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Cocirculation of Genetically
Distinct Highly Pathogenic Avian
Influenza H5N5 and H5N1 Viruses
in Crows, Hokkaido, Japan
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We isolated highly pathogenic avian influenza (HPAI)
H5N5 and H5N1 viruses from crows in Hokkaido, Ja-
pan, during winter 2023-24. They shared genetic simi-
larity with HPAI H5N5 viruses from northern Europe but
differed from those in Asia. Continuous monitoring and
rapid information sharing between countries are needed
to prevent HPAI virus transmission.

5 highly pathogenic avian influenza viruses

(HPAIVs) of the A/goose/Guangdong/1/1996
lineage have diversified into multiple clades, threat-
ening wild birds and poultry worldwide. Clade
2.3.4.4b HPAIVs have been consistently isolated in
Asia and Europe since 2016 (1-3) and expanded fur-
ther to North America in late 2021 (4). The global cir-
culation of H5 HPAIVs over a relatively short time
highlights the pivotal role of migratory birds in virus
dissemination (5). H5 HPAIVs in clade 2.3.4.4 fre-
quently acquire the neuraminidase (NA) gene from
locally circulating low pathogenicity avian influenza
viruses (LPAIVs), which often infect waterfowl, lead-
ing to the generation of novel H5Nx reassortant vi-
ruses, such as HSN2, H5N6, and H5NS (6).
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During the winter seasons 2021-22 and 2022-23,
Hokkaido, located in the northernmost part of Japan,
experienced HPAIV outbreaks driven by bird migra-
tion that substantially affected poultry and other resi-
dent birds. Those viruses clustered in the group 2 (G2)
d 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 (7).
HPAIV subgroup G2d might have undergone inter-
continental transmission from Europe to Japan (8,9).
During winter 2023-24, H5N5 HPAIVs were detected
in a crow flock in Hokkaido, and further monitoring
revealed cocirculation of 2 distinct viruses in the crow
population. We investigated the genetic origin and
antigenicity of HSN5 HPAIVs isolated in Hokkaido.

The Study

We conducted passive surveillance of HPAIV infec-
tions in wild birds in a public garden in Sapporo, the
prefectural capital of Hokkaido, Japan; 2,000 crows
flock together during winter and are observed by gar-
den staff. We isolated viruses from tracheal and cloa-
cal swab samples collected from dead crows in the
garden by inoculating 10-day-old embryonated eggs;
we confirmed results by using reverse transcription
PCR (Appendix, https://wwwnc.cdc.gov/EID/
article/30/9/24-0356-Appl.pdf). On November 23
and 24, 2023, we isolated H5N1 HPAIVs from 2 dead
large-billed crows (Corvus macrorhynchos), desig-
nated as A/large-billed crow/Hokkaido/B067/2023
(H5N1) and A/large-billed crow/Hokkaido/
B068/2023 (H5N1). The hemagglutinin (HA) gene se-
quences from those 2 H5N1 HPAIVs indicated they
clustered with the G2d subgroup of HPAIVs found
in Hokkaido during the winter seasons 2021-22 and
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2022-23. In contrast, HA genes of 3 H5 HPAIVs iso-
lated from dead crows on January 8-11, 2024, were
closely related to the G2a subgroup of HSN5 HPAIVs
found in northern Europe and North America. Sub-
sequent whole-genome sequencing analysis of the
3 G2a HPAIVs confirmed their subtype was H5N5;
we named them A/large-billed crow/Hokkaido/
B073/2024 (H5N5), A/large-billed crow/Hokkai-
do/B074/2024 (H5N5), and A/crow/Hokkaido/
B075/2024 (H5N5) (Table 1).

We phylogenetically analyzed virus isolates
along with reference sequences obtained from GI-
SAID (https://www.gisaid.org); the HA genes of
H5N5 HPAIVs isolated in Hokkaido diverged con-
siderably from HPAIVs isolated in Japan during win-
ter 2020-21 (10), forming a distinct branch within the
G2a subgroup (Figure). In addition, the other gene
segments of HSN5 HPAIVs from Hokkaido were ge-
netically distant from those in HPAIV strains isolated
in Japan during winter 2021-22 (Appendix Figures
1-6). BLAST (https:/ /blast.ncbi.nlm.nih.gov) analy-
sis of sequences from GISAID revealed that all 8 gene
segments of H5N5 HPAIVs from Hokkaido were
very close (genetic similarity >99%) to HSN5 HPAIVs
detected in northern Europe since 2022, in contrast to
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those from North America (Table 2), suggesting a low
possibility of virus transmission from North America.
H5N5 HPAIVs from Hokkaido shared a common an-
cestor with H5N5 HPAIV from Europe assigned the
genotype EA-2021-1 by the European Food Safety Au-
thority (11). Parent strains of HSN5 HPAIVs from Eu-
rope, represented by A/swan/Rostov/2299-2/2020
(H5N5), were proposed to originate in western Rus-
sia during autumn 2020. Those viruses underwent
genetic evolution via reassortment events involv-
ing H5N8 HPAIVs circulating in Europe since 2018
(12) and the N5 NA gene derived from concurrently
circulating LPAIVs (13). H5N5 HPAIVs reported in
northern Europe during 2022-2023 exhibited specific
genetic differences compared with HSN5 HPAIVs de-
tected in Europe during autumn 2020, particularly in
the N5 NA gene. Those differences included a 66-bp
nucleotide deletion within the N5 NA gene, which we
also observed in the H5N5 HPAIVs from Hokkaido.
Truncation of the NA stalk has been attributed to the
adaptation of those viruses from wild birds to Galli-
formes spp. birds (14). However, most H5N5 HPAIV
infections in Europe were detected in wild birds, and
no cases have been detected in Galliformes spp. birds
since 2022 (15). Further investigation is needed to

Table 1. H5 viruses isolated in Hokkaido and Kumamoto, Japan, in winter 2023—24 in study of cocirculation of genetically distinct

highly pathogenic avian influenza H5N5 and H5N1 viruses in crows*

Virus name Subgroup Datet City/town Latitude Longitude Accession no.
Allarge-billed crow/Hokkaido/B067/2023 G2d 2023 Nov 23  Sapporo  43°03'50’N  141°20'35"E  EPI_ISL_18591747
(H5N1)

Allarge-billed crow/Hokkaido/B068/2023 G2d 2023 Nov 24 Sapporo  43°03'50’N  141°20'35"E  EPI_ISL_18594618
(H5N1)

Allarge-billed G2a 2023 Dec 19 Erimo 42°00'59°’N  143°08'53"E  EPI_ISL_18837770
crow/Hokkaido/0112F066T1/2023 (H5N5)

Allarge-billed G2a 2023 Dec 19 Erimo 42°00'59’N  143°08'53"E  EPI_ISL_18838019
crow/Hokkaido/0112F066C/2023 (H5N5)

Allarge-billed crow/Hokkaido/B073/2024 G2a 2024 Jan8  Sapporo  43°03'50°'N  141°20'35"E EPI_ISL_18792212
(H5N5)

Allarge-billed crow/Hokkaido/B074/2024 G2a 2024 Jan9  Sapporo  43°03'50°'N  141°20'35"E EPI_ISL_18830859
(H5N5)

Alcrow/Hokkaido/B075/2024 (H5N5) G2a 2024 Jan 11 Sapporo  43°03'50"N  141°20'35"E EPI_ISL_18830860
Allarge-billed crow/Hokkaido/B076/2024 G2d 2024 Jan 12 Sapporo  43°03'50"N  141°20'35"E  EPI_ISL_18830861
(H5N1)

Allarge-billed crow/Hokkaido/B078/2024 G2d 2024 Jan 17  Sapporo  43°03'50°N  141°20'35"E EPI_ISL_18876661
(H5N1)

Alcarrion crow/Hokkaido/B079/2024 (H5N1) G2d 2024 Jan 18  Sapporo  43°03'50"N  141°20'35"E EPI_ISL_18876662
Allarge-billed crow/Hokkaido/B080/2024 G2d 2024 Jan 22  Sapporo  43°03'50"N  141°20'35"E  EPI_ISL_18932042
(H5N1)

Alcarrion crow/Hokkaido/B081/2024 (H5N1) G2d 2024 Jan 26 Sapporo  43°03'50"N  141°20'35"E EPI_ISL_18876663
Allarge-billed crow/Hokkaido/B104/2024 G2a 2024 Feb20 Sapporo  43°03'50°N  141°20'35’E  EPI_ISL_19033207
(H5N5)

Allarge-billed crow/Hokkaido/B120/2024 G2a 2024 Mar 16 Sapporo  43°03'50°'N  141°20'35"E  EPI_ISL_19055087
(H5N5)

Allarge-billed crow/Hokkaido/B157/2024 G2a 2024 Apr 30  Sapporo  43°03'50°N  141°20'35"E  EPI_ISL_19174744
(H5N5)

Alperegrine G2d 2024 Jan 16 Kumamoto 32°56'07”N  130°33'45"E EPI_ISL_18876660

falcon/Kumamoto/4301C001/2024 (H5N5)

*Accession numbers are from GISAID (https://www.gisaid.org).
tDate of sample collection.
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clarify whether NA stalk truncation affects pathogen-
esis of H5N5 HPAIVs.

During winter 2023-24, we confirmed H5N5
HPALIV infections in wild birds, especially in crows,

in Erimo (December 19, 2023, in south-central Hok-
kaido) and in Kushiro (January 18, 2024, in eastern
Hokkaido); we also confirmed infection in a pere-
grine falcon (Falco peregrinus) in Tamana, Kumamoto

A/whooper swan/Miyagi/0411B002/2023 (H5N1)
66 1WA /carrion crow/Hokkaido/B079/2024 (H5N1) [2024-01-18]
87— Aflarge-billed crow/Hokkaido/0111E092/2023 (HSN1)
W A/large-billed crow/Hokkaido/B078/2024 (H5N1) [2024-01-17)
W A/large-billed crow/Hokkaido/B076/2024 (H5N1) [2024-01-10]
A/large-billed crow/Osaka/HU-FA004/2023 (H5N1)
b8 A/Harris hawk/Hyogo/HU-FA003/2023 (H5N1)
A/whooper swan/Hokkaido/0112Q105/2023 (HSN1)
| A/goshawk/Gifu/1/2023 (HSN1)
6fl A/spot-billed duck/Gifu/1118/2023 (H5N1)
A/duck/Tottori/NK40/2023 (HSN1) [2023-11-09]
|l A/large-billed ¢ i 2023 (H5N1) [2023-11-24]
M A/large-billed crow/Hokkaido/B067/2023 (H5N1) [2023-11-23]
A/duck/Tottori/TG164/2023 (H5N1) [2023-12-02]
A/large-billed crow/Hokkaido/0112Q104/2023 (HSN1)
A/large-billed crow/Hokkaido/20231207001/2023 (H5N1)
A/Eurasian wigeon/Kagoshima/4611J002/2023 (H5N1)
A/peregrine falcon/Kumamoto/4301€001/2024 (HSNS) [2024-01-16]
iA/Iarge-bllledcmw/H0kka|do/0111Q100/2023 (H5N1)

k4 A/red-crowned crane/Hokkaido/20231115001/2023 (H5N1)
80 A/red-crowned crane/Hokkaido/20231114001/2023 (H5N1)
A/white-tailed eagle/Hokkaido/22-RU-WTE-2/2022 (H5N1)

W A/carrion crow/Hokkaido/B081/2024 (H5N1) [2024-01-26]
99'MA/large-billed crow/Hokkaido/B080/2024 (H5N1) 2024-01-22
[~ A/eastern buzzard/Niigata/1501B001/2022 (H5N1)

[ A/Ez0 red fox/Hokkaido/2/2023 (HSN1)

[~ A/large-billed crow/Hokkaido/B003/2022 (H5N2)

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

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

— A/red fox/Estonia/TA2126820 21VIR10433-13/2021 (H5N1)

G2c
100

A/Changsha/1/2022(H5N6)
A/duck/Hunan/s40199/2021(HSN6)
Afenvironment/Hangzhou/E1153/2021 (HSN6)
A/duck/Guangxi/$10099/2021 (HSN8)
A/wild bird/Korea/H467/2020 (HSNS)
A/crane/Kagoshima/KU-93/2021 (HSN8)
A/chicken/Akita/7C/2021 (HSN8)
94| A/chicken/Kagoshima/B3T/2021 (HSN8)
95 A/hooded crane/Kagoshima/KU-5T/2021 (HSN8)
A/whooper swan/Romania/10311 21VIR849-2/2021 (H5N5)
A/swan/Rostov/2299-2/2020 (HSNS) [2020-12-29]
A/black-necked grebe/Kalmykia/78-1V/2021 (HSNS)
Afwaterfowl/Russia/1526-4/2021 (HSNS)
\/white-tailed eagle/! y2022-07-100 ) [2022-02-25]
[— A/sea eagle/Norway/2022-07-198 22VIR3866-2/2022 (H5NS) [2022-03-24]
,q'_A/Red Fox/NS/FAV-0241-1/2023 (HSN5) [2023-05-23]
A/Northern Fulmar/NS/FAV-0264-6/2023 (H5N5) [2023-03-02]
8 A/northern goshawk/Norway/2023-07-184-1 (H5N5) [2023-03-13]
- A/Herring Gull/NS/FAV-0406-4/2023 (H5NS) [2023-05-16]
[~ A/American Crow/PEI/FAV-0035-6/2023 (H5N5) [2023-01-09]
[ A/Great Black-Backed Gull/NS/FAV-0264-15/2023 (H5N5) [2023-04-30]
A/Northern Fulmar/NS/FAV-0264-8/2023 (HSN5) [2023-03-21]
b6~ A/American Crow/PEI/FAV-0068-9/2023 (H5NS) [2023-01-31]
10b A/Northern Fulmar/NS/FAV-0264-3/2023 (H5N5) [2023-02-16]
A/Herring Gull/NS/FAV-0231-1/2023 (HSNS) [2023-06-02]
94A/Northern Fulmar/NS/FAV-0406-2/2023 (H5NS) [2023-05-15]
A/great black-backed gull/Norway/2022-07-1141-4T/2022 (H5N5) [2022-06-15]
l‘A/gIaucous gull/Norway/2022-07-1148/2022 (H5N5) [2022-06-13]
- A/great black-backed gull/Norway/2022-07-3018-2 (HSNS) [2022-10-03]
[ A/sea eagle/Norway/2022-07-196 22VIR3866-1/2022 (HSNS) [2022-03-25]
s A/European herring gull/Norway/2022-07-1141-17/2022 (HSN5) [2022-06-15]
bf @®4/large-billed crow/Hokkaido/B157/2024 (HSNS) [2024-04-30]
@A/large-billed crow/Hokkaido/B120/2024 (H5NS) [2024-03-16)
@A/large-billed crow/Hokkaido/B074/2024 (HSN5) [2024-01-10]
58| | ®A/crow/Hokkaido/B075/2024 (HSNS) [2024-01-09]
@A/large-billed crow/Hokkaido/0112F066T/2023 (HSNS) [2023-12-19)
®A/large-billed crow/Hokkaido/0112F066C/2023 (H5N5) [2023-12-19]
74 L| ®A/large-billed crow/Hokkaido/B104/2024 (HSNS) [2024-02-20]
7} ®@A/large-billed crow/Hokkaido/B073/2024 (HSNS) [2024-01-08]
q A/common eider/Iceland/2023A108561/2023 (HSNS) [2023-09-25]
A/white tailed eagle/Norway/2024-07-14 (H5NS) [2024-01-16]
A/common gull/England/129428/2023 (HSN5) [2023-10-27]
A/herring gull/England/123277/2023 (HSN5) [2023-09-25]
A/European herring gull/Norway2023-07-3048-1 (H5N5) [2023-10-17]
73 A/great black-backed gull/Scotland/123498/2023 (H5N5) [2023-09-25]
A/gannet/Scotland/124903/2023 (HSNS) [2023-10-09]
5{A/herring gull/England/404384/2023 (HSNS) [2023-10-10]
A/common buzzard/England/264162/2023 (H5N5) [2023-11-03]
A/herring gull/England/404234/2023 (HSNS) [2023-10-06]
A/buzzard/Germany-MV/AI02166/2020 (HSN5)
8-1£A/rhir' 210201S: 1P4/2021 (HSNS)
A/whooper swan/Sweden/SVA2100329570210/FB0001277/H-2021 (H5N5)
A/turkey/Germany-SH/AR827-L03306/2017 (H5N5)
A/northern pintail, 13/2020 (HSN8)
Afblack swan/Akita/1/2016 (HSN6)
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iy A/northern goshawk/Norway/2023-07-184-1 (HSNS) [2023-03-13]
A/Herring Gull/NS/FAV-0406-4/2023 (H5NS5) [2023-05-16]
A/Northern Fulmar/NS/FAV-0264-8/2023 (HSNS) [2023-03-21]
[ A/Northern Fulmar/NS/FAV-0264-3/2023 (HSNS) [2023-02-16]
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A/waterfowl/Russia/1526-4/2021 (HSNS)
A/white-Tailed /SVA21052

2
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3/ 2111/C-2021 (H5NS)
A/mute swan/Slovakia/Pah6 21VIR1086-2/2021 (HSNS)
A/swan/Rostov/2299-2/2020 (HSN5) [2020-12-29]
A/gull/Dagestan/397-2/2021 (HSNS)
A/European herring gull/Bulgaria/222 21VIR4270-1/2021 (HSNS)
A/whooper swan/Romania/10123 21VIR849-1/2021 (HSN5)
]'A/Anas platyrhynchos/Belgium/7828/2018 (H12N5)
A I A/Anas platyrhync g 510001/2020 (H12N5)
A/mallard/Denmark/12947-12/2020-10-26 (H7N5)
L A/teal/Chany/324/2017 (H12N5)
A/chicken/Sweden/SVA2101175Z0004/KN011321/2021 (HSNS)
_L@'A/rhir' d 2102015ZC 1P4/2021 (HSN5)
A/Eurasian teal/Norway/2023-07-2933-4 (H6NS)
ibirsk regi /2018 (H12N5)
Afenvironment/Bangladesh/52110/2022 (H10NS)
A/mallard/Novosibirsk region/3541k/2020 (H12N5)
A/goose/Russian Federation/Omsk/1680-6/2020 (H5N5)
A/peregrine falcon/Denmark/13776-1/2020-10-30 (H5N5)
A/chicken/Sweden/SVA210226570168/KN048380-1P9/2021 (H5N5)
A/gallus gallus/Belgium/12168 002/2020 (HSNS)
"A/barnacle weden/SVA201201!

\/duck/Kyoto/261007/2014 (H6NS)
A/wild bird/Korea/H2995-1/2015 (H10NS5)
A/duck/Mongolia/703/2018 (H12N5)

65 A/pereg 001/2024 (H5N5) [2024-01-16]
Afduci 17D747/2016 (H3NS)
Afenvironment/Kamchatka/18/2016 (H5N5)
A/gadwall/Italy/17VIR133-2/2017 (HSNS)
Afturkey/Germany-SH/AR420-103292/2017 (H5N5)
A/chicken/Croatia/104/2017 (HSNS)
A/swan/Germany-SN/R10645/2016 (HSN5)

24/2020 (H5NS)
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Figure. Phylogenetic analysis of genetically distinct highly pathogenic avian influenza HSN5 and H5N1 viruses isolated in Japan in winter
2023-24. H5 hemagglutinin (A) and N5 neuraminidase (B) gene segments of H5N5 highly pathogenic avian influenza viruses (HPAIVs)
isolated in winter 2023—24 were compared with reference strains within clade 2.3.4.4b obtained from GISAID (https://www.gisaid.org).
Squares indicate H5N1 and circles indicate HSN5 HPAIVs isolated from crows in Hokkaido in winter 2023-24. Bold text indicates the HSN5
HPAIV isolated from a peregrine falcon in Kumamato in the southern part of Japan in winter 2023—-24. Trees were constructed by using the
maximum-likelihood method and MEGA 7 software (https://www.megasoftware.net). Bootstrap values (>50%) from 1,000 replicates are
indicated on nodes. Isolated viruses belonging to subgroups G1, G2a, and G2d and clade 2.3.4.4b are indicated. Dates after strain names
indicate sample collection dates for HPAIV-infected animals. Scale bar indicates number of nucleotide substitutions per site.
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Table 2. BLAST search results of HSN5 HPAIVs isolated in Japan in winter 2023-24 in study of cocirculation of genetically distinct
H5N5 and H5N1 HPAIVs in crows, Hokkaido, Japan*

Virus name Gene Most homologous strain Homology, %  Accession no.
Allarge-billed PB2 A/Common eider/Iceland/2023A108561/2023 (H5N5) 99.7 EPI12791002
crow/Hokkaido/B073/2024 PB1 A/Common eider/ Iceland/2023A108561/2023 (H5N5) 99.8 EPI2791003
(H5N5)t PA A/Common eider/ Iceland/2023A108561/2023 (H5N5) 99.7 EPI2791001
HA A/Common gull/England/129428/2023 (H5N5) 99.8 EPI12815885
NP A/Herring gull/England/404384/2023 (H5N5) 99.9 EPI12815894
NA A/Herring gull/England/404384/2023 (H5N5) 99.5 EPI12815900
M A/Herring gull/England/404384/2023 (H5N5) 99.9 EPI12815896
NS A/Herring gull/England/404384/2023 (H5N5) 99.9 EP12815895
Alperegrine PB2 Allarge-billed crow/Hokkaido/20231207001/2023 (H5N1) 99.9 EPI12898966
falcon/Kumamoto/4301C001/ PB1 Allarge-billed crow/Hokkaido/20231207001/2023 (H5N1) 99.9 EP12898967
2024 (H5N5)t PA Allarge-billed crow/Hokkaido/0111Q100/2023 (H5N1) 99.8 EPI2841124
HA Allarge-billed crow/Hokkaido/20231207001/2023 (H5N1) 99.9 EP12898969
NP Allarge-billed crow/Hokkaido/0112Q104/2023 (H5N1) 99.7 EPI2815894
NA A/Duck/Hokkaido/W24/ 2020 (H6N5) 99.1 EP11896526
M Allarge-billed crow/Hokkaido/20231207001/2023 (H5N1) 100 EPI2815896
NS Allarge-billed crow/Hokkaido/20231207001/2023 (H5N1) 99.9 EP12898973

*Gene segment sequences of 2 H5N5 HPAIVs were compared with those of other H5 virus sequences by using BLAST (https://blast.ncbi.nim.nih.gov).
Accession numbers are from GISAID (https://www.gisaid.org). HA, hemagglutinin; HPAIV, highly pathogenic avian influenza virus; M, matrix protein; NA,
neuraminidase; NP, nucleoprotein; NS, nonstructural protein; PA, polymerase acidic; PB1, polymerase basic 1; PB2, polymerase basic 2.

TH5N5 HPAIV isolated in Hokkaido in winter 2023-24.

FH5N5 HPAIV isolated in Kumamoto Prefecture in winter 2023-24.

Table 3. Cross-hemagglutination inhibition assay titers of H5 HPAIVs in study of cocirculation of genetically distinct HSN5 and H5N1
HPAIVs in crows, Hokkaido, Japan*

Titers using antiserum against indicated H5 viruses

Dk/VN/ Mdk/
Tested Cr/Hok/  Ck/Hok/ Ew/Hok/ WTE/Hok/ HU16- DRC/  Ck/Kum/ Bs/Aki/1/
virus Subtype  Clade  Subgroup B003/22 E001/22 Q71/22 R22/22  DD3/23 KAF1/17  1-7/14 16
Cr/Hok/ H5NS  2.3.4.4b G2a 640 160 40 640 320 640 320 320
B073/24+
Cr/Hok/ H5N2  2.3.4.4b G2d 640 640 80 320 640 1,280 640 160
B003/22
Ck/Hok/ H5N1  2.3.4.4b Gzd 320 640 160 320 640 1,280 640 80
E001/22
Ew/Hok/ H5N1  2.3.4.4b G2b 320 640 320 160 640 1,280 320 160
Q71/22
WTE/Hok H5N1  2.3.4.4b G2d 640 640 160 320 640 2,560 640 80
/R22/22
Dk/VN/ H5N1  2.3.4.4b G2c 640 320 80 640 640 320 320 80
HU16-
DD3/23
Ck/Hok/ H5N1  2.3.4.4b G2c 640 320 80 320 1,280 160 160 40
B102/23
Mdk/ H5N8  2.3.4.4b NA 640 640 80 160 640 1,280 640 80
DRC/
KAF1/17
Fox/Hok/  H5N1  2.3.4.4b Gad 640 320 160 640 640 640 320 160
1/22
Cr/Hok/ H5N1  2.3.4.4b G2d 160 160 80 320 640 320 80 40
B067/23
Np/Hok/ H5N8  2.3.4.4b G1 640 640 20 160 640 2,560 640 40
M13/20
Ck/Kum/  HS5N8  2.3.4.4c NA 320 640 40 20 160 640 640 80
1-7/14
Bs/Akita/ H5N6  2.3.4.4e NA 160 320 20 80 160 320 160 640
1/16

*Antiserum against H5 virus isolates was used to test antigenicity of different HSNx HPAIVs. Bold values indicate homologous titers.

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, Alwhite-tailed eagle/Hokkaido/22-RU-WTE-2/2022 (H5N1); Dk/VN/HU-16-DD3/23,
Alduck/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 (H5N8); Bs/Akita/1/16, A/black
swan/Akita/1/2016 (H5N6). HPAIV, highly pathogenic avian influenza virus; NA, not applicable.

THS5NS5 virus isolated in Hokkaido in winter 2023-24.
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Prefecture, Kyushu Island, on January 16, 2024. We
classified the isolate from Tamana, A/peregrine fal-
con/Kumamoto/4301C001/2024 (H5N5), into the
G2d subgroup according to its HA gene sequence,
whereas its NA gene sequence was similar to that of
LPAIVs isolated in East Asia (Table 2). Although this
combination had not been observed in Japan, reassort-
ment events between the HPAIV H5N1 G2d subgroup
and LPAIVs have been documented (9). We detected
H5N5 HPAIVs in Hokkaido in January 2024; a total of
85 crows were found dead in the Sapporo garden, 80
of which we diagnosed as HPAIV positive by the end
of April. No HPAIVs were detected in birds within
the garden after April 2024. The continuous detec-
tion of HSN5 HPAIVs in the Sapporo garden during
January-April without unusual deaths of birds other
than crows and multiple isolations of H5N5 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
H5N5 G2a viruses, indicating concurrent circulation
of genetically distinct viruses within a single crow
population. Indeed, the average nanopore sequenc-
ing 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) (Appendix Table 1). This obser-
vation suggests single hosts were co-infected with 2
viruses and reassortment occurred between viruses
originating from geographically distant areas. Anti-
genic characterization of H5N5 HPAIVs suggested
that the antigenicity of A/large-billed crow/Hok-
kaido/B073/2024 (H5N5) was close (2-4-fold differ-
ences in hemagglutination inhibition titers) to that
of other H5 HPAIVs in the G2d subgroup (Table 3)
despite their genetic diversity (Appendix Table 2).

Conclusions

We found that H5N5 HPAIVs consisting of unique
gene constellations were likely introduced into Ja-
pan through a step-by-step bird migration through
northern Eurasia. We confirmed the cocirculation of 2
genetically distinct viruses in a single flock of crows.
The presence of HSN5 HPAIV infections in waterfowl
in Japan is relatively unknown, and the lack of reports
from neighboring countries on the presence of H5SN5
HPAIVs from Europe has hampered the reconstruc-
tion of this genotype’s spread to eastern Asia. Con-
tinuous monitoring and rapid information sharing
between countries are needed to determine the global
dynamics of HPAIVs and prevent their spread.
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Cocirculation of Genetically Distinct Highly
Pathogenic Avian Influenza H5NS and
HS5N1 Viruses in Crows, Hokkaido, Japan

Appendix

Additional Methods

Sample Collection and Virus Isolation

The passive surveillance of highly pathogenic avian influenza virus (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
Minimum Essential Medium (Shimadzu Corp., https://www.shimadzu.com) containing 10
mg/mL streptomycin (Meiji Seika Pharma, https://www.meiji-seika-pharma.co.jp), 10,000 U/mL
penicillin G (Meiji Seika Pharma), 250 U/mL nystatin (Sigma-Aldrich,
https://www.sigmaaldrich.com), 0.3 mg/mL gentamicin (MSD Co., https://www.msd.co.jp), and
0.5% bovine serum albumin fraction V (Roche, https://www.roche.com) and then inoculated into
10-day-old embryonated eggs for virus isolation (/). The isolation of virus was confirmed in the
collected allantoic fluid by using a hemagglutination assay. The isolated viruses were subtyped
by using a hemagglutination inhibition test consisting of chicken hyperimmune serum against the
referenced influenza virus subtyping strain (2). The pathogenicity of the isolates was determined
by using the virus RNA extracted from the allantoic fluid by using either TRIzol LS Reagent
(Thermo Fisher Scientific, https://www.thermofisher.com) or the QIAamp Viral RNA Mini Kit
(QIAGEN, https://www.qiagen.com). Direct sequencing after PCR was conducted by using a
region-specific primer set to confirm the presence of nucleotides in the hemagglutinin gene

encoding multiple basic amino acid residues, which is a molecular marker for HPAIV (3). Next-
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generation sequencing was performed by using the Flongle adaptor (Oxford Nanopore
Technologies, https://www.nanoporetech.com) to determine the genetic background of the
HPALIV isolates; the primers used to amplify all 8 gene segments of HPAIV isolates have been
previously described (4). Oxford nanopore libraries were prepared by using the NEB Ultra 11
End Repair/dA-Tailing Module (New England Biolabs, https://www.neb.com) 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 FIuGAS version 2 (World Fusion,

https://www.w-fusionus.com).

Genetic Analysis

H5 HPAIVs isolated in Hokkaido and an H5NS isolate from Kumamoto in winter 2023—
24 were used in the genetic analysis (Table 1, main text). The nucleotide sequences of H5
HPAIVs were phylogenetically analyzed by using the maximum-likelihood method and the best-
fit general time-reversible model of nucleotide substitution with gamma-distribution rate
variation among sites (with 4 rate categories, ') according to the Tamura-Nei model (5).
Bootstrap analysis with 1,000 replications was applied to construct the phylogenetic tree in
MEGA 7 (https://www.megasoftware.net) by using default parameters. Sequence data of the
genes were compared with reference nucleotide sequences of representative HSNx viruses (with
different neuraminidase subtypes) belonging to clade 2.3.4.4 strains downloaded from GISAID
(https://www.gisaid.org) and GenBank. BLAST (https://blast.ncbi.nlm.nih.gov) of the GISAID
database was used to identify the most homologous HPAIV nucleotide sequences isolated in this

study.

Antigenic Analysis

Using a cross-hemagglutination inhibition test, the antigenicity of the representative
H5N5 HPAIV from Hokkaido, A/large-billed crow/Hokkaido/B073/2024 (H5NS), was
compared with that of the past few seasons (2014-23) in Japan (Table 3, main text). Other
antigens were analyzed and compared in representative clade 2.3.4.4 strains, including A/large-
billed crow/Hokkaido/B003/2022 (Cr/Hok/B003/22; H5N2), A/chicken/Hokkaido/HU-
E001/2022 (Ck/Hok/E001/22; H5N1), A/Eurasian wigeon/Q71/2022 (Ew/Hok/Q71/22; HSN1)
(6), A/white-tailed eagle/Hokkaido/22-RU-WTE-2/2022 (WTE/Hok/R22/22; H5N1),
A/duck/Vietnam/HU-16DD3/2023 (Dk/VN/HU16-DD3/23; H5N1), A/Muscovy duck/DR
Congo/KAF1/2017 (Mdk/DRC/KAF1/17; H5N8) (7), A/chicken/Hokkaido/HU-B102/2023
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(H5NT1), A/Ezo red fox/Hokkaido/1/2022 (H5NT1), A/large-billed crow/Hokkaido/B067/2023
(H5NT1), A/northern pintail/Hokkaido/M13/2020 (H5NS), A/chicken/Kumamoto/1-7/2014
(Ck/Kum/1-7/14; H5NS) (8), and A/black swan/Akita/1/2016 (Bs/Aki/1/16; H5SN6) (9), 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 (H5NS), and Bs/Aki/1/16 (H5N6) to determine cross-reactivity of hyperimmune

antiserum and their corresponding antigens.
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Appendix Table 1. Results of whole-genome sequencing of the highly pathogenic avian influenza virus A/large-billed
crow/Hokkaido/B080/2024 (H5N1) isolated from a crow in Hokkaido, Japan, in winter 2024*

Allarge-billed crow/Hokkaido/B080/2024

H5N1 H5N5

Gene segments 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 was performed by using the Flongle adaptor (Oxford Nanopore Technologies, https://www.nanoporetech.com). Sequencing detected
N1 and N5 NA genes in one host, indicating co-infection. HA, hemagglutinin; MP, matrix protein; NA, neuraminidase; NP, nucleoprotein; NR, no
reads; NS, nonstructural protein; PA, polymerase acidic; PB1, polymerase basic 1; PB2, polymerase basic 2.

Appendix Table 2. Genetic homology between highly pathogenic avian influenza viruses A/large-billed crow/Hokkaido/B073/2024
(H5N5) (G2a subgroup) and A/large-billed crow/Hokkaido/B067/2023 (H5N 1) (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

*HA, hemagglutinin; MP, matrix protein; NA, neuraminidase; NP,
nucleoprotein; NS, nonstructural protein; PA, polymerase acidic;
PB1, polymerase basic 1; PB2, polymerase basic 2.

Page 4 of 10


https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31707455&dopt=Abstract
https://doi.org/10.1007/s00705-019-04456-x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25902725&dopt=Abstract
https://doi.org/10.1007/s00705-015-2428-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28815716&dopt=Abstract
https://doi.org/10.1111/1348-0421.12506

Afcommon gull/England/129428/2023 (H5NS) [2023-10-27]
A/gannet/Scotland/124903/2023 (H5N5) [2023-10-09]

61 Al ‘herring gull/England/404234/2023 (H5N5) [2023-10-06]

Avherring gull/England/404384/2023 (H5NS) [2023-10-10]

Algreat black-backed gull/Scotland/123498/2023 (HSNS) [2023-09-25]
AJ/European herring gull/Norway/2023-07-3048-1 (H*N‘) [2!)21 10-17]
Arcommun buzr]rd'England.ZGHéZ 2023 (HS\IW) [20j -11-03]

2023 (H3 [2
® Allarge-billed crow/Hol 24 (HSNS) [2024-01 UB|
Alcrow/Hokkaido/B075/202 ') [2024-01-11]
Allarge-billed crow/Hokkaido B074/2024 (H5N5) mz-a-m-(r)]
rge-billed crow/Hokkaido/B120/2024 (HSN5) [2024-03-16]
5NS5) [
L

. ‘e\rge-bllled crow/Hokkaido/B104/2024 (H 2024-02-20]
® Aflarge-billed crow/Hokkaido/B157/2024 (H5NS) [2024-04-30]
‘common eider/Iceland/2023A108561/2023 (H5NS5) [2023-09-25]
ropean herring gull/Norway/2022-07-1141-1T/2022 (H5N5) [20
ucous gu]lfNunva_v.'Z 022-07-1148/2022 (H5N5) [2022-06-13]

22-06-15]

AV-0231-1/2023 (H5NS) [2023-06-02]
AV-0406-2/2023 (H5NS) [2023-05-15]
A/Herring Gull/NS/FAV-0406-4/2023 (H5N5) [2023-05-16]
A/Red Fox/NS/FAV-0241-1/2023 (H5NS) [2023-05-23]
A/Northern Fulmar/NS/FAV-0264-6/2023 (HSNS5) [2023-03-02]
[~ A/sea eagle/Norway/2022-07-196 22VIR3866-1/2022 (H5NS5) [2022-03-25]
off A/American Crow/PEVFAV-0035-6/2023 (H. 01-09]
A/Great Black-Backed Gull/NS/FAV-0264- 5) [2023-04-30]
[~ A/great black-backed gull/Norway/2022-07-3018-2 (H5NS) [2022-10-03]
A/Northem Fulmar FAV 023 (H5N5) [2023-02-16]
A/Northem Fulmar/NS/FAV-0264-8/2023 (H5SNS) [2023-03-21]
A/American Crow/PEVFAV-0068-9/2023 (H5N5) (2023-01-31]
Afwhite-tailed eagle 022-07-100 (H5NS) [2022-02-25]
Alsea eagle/Norway/2022-07-198 22VIR3866-2/2022 (HSNS) [2022-03-24]
Arwaterfowl/Russia/1526-4/2021 (HSNS5)
™ A/shelduck/Kalmykia/1814- 21 (H5NS)
AlEuropean herring gull/Bulgar; 2 21VIR4270-1/2021 (HSNS)
Afwhooper swan/Romania/10123 21VIR849-1/2021 (H5N5)
A/mute swan/Romania/11981-1 21VIR3163-5/2021 (H5NS)
A/mute swan/Slovakia/Pah6 21VIR1086-2/2021 (HSN5)
Alswan/Rostov/2299-2/2020 (HSNS) [2020-12-29]
Alwhite-tailed Eagle/Sweden/SVA210527SZ0358/KN002111/C-2021 (H5NS)
67— Algull/Dagestan/397-2/2021 (H5N5)
Alshoveler/Chany Lake/62/2019 (HIN1)
A/mallardNovosibirsk region/1894k/2019 (HANG)
A/Eurasian wigeon/Hokkaido/Q71/2022 (HSN1)
quail/Korea/H526/2021 (H5N1)
cken/Hokkaido/HU-E001/2022 (H5N1)
common teal/Sakhalin/66¢/2020 (H3NS)
A/Ezo red fox/Hokkaido/2/2023 (H5N1)
[ A/peregrine falcon/Denmark/13776-1/2020-10-30 (H5N5)
6§  A/chicken/Sweden/SVA210201SZ0080/FB000693-1P4/2021 (HSNS)
Alchicken/Sweden/SVA2102265Z0168/KN048380-1P9/2021 (H5NS)
A/bamacle goose/Sweden/SVA201201SZ0353/KN003624/2020 (HSNS)
A/Gallus gallus/Belgium/12168 002/2020 (H5NS5
Algoose/Russian Federation/Omsk/1680-6/2020 (H5NS)
Alwhooper swan/Sanmenxia/G28/2020 (HSN8)
‘S Alchicken/Astrakhan/321-01/2020 (H5N8)
A/goose/Omsk/0111/2020 (H5N8)
Alchicken/Hokkaido/HU-B102/2023 (H5N1)
Adtufied duck/PolandMB061/2021 (H5N5)
e-billed crow/Hokkaido/B003/2022 (HSN2)
Alpochard/Buryatia/33/2018 (H4N6)
Agad“a]l’lhlv 17VIR133-2/2017 (HSN5
i r-SH/AR420-1.03292/2017 (H5N5)
A/swan/Germany-SN/R10645/2016 (HSN3)
Alchicken/Croatia/104/2017 (H5N5)
Alenvironment/Kamchatka/1 8/ 2016 (HSNS)
A/ ment/K. KU-G8/2021 (H4N2)
A/mute swan/Poland/P071/2020 (HIN2)
Adteal/Chany/324/2017 (H12N5) 2017-09-03
A/Ezo red fox/Hokkaido/1/2022 (H3N1)
Alcarrion crow/Hokkaido/B081/2024 (H5N1) [2024-01-26]
Allarge-billed crow/Hokkaido/B080/2024 (HSN1) [2024-01-22]
Alcarrion crow/Hokkaido/B079/2024 (HSN1) [2024-01-18]
Allarge-billed crow/Hokkaido/B076/2024 (H5N1) [2024-01-12]
Allarge-billed crow/Hokkaido/B078/2024 (H5N1) [2024-01-17]
Afduck/TottoryTG164/2023 (H5N1) [2023-12-02]
Alduck/Tottori/NK40/2023 (H5N1) [2023-11-09]
Allarge-billed crow/Tlokkaido/B067/2023 (H5N1) [2023-11-23]
A/peregrine falcon/Kumamoto/4301C001/2024 (HSNS) [2024-01-16]
Allarge-billed crow/Hokkaido/B068/2023 (H5SN1) [2023-11-24]

i

0.01

Appendix Figure 1. Phylogenetic analysis of polymerase basic 2 gene segments of H5 highly pathogenic
avian influenza H5N5 and H5N1 viruses isolated in Japan in winter 2023—24. Gene segments were
compared with reference strains obtained from the GISAID database (https://www.gisaid.org). Tree was
constructed by using the maximume-likelihood method and MEGA 7 software
(https://www.megasoftware.net). Bootstrap values (>50%) from 1,000 replicates are shown on nodes.
Red text indicates H5 HPAIVs isolated from crows in Hokkaido in winter 2023-24. Blue text indicates 1
H5N5 HPALIV isolated from a peregrine falcon in Kumamato in the southern part of Japan in winter 2023—
24. Red circles indicate HSN5 HPAIVs isolated in Hokkaido in winter 2023-24. Dates after strain names

indicate sample collection dates for HPAIV-infected animals. Scale bar indicates number of nucleotide

substitutions per site.
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Appendix Figure 2. Phylogenetic analysis of polymerase basic 1 gene segments of H5 highly pathogenic
avian influenza H5N5 and H5N1 viruses isolated in Japan in winter 2023—24. Gene segments were
compared with reference strains obtained from the GISAID database (https://www.gisaid.org). Tree was
constructed by using the maximume-likelihood method and MEGA 7 software
(https://www.megasoftware.net). Bootstrap values (>50%) from 1,000 replicates are shown on nodes

Red text indicates H5 HPAIVs isolated from crows in Hokkaido in winter 2023-24. Blue text indicates 1
H5N5 HPALIV isolated from a peregrine falcon in Kumamato in the southern part of Japan in winter 2023—
24. Red circles indicate HSN5 HPAIVs isolated in Hokkaido in winter 2023-24. Dates after strain names

indicate sample collection dates for HPAIV-infected animals. Scale bar indicates number of nucleotide
substitutions per site.
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Appendix Figure 3. Phylogenetic analysis of polymerase acidic gene segments of H5 highly pathogenic

avian influenza H5N5 and H5N1 viruses isolated in Japan in winter 2023—24. Gene segments were

compared with reference strains obtained from the GISAID database (https://www.gisaid.org). Tree was

constructed by using the maximume-likelihood method and MEGA 7 software

(https://www.megasoftware.net). Bootstrap values (>50%) from 1,000 replicates are shown on nodes.

Red text indicates H5 HPAIVs isolated from crows in Hokkaido in winter 2023—24. Blue text indicates 1

H5N5 HPALIV isolated from a peregrine falcon in Kumamato in the southern part of Japan in winter 2023—
24. Red circles indicate H5NS HPAIVs isolated in Hokkaido in winter 2023—24. Dates after strain names

indicate sample collection dates for HPAIV-infected animals. Scale bar indicates number of nucleotide

substitutions per site.
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Appendix Figure 4. Phylogenetic analysis of nucleoprotein gene segments of H5 highly pathogenic
avian influenza H5N5 and H5N1 viruses isolated in Japan in winter 2023—24. Gene segments were
compared with reference strains obtained from the GISAID database (https://www.gisaid.org). Tree was
constructed by using the maximume-likelihood method and MEGA 7 software
(https://www.megasoftware.net). Bootstrap values (>50%) from 1,000 replicates are shown on nodes.
Red text indicates H5 HPAIVs isolated from crows in Hokkaido in winter 2023-24. Blue text indicates 1
H5N5 HPALIV isolated from a peregrine falcon in Kumamato in the southern part of Japan in winter 2023—
24. Red circles indicate HSN5 HPAIVs isolated in Hokkaido in winter 2023-24. Dates after strain names
indicate sample collection dates for HPAIV-infected animals. Scale bar indicates number of nucleotide

substitutions per site.
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Appendix Figure 5. Phylogenetic analysis of matrix protein gene segments of H5 highly pathogenic
avian influenza H5N5 and H5N1 viruses isolated in Japan in winter 2023—24. Gene segments were
compared with reference strains obtained from the GISAID database (https://www.gisaid.org). Tree was
constructed by using the maximume-likelihood method and MEGA 7 software
(https://www.megasoftware.net). Bootstrap values (>50%) from 1,000 replicates are shown on nodes.
Red text indicates H5 HPAIVs isolated from crows in Hokkaido in winter 2023-24. Blue text indicates 1
H5N5 HPALIV isolated from a peregrine falcon in Kumamato in the southern part of Japan in winter 2023—
24. Red circles indicate HSN5 HPAIVs isolated in Hokkaido in winter 2023-24. Dates after strain names

indicate sample collection dates for HPAIV-infected animals. Scale bar indicates number of nucleotide

substitutions per site.
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Appendix Figure 6. Phylogenetic analysis of nonstructural protein gene segments of H5 highly
pathogenic avian influenza H5N5 and H5N1 viruses isolated in Japan in winter 2023—24. Gene segments
were compared with reference strains obtained from the GISAID database (https://www.gisaid.org). Tree
was constructed by using the maximum-likelihood method and MEGA 7 software
(https://www.megasoftware.net). Bootstrap values (>50%) from 1,000 replicates are shown on nodes.
Red text indicates H5 HPAIVs isolated from crows in Hokkaido in winter 2023-24. Blue text indicates 1
H5N5 HPALIV isolated from a peregrine falcon in Kumamato in the southern part of Japan in winter 2023—
24. Red circles indicate HSN5 HPAIVs isolated in Hokkaido in winter 2023-24. Dates after strain names

indicate sample collection dates for HPAIV-infected animals. Scale bar indicates number of nucleotide

substitutions per site.
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