (1
and 5 min), where the virus recovery in the gaseous ClO; inactivation setting ranged from
< 0.5-3.5 logio TCIDso/mL. Although some discrepancies were noted between the
inactivation efficacy of gaseous ClO2 and in vivo results, these are likely due to host-
related and experimental factors. /n vivo, variability in host susceptibility can lead to
different mortality outcomes even within the same species. In addition, differences in
sensitivity between the cell culture system used for viral quantification and in vivo settings
may also have contributed to the varying susceptibility observed. For example, a study
by Al-Dalawi et al reported that AIV replicates more efficiently in ovo setting than in
vitro setting [142], indicating that different infection models can exhibit different
sensitivities and may therefore yield results that do not fully align with in vitro findings.
Conversely, the gaseous ClO» inactivation setting used in the present study may have
facilitated more effective interactions between gaseous ClO> and viral particles,
potentially due to better mixing during the vacuuming process via air sampling in isolator
B. In contrast, in vivo setup exposed chicks only to the mixed air delivered from isolator
A, which may have reduced the efficiency of viral inactivation. Nonetheless, despite these
differences between experimental models, the overall trends observed in both settings

were consistent with the conclusions of the study.

In prior research, viral concentrations in the air of 10*3-10%* RNA copies/m> were
detected during an HSN8 HPAI outbreak on a poultry farm [143]. Given that exposure to
1033-10*7 EIDso H5 HPAIVs is sufficient to cause death in chickens [35], 2.7 logio
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reduction (104 to approximately 1037 RNA copies/m?) in the infectivity of H5S HPAIV
in the atmosphere is necessary to protect birds from HPAI on farms. 3.0 logio reduction
was obtained based on virus titers above the detection limit (1.5 logio TCIDso/mL)
following exposure to 0.100 ppmv gaseous ClOz for 1 min, as shown in Table 20.
Therefore, this can be achieved using gaseous ClO; at 0.100 ppmv for 1 min. However,
this estimate should be interpreted with caution, as it assumes a direct relationship
between RNA copies and infectious particles and it does not consider host inhalation
patterns or viral deposition in the respiratory system. Regardless, it offers a helpful
benchmark for assessing the effectiveness of disinfection methods. When comparing the
antimicrobial efficacy of various air disinfectants, gaseous ClO2 also exhibited
antimicrobial activity against SARS-CoV-2 in the atmosphere, achieving a 100-fold
reduction within 10 min at 1.0 ppmv [133]. Similar levels of infectivity reduction were
observed in SARS-CoV-2 following treatment with ozone at 1.0 ppmv (2 mg/m?) over
the same timeframe [133]. Moreover, the infectivity of aerosolized IAV was reduced by
4-fold after exposure to 1.70 ppmv ozone at 76% relative humidity for 80 min. However,
a major drawback of ozone as an air disinfectant is that its effective concentration exceeds
the threshold limit (0.100 ppmv), necessitating decontamination in leak-proof rooms or
the absence of humans for 80 min during its use [144]. Contrarily, the gaseous ClO>
concentrations (0.100 ppmv) assessed in this study met the permissible exposure limits
for public health set by the Occupational Safety and Health Administration of the United
States Department of Labor (Occupational Safety and Health Administration, 1978).
Furthermore, this study found that gaseous ClO, was effective against viruses even at
concentrations as low as 0.010 ppmv, indicating that such low and safe levels are ideal

for public areas.

The efficacy of gaseous CIO; in inactivating aerosolized HS HPAIV aerosol was
demonstrated in this study, providing an additional option for disinfecting aerosolized H5
HPAIV in the atmosphere and reducing viral contamination in the farm environment,
thereby preventing HPAI outbreaks. In addition, the safety of gaseous C1O; at 0.100 ppmv
was demonstrated by the survival of chicks for 14 days with no clinical symptoms after
15 min of exposure in the same isolator (data not shown). The lack of adverse effects
observed in 2-day-old chicks, which are likely more sensitive to chemical toxicity than

adult birds, suggests that both chicks and chickens can generally tolerate 0.100 ppmv
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gaseous ClOs. Because 0.100 ppmv gaseous ClO; is also recognized as an acceptable
level for humans, applying gaseous ClO- at this concentration to activate HS HPAIVs in
environments in which humans are present or chickens live, such as inside chicken farm
barns, is a viable strategy. Some studies revealed the possibility of windborne
transmission of HPAIV between commercial poultry outbreaks, and the tunnel ventilation
system might have played a role in amplifying the infection risk [121, 146]. Outside open-
type chicken farms, the airflow within farms is well-controlled by ventilation systems,
which introduce outside air through ventilation ducts. In such farms, spraying gaseous
ClO: in front of the duct effectively reduces the risk of potential HPAIV invasion.
Although constant spraying is required, the very short time needed for gaseous ClO> to
inactivate viruses might not necessitate spraying it throughout the entire atmosphere of
the farm; instead, spraying ClO; at the duct should be sufficient. Positive data on HS
HPAIV inactivation by gaseous ClO2 under experimental conditions should be further

applied to field settings, including poultry farms.

This study had some limitations, as the efficacy of gaseous ClO, might be
influenced by the presence of organic matter. Generally, the effect of humidity on
virucidal gas is an important consideration for evaluating virucidal efficacy. Similar to
other gases, the virucidal effect of gaseous ClO; can be affected by humidity, as humidity
also includes organic matter. In the present study, as the aerosolized virus and gaseous
ClO; were sprayed in an airtight small isolator, humidity was maintained mostly in the
range of 62-98% during the inactivation of HPAIV. This humidity level is generally
higher than that in environments in which humans and chickens comfortably reside,
indicating that the virucidal effect observed in this study might be overestimated
compared with its effectiveness under field conditions. Although humidity was not the
focus of this study, future study should examine gaseous ClO; efficacy under conditions
that better reflect field environments. Even at lower gaseous ClO, concentrations such as
0.010 ppmv, 1 min of inactivation resulted in a 1.0-2.2 logio reduction, still implying
partial inactivation, whereas 5 min of inactivation resulted in a 2.0-2.2 logio reduction,
indicating effective inactivation. Therefore, extending exposure time or improving
mixing efficiency may further enhance efficacy under low-dose conditions and facilitate
easier maintenance in large, open environments. However, the atmospheric temperature

should also be considered as it could also impact the effectiveness of gaseous ClO, [147,
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148]. The present study demonstrated the virucidal effect of gaseous ClO; against HS
HPAIV, which was confirmed for the first time, its efficacy in both gaseous ClO>
inactivation setting and in vivo model, as summarized in Figure 23. The concentration of
H5 HPAIV suppressed by gaseous ClO: in the experimental conditions was insufficient
to infect 2-day-old chicks, providing the first indication that gaseous ClO; can protect
chickens from HPAIV infection, and this strategy could be applied to enhance biosecurity
measures in poultry. Future research should focus on testing gaseous ClO> in farms and

homes to assess its practical use for improving sanitation and enhancing biosecurity.
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(A) Gasceous ClO, inactivation setting using the air sampler
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Figure 23. Inactivation efficacy of gaseous ClO: against aerosolized HS HPAIV.
Summary of the inactivation efficacy of gaseous ClO: in the gaseous ClO, exposure
system (A) and in vivo model (B).
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Brief summary

H5 HPAIV continues to spread globally, causing several HPAI outbreaks in
poultry and significant economic losses. Biosecurity measures that prevent the
introduction of HPAIV represent a top priority for controlling HPAI outbreaks on poultry
farms. Although these measures are crucial for minimizing HPAI introduction, outbreaks
of viral infection on poultry farms persist, underscoring the importance of continuously
improving biosecurity protocols. Therefore, safe and effective microbicide disinfectants
could play an essential role in reducing viral spread by inactivating viral particles on
surfaces and in the air. This study assessed the efficacy of gaseous ClO, against HS
HPAIV under both gaseous ClO; inactivation setting and in vivo conditions. In the
gaseous ClO; inactivation setting, only low virus titers were recovered (< 0.5-1.5 logio
TCIDso/mL) when H5 HPAIV aerosols were exposed to gaseous ClO> (0.050 ppmv, 0.14
mg/m®) for 5 min, corresponding to an approximately 2.0-3.0 logio reduction.
Furthermore, in vivo, all chicks exposed to aerosolized H5S HPAIV, which were treated
with 0.100 ppmv gaseous ClO», survived for 14 dpc, demonstrating complete protection
against the virus. The minimum effective concentration of gaseous ClO; was 0.010 ppmv
for 5 min of inactivation in the inactivation setting, and 0.050 ppmv for 5 min in vivo,
indicating that relatively low concentrations are sufficient for effective viral inactivation.
Therefore, gaseous ClO; was effective at inactivating aerosolized H5 HPAIV and has

potential for use as a disinfectant to prevent HPAIV introduction into poultry.
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Conclusion

The spread of clade 2.3.4.4b HS5N1 HPAIV from 2021 to 2025 is an
unprecedented event, marked by ongoing circulation among wild birds and expansion
into the Americas and Antarctica. HS HPAIV has been introduced to Japan annually since
late 2021, primarily driven by migratory birds, resulting in frequent spillovers into
domestic poultry and, in some cases, into mammalian hosts. Thus, understanding the
genetic, antigenic, pathogenic, and transmission patterns of these viruses, as described in
Chapters I through III, is essential for developing effective control and mitigation
strategies. During winters 2022-2024, multiple genetically distinct HS HPAIVs were
detected in Japan. Based on HA gene analyses, these viruses were classified into four
subgroups: G2a, G2b, G2c, and G2d. Each subgroup was linked to different geographic
origins, such as Europe, Northeast Asia, North Asia, and Northwest America. These
findings indicate that Japan could serve as a hub for multiple independent viral
introductions each winter. Despite the genetic diversity of the viruses, all subgroups
retained high pathogenicity in chickens, as demonstrated by the experimentally infected
birds dying within 5 dpc. Additionally, the differences in disease severity seen in broilers
and layers suggest varying levels of host susceptibility. The characterization of viral
antigenicity also revealed that the clade 2.3.4.4b viruses circulating in recent years remain
antigenically similar to another and show limited divergence from strains identified over
the past decade. This indicates minimal antigenic drift and low selective pressure on the

HA surface glycoprotein.

Phylodynamic analyses offered key insights into the origins and host transmission
routes of HSN1 HPAIVs in Japan from 2021 to 2025. Different geographic sources were
identified for each subgroup. For instance, the G2¢ subgroup was mainly associated with
Northeast Asia, while the G2b subgroup was introduced from both Northeast and North
Asia. The G2d subgroup initially shared a common ancestor with viruses found in
Northwest America and North Asia during 2021 to 2023. However, more recent
detections were linked to Northeast Asia, showing a shift over time in the viral population.
These findings highlight the constantly changing nature of global HPAIV transmission
networks, which complicate outbreak preparedness. Interspecies transmission analyses

revealed that waterfowl in the family Anatidae and possibly raptor species serve as key
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spreaders of the virus within Japan. While poultry, crows, charadriiformes, and cranes
typically act as terminal hosts, the roles of certain species shifted as viral incursions
increased after 2021. For instance, crows, once thought to be dead-end hosts, later became
intermediate transmitters capable of spreading the virus to other bird species. Substantial
poultry and economic losses have resulted from the continuous spread of HS HPAIV
worldwide, and current control strategies rely on rapid culling, movement restrictions,
biosecurity measures, and strict disinfection procedures. Among these measures,
disinfection and biosecurity remain the most effective for limiting viral introduction
through contaminated equipment, vehicles, or personnel. In Chapter IV, this study
evaluated gaseous ClO3, as a potential biosecurity tool. The results showed that gaseous
ClO; effectively inactivated aerosolized HS HPAIV under both gaseous ClO; inactivation
setting and in vivo conditions, even at low concentrations. Although maintaining a stable
concentration of gaseous ClO; in large environments can be challenging, targeted
applications in ventilation systems or enclosed farm entry points may provide a practical

means to reduce the risk of viral introduction into poultry facilities.

In summary, this thesis offers a detailed assessment of the epidemiology,
evolution, and transmission dynamics of clade 2.3.4.4b H5 HPAIV, focusing on repeated
introductions into Japan in recent years. The integration of molecular, pathogenic, and
phylodynamic data highlights the importance of ongoing surveillance to track viral
evolution, evaluate emerging risks, and enable timely interventions. The proven
effectiveness of gaseous ClO2 for inactivation also provides a valuable addition to
existing biosecurity measures and emphasizes the need for innovative strategies to
prevent viral incursions. Overall, the findings deepen understanding of the global ecology
of H5 HPAIV and support future risk assessments, surveillance, and control efforts in

Japan and other affected regions.
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