“§') HOKKAIDO UNIVERSITY
Y X7
Title Studies on the phylodynamics and pathogenicity of swine and avian influenza viruses
Author(s) 0,00
Citation 00o0o00.00@Oo0o)DOdriaan
Issue Date 2021-09-24
DOI 10.14943/doctoral.r7144
Doc URL http://hdl.handle.net/2115/83512
Type theses (doctoral)
File Information MINE Junki.pdf

®

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP


https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

Studies on the phylodynamics and pathogenicity of

swine and avian influenza viruses

BERREAS v IV F A I)VZADELHERE &
RIRPEIC B9 5 HF5E)

Junki Mine



TABLE OF CONTENTS

1) 1112 11 1 i
A DDTYEVIALIONS cuuueeeieeeereeeeeeneeeiceeeeeereesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas iii
N OLES euueerrenneerreerecerreesecereesesasesssssssssssssssssssssssesssssssssssssssasssssssanssssssssssssssassessssanse iv
10 Q) ;SN 1
Chapter 1

Genetic characterization of influenza A viruses in Japanese swine in 2015 to
2019

INtrodUCHiON......ueiieeriiiiiiiieiittensteennticsinnecsstcssaseesssssesssseesssesssssssssnsssssssssnns 5

Materials and Methods........cueeceeineiisennnicsnennseinsnissnensnecnsnecssessssessssesssesssee 6

RESULES.ccuveiiiniiiiniiiiiiiinitiisstninsntecssnticssnticsssniessssesssssessssnssssnesssssessssssssssssssssnsses 9

DISCUSSION ceueeineiineiinicsniisnnisnicssnissnecssnssssesssnssssesssnssssessssssssssssassssessssssssssssasnns 27

SUIMMAT Y ccceiiiiniinnsrensnecssnessannsssesssesssnssssnssssssssssssssssassssssssssssssasssssssasssssssssssssss 30
Chapter I1

Genetic and antigenic dynamics of influenza A viruses of swine on pig farms
in Thailand

INtrodUCHiON......ueiiiiiriiiiiiitricssnticsnnecsntecsntesssncssssncssssnessssnssssssessssssssssssssnsnes 32

Materials and Methods..........cuueineeineiiseicsiinsnisnecsseecseissnnnsecsssessssecssesssscssns 33

RESUILS ceueerieinniiiiiitiieiisineiecisnteeecsssnneecssssnseecssssseecssssssnsssssssensssssssssssssnssnsssses 39

DISCUSSION ceueeiviiiniisnicinicsneiseissneisseecssnssssiessessssesssessssesssssssssssssssssssssssssassssassns 65

SUIMMAT Y ucceiiiirinnsrenssencssenssannssansssnsssassssnsssassssassssasssssssassssassssasssssssasssssssssasssses 68
Chapter II1

Genetics and pathogenicity of HSN6 highly pathogenic avian influenza
viruses isolated from wild birds and a chicken in Japan during winter 2017-
2018

TN EOAUCTION.cc . ceeeeeeeereeeeeceereeeeceereeeeessreesessersessssssessssssssssssssssesssssassssssssssssssssanes 70
Materials and MethodS. .. eeeeeeeiieeeeeeeeeennceeeeeeereerereessscesssessssssssssssssssssssssssssons 71
RESUILS oueeeiieeeeereeernneciieeereeeeenesessssecesssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssses 74



Discussion

SUIMNIMAT Yueeeiiiiurressriesssreossssnesssssessssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnss 92

Chapter 1V

Phylogeographic evidence for the inter- and intracontinental dissemination

of avian influenza viruses via migration flyways

INtrodUCHiON.....uueiiieeeiiiiiiniicnteenenesstetesneeecsnnicssssecsssseesssssssssessssesssssessssnsnes 94
Materials and Methods........coeeeieiiciseieisninisnicssnecssnecssneecssssecssseecssseecsssnenns 96
RESUILS ..uueenreiiiiiiiiiiitiintinttinecnnecnnicsesssessessssesssesssesssessssssssessssssssssssassns 98
DISCUSSION...cceiuiiiiiiieisniseenstennticsaeisnesssesssecssessssessessne 110
111110 11F: ) o) R 114
LO01) 1 To L1 T 1) | PO 115
ACKNOWICdZEMENLS.....cccvvurrriiiiinnricsisnnncssssnnrncsssssnessssssssssssssssnssssssssssssssssssssns 117
REFEIENCES ..cueeriinrriciirininiiisinnicssnniessnnicssnnissntessssncsssseessssesssssesssssssssssssssssssssees 118
Summary in Japanese (FIXCER) 135

1



Abbreviations

BaTS bayesian tip-association significance testing
BEAST bayesian evolutionary analysis by sampling tree
BEAULti bayesian evolutionary analysis utility

ElDso fifty percent egg infectious dose

GISAID global initiative on sharing avian influenza data
HA hemagglutinin

HI hemagglutination-inhibition

HPAIV highly pathogenic avian influenza virus

HPDV highest posterior density value

IAV-S influenza A virus of swine

MCC maximum clade credibility

MDCK Madin-Darby canine kidney cells

ML maximum likelihood

MP matrix protein

NA neuraminidase

NCBI National Center for Biotechnology Information
NP nucleoprotein

NS nonstructural protein

PA acidic polymerase

PB basic polymerase

SpreaD spatial phylogenetic reconstruction of evolutionary

dynamics using data-driven documents

1il



Notes

Contents of the present thesis were published in the following articles.

Mine J, Uchida Y, Takemae N, Saito T. Genetic characterization of influenza
A viruses in Japanese swine in 2015 to 2019. J Virol 94, 2020.

Copyright © 2020, American Society for Microbiology

Mine J, Abe H, Parchariyanon S, Boonpornprasert P, Ubonyaem N,
Nuansrichay B, Takemae N, Tanikawa T, Tsunekuni R, Uchida Y, Saito T.
Genetic and antigenic dynamics of influenza A viruses of swine on pig farms in
Thailand. Arch Virol 164, 457-472, 2019.

Copyright © 2018, Springer-Verlag GmbH Austria, part of Springer Nature

Mine J, Uchida Y, Nakayama M, Tanikawa T, Tsunekuni R, Sharshov K,
Takemae N, Sobolev I, Shestpalov A, Saito T. Genetics and pathogenicity of
H5NG6 highly pathogenic avian influenza viruses isolated from wild birds and a
chicken in Japan during winter 2017-2018. Virology 533, 1-11, 2019.

Copyright © 2019, Elsevier B.V.

Mine J, Uchida Y, Sharshov K, Sobolev I, Shestopalov A, Saito T.
Phylogeographic evidence for the inter- and intracontinental dissemination of

avian influenza viruses via migration flyways. PLoS One 14, €0218506, 2019.
Copyright © 2019, Mine et al.

iv



Preface

Influenza is a major respiratory disease caused by influenza virus of the
Orthomyxoviridae family. Influenza viruses are divided into types from A to D
based on their genetic and antigenic characters, and influenza A virus (IAV) has a
potential to infect various animals including humans, pigs, and birds and causes
problems as zoonoses (1, 2). IAV is a negative-strand RNA virus that have 8-
segments genes, with such characters they sometimes exchange their genes in a
co-infected cell known as reassortment. IAVs are classified into HI to H18 and
N1 to N11 according to the genetic and antigenic characters of the surface
proteins; hemagglutinin (HA) and neuraminidase (NA) (3-7). Waterfowl such as
ducks—which are natural hosts of [AVs—retain these viruses (except for H17,
H18,N10, N11 IAVs). Among the various subtypes, only the H5 and H7 subtypes
of avian influenza virus (AIV) cause highly pathogenic avian influenza (HPAI) in
nature. Once HPAI outbreak occurs, socio-economic damage is enormous through
the movement and export restrictions in addition to the epidemic prevention
measures such as stamping out. [AVs occasionally reassort with other [1AVs,
resulting in the emergence of IAVs that can infect to other hosts (1). Actually, the
IAV that caused the pandemic in 2009 was a virus that had genes derived from
humans, pigs, and birds (8). IAV of swine (IAV-S) causes economic loss to pig
farms by themselves and/or by co-infection with other respiratory pathogens (9).
Thus, surveillance activities on IAV-S have been accelerated not only for
moderating the economic loss to the pig farming but also for monitoring newly-
generated IAVs-S with a potential of next pandemic. In the present thesis, various
genetic approaches based on genetic, time, and location information were
performed to elucidate the character and origin of the IAVs-S in Japan and
Thailand, where status of IAVs-S were still unknown, and AIVs that could be
intruded and cause economic loss to Japan. The present thesis consists of four
chapters; in Chapter I, surveillance activities on IAV-S were performed in Japan
and isolated IAVs-S were genetically analyzed to elucidate the current status of
IAV-S in Japan. In Chapter 11, surveillance activities on IAV-S were performed in
Thailand. Isolated IAVs-S were genetically and antigenically analyzed to
characterize them and reveal the dynamics of IAVs-S in farm levels. In Chapter
II1, genetic origins of HSN6 highly pathogenic avian influenza viruses (HPAIVs)
that were intruded to Japan in winter 2017-2018 were estimated through the
phylogenetic analyses. Additionally, the pathogenicity and transmissibility of
those HPAIVs were also investigated. In Chapter IV, N6 NA genes that include
those of HS5N6 HPAIVs described in the previous chapter were

phylogeographically analyzed to elucidate the mechanism of the dissemination of



AlVs all over the world.

IAV-S is a major respiratory pathogen and causes broadly prevalent
disease in pigs worldwide. [AV-S typically causes low mortality rates and mild
symptoms, such as fever, loss of appetite, dullness (10), but co-infection with
IAV-S and other pathogens, such as porcine reproductive and respiratory
syndrome virus, increases the mortality rate and decreases average daily weight
gain (9). Thus, IAV-S, alone and in combination with other pathogens, causes
tremendous economic loss for pig farmers worldwide (11, 12). Additionally, pigs
are susceptible to both human and avian influenza viruses as they express the
receptors to both influenza viruses on their tracheal epithelial cells (13). With such
characters, pigs serve as a reservoir and a “mixing vessel” in which reassortment
events of influenza viruses occur to generate novel gene constellations with
pandemic potential (8). Therefore, surveillance activities on IAV-S have been
accelerated not only for moderating the economic loss to the pig farming all over
the world but also for monitoring emerging IAVs-S with the potential to be the
next pandemic. Worldwide circulation of IAV-S changed dramatically after the
pandemic caused by A(HIN1)2009 [A(HIN1)pdm09] viruses. Before 2009, three
subtypes of IAV-S—HINI1, HIN2, and H3N2—predominated in swine
throughout the world (14). Classical swine HIN1 IAVs-S were first isolated in
North America in 1930 and have been infecting pigs endemically there since the
1970s, currently circulating among pig population worldwide, whereas avian-like
HI1NT1 [AVs-S have stably persisted in Europe since 1979 (14, 15). In Asia, avian-
like HIN1 [AVs-S were first isolated in China in 1993 (14, 16, 17), and reassortant
[AVs-S containing genes derived from avian-like HIN1 [AVs-S have been
reported in Thailand (18-21), South Korea (22), and Vietnam (23). A/Hong
Kong/1968 - like H3N2 viruses have been isolated from pigs in Asia and Europe,
indicating the worldwide circulation of human-like H3N2 [AVs-S, while some
cases of the isolation of avian-like H3N2 [AVs-S were reported in Asia in 1970s
(24-28). In 1998, a triple-reassortant H3N2 virus emerged in North America
through reassortment among a human seasonal virus, a classical swine [AV-S, and
an avian influenza virus, which was followed by the emergence of HIN1 and
HIN2 triple-reassortant IAVs-S and their circulation in North America. (29).
Subsequently, in April 2009, an [AV containing a combination of segments from
both the above-described triple-reassortant virus and Eurasian avian-like swine
lineages spread rapidly to cause a worldwide pandemic in humans (30, 31). After
the 2009 pandemic, A(HINI1)pdm09 viruses were introduced into swine
populations and reassorted with endemic [AVs-S, further increasing genetic
diversity among [AVs-S all over the world (32-43).

HPAIVs of the Goose/Guangdong (Gs/Gd) lineage arose from HS5N1



HPAIVs that caused the first outbreaks among domestic geese in Guangdong
province, China, in 1996 (44) and have now been circulating for more than 20
years. In Japan, outbreaks due to HSN1 HPAIVs of the Gs/Gd lineage were first
reported in 2004 (45). In 2007, there were outbreaks of HSN1 HPAIVs related to
the 2005 Qinghai strain belonging to the clade 2.2 (46); these were followed by
the reintroduction of other HSN1 HPAIVs in clade 2.3.2 during winter 2010—
2011. These massive outbreaks yielded 64 recorded cases in wild birds and 24
outbreaks in poultry farms throughout 21 prefectures in Japan (47, 48). In April
2014, H5N8 HPAIVs belonging to clade 2.3.4.4 that emerged through
reassortment of above-mentioned HSN1 HPAIVs with other AIVs caused an
outbreak at a chicken farm. During winter 2014-2015, reintroduction of clade
2.3.4.4 but phylogenetically distinct HSN8 HPAIVs from the isolate in April
caused outbreaks in 5 other poultry farms and 13 cases in wild birds (49, 50).
Among the evolution of clade 2.3.4.4 HPAIVs in Asia, they have been classified
to Group A, B, C, and D (51-53). During winter 2016-2017, HSN6 HPAIVs of
clade 2.3.4.4.C accounted for 218 cases in wild birds and 12 outbreaks in poultry
farms (54-56).



Chapter I

Genetic characterization of influenza A viruses in

Japanese swine in 2015 to 2019



Introduction

The pig farming in Japan has risen to intensive production recently;
fewer but larger size pig farms are distributed around Japan, raising total of about
9 million pigs and producing about 900,000 tons of pig meat in Japan in 2019
(57). To evade the introduction of pathogens from foreign country, imported live
pigs are quarantined for 15 days at an animal quarantine station. Classical swine
HINT1 TAVs-S are thought to have been introduced into the swine population in
Japan during the late 1970s (58, 59). Cases of the isolation of human-like H3N2
Influenza A viruses of swine (IAVs-S) from pigs were sporadic and few during
1970-2013 (40, 60, 61). After the introduction of a classical swine HIN1 [AV-S,
it was replaced by the reassortant HIN2 IAVs-S that carried the HA gene of the
classical swine lineage and NA gene of the human-like H3N2 virus. After 1980s,
the HIN2 TAVs-S have circulated predominantly among Japanese swine and an
HINI1 TAV-S possessing both Hl HA and N1 NA genes from the classical swine
lincage has been rarely isolated (62-64). After the pandemic in 2009,
A(HIN1)pdmO9 viruses were introduced into pig populations in Japan, and
genetic reassortment occurred between A(HIN1)pdmO09 viruses and endemic
HINI1, HIN2, and H3N2 IAVs-S that had circulated previously (40, 61).
However, information regarding IAVs-S in Japan remains sparse and localized to
limited areas. Furthermore, the dynamics of IAVs-S at the farm level in Japan are
unclear.

To understand the status of [AVs-S among pig populations in Japan, from
2015 through 2019, nasal swab samples were collected from pigs on farms in 21
prefectures in Japan for virus isolation and phylogenetic analyses.
Simultaneously, several pig farms were monitored for at least 3 years to examine
how IAVs-S circulated within these populations. The findings from this study will
improve our understanding of IAVs-S currently circulating in Japan and how they
evolve at the farm level.



Materials and Methods

Sample collection

Through active surveillance efforts during 2015 through 2019, 7,133
nasal swabs were collected from pigs in various age groups at farms in Japan.
During the same period, nasal swab samples and lung tissue samples collected
from pigs suspected to have swine influenza were transferred from prefectural
animal hygiene centers to the National Institute of Animal Health, Japan, for
diagnosis. Through active and passive surveillance, samples were collected from
21 of all 47 prefectures. Nasal swabs collected through active surveillance were
put promptly into transport media; Minimum Essential Media (Sigma-Aldrich,
St. Louis, MO, USA) containing penicillin (1,000 units/ml) (Thermo Fisher
Scientific, Waltham, MA, USA), streptomycin (1,000 pg/ml) (Thermo Fisher
Scientific), amphotericin B (25 pg/ml) (Thermo Fisher Scientific), HEPES
(Sigma-Aldrich), and 0.5% bovine serum albumin (Sigma-Aldrich) and were kept
on ice packs until transport to the National Institute of Animal Health, Japan.
Then, the swabs were removed and the medium aliquoted and stored at —80 °C
until virus isolation. From each sample, 200 pl was used for RNA extraction and

virus detection.

Virus detection and virus isolation

RNA was extracted from swab samples by using RNeasy Mini Kits
(Qiagen, Hilden, Germany), as described previously (39, 65). The extracted RNA
was reverse-transcribed to cDNA by using Superscript [II (Thermo Fisher
Scientific) and universal primers for IAV (66). This cDNA was the template for
real-time PCR analysis by using SYBR Premix Ex Taq (Takara Bio, Shiga, Japan)
with primers specific for the matrix protein (MP) gene, as described previously
(67), or the MP gene was detected using an AgPath-ID One-Step RT-PCR Kit
(Thermo Fisher Scientific) with primers and probes according to the diagnostic
manual of the CSIRO Australian Animal Health Laboratory (68, 69). For virus
isolation, media from nasal swabs that were virus-positive according to real-time
PCR analysis were filtered (pore size, 0.45 um; Millipore, Danvers, MA, USA)
and inoculated into cultures of floating MDCK cells, 9- to 11-day embryonated
chicken eggs, or primary cultures of porcine alveolar epithelial cells, as
previously reported (70, 71). The supernatants of these cell cultures were used in

HA assays (72) with guinea pig erythrocytes.

Genomic sequencing and phylogenetic analysis

All gene segments of isolated viruses were sequenced by using next-



generation sequencing; RNA was extracted from isolated viruses by using
RNeasy Mini kits (Qiagen). cDNA libraries for next-generation sequencing were
prepared by using an NEBNext Ultra RNA Library Prep Kit (Illumina, New
England Biolabs, Ipswich, MA, USA) for Illumina. In total,10 pM of synthesized
cDNA libraries was mixed with 10 pM of the PhiX control (Illumina) and
sequenced by using a Miseq Reagent Kit version 2 (Illumina). Consensus
sequences were generated and the HA and NA genes of each isolate were
subtyped by using FluGAS software (World Fusion, Tokyo, Japan). The output
pair-end reads from the MiSeq second-generation sequencer (Illumina) were
mapped to reference sequences that were selected from a search of the Influenza
Virus Database of the National Center for Biotechnology Information by using
the FluGAS algorithm; this was followed by the construction of a consensus
sequence when at least 3 reads were available. A single nucleotide was adopted
when its representation exceeded 51% at that site, whereas mixed-base codes
were adopted when multiple bases each accounted for at least 15% of the total
coverage at the site. The nucleotide sequences of the IAVs-S analyzed here have
been deposited in the Global Initiative on Sharing Avian Influenza Data (GISAID)
EpiFlu database. For phylogenetic analyses, all H1 and H3 HA genes and N1 and
N2 NA genes in the GISAID database were downloaded in September 2019. The
sequences of the [AVs-S isolated here and the downloaded sequences from
GISAID were aligned by using BioEdit (73) and MAFFT (74). Maximum
likelihood (ML) trees based on aligned sequences (H1: 55,345; H3: 68,720; N1:
56,555; and N2: 70,938 strains) were constructed by using FastTree version
2.1.10 (75), and clusters containing Japanese [AVs-S with fast-global bootstrap
values of 90 or greater were further analyzed.

To calculate molecular estimates of divergence times from ancestral
[AVs for selected clusters containing HA and NA genes of [AVs-S, Maximum
clade credibility (MCC) trees were constructed by using the BEAST package
version 1.8.2 (76). Aligned sequences of genes were formatted by using the
BEAUi at default settings, except for clock rate: the initial clock rate was set as
1.0 x 107 (substitutions/site/year) to fit the substitution rate of influenza viruses
for constructing trees. Each calculation was set as 1 x 10% to 1 x 107 steps in
length, where the number of steps was determined as that needed to obtain an
effective sample size of more than 200.

Sequences for the polymerase basic protein (PB)1 genes of IAVs
isolated from humans (55,504 strains) and swine (5,793 strains) were downloaded
from the GISAID database, and nonredundant sets of human and swine sequences
were produced by using CD-HIT software (77) at an identity threshold of 99.5%.

Other gene segments of strains selected as described earlier (human, 1,475 strains;



swine, 2,056 strains) were used for constructing ML trees. A/swine/Gunma/10-
1636/2016 (HIN1), which was isolated in the present study, was removed from
the analysis because several gene segments included many mixed bases,

indicating that this isolate can be considered a mixture of two [AVs-S.



Results

Subtyping and geographic distribution of IAV-S in Japan

The swabs collected through the active surveillance efforts in this study
yielded 370 IAVs-S, giving an overall IAV-S isolation rate of 5.2%. In addition,
54 isolates were obtained from the specimens submitted for diagnosis during 2015
to 2019. Overall, 78 of the 424 total IAVs-S were subtyped as HINI1, 331 as
HIN2, and 15 as H3N2. In addition, the lineages of the HA and NA genes were
determined through phylogenetic analysis. Specifically, the H1 HA genes of 37
HINI and 319 HIN2 viruses belong to the 1A.1 classical swine lineage, whereas
those of 41 HINI and 12 HIN2 viruses belong to the 1A.3.3.2 lineage
[A(HIN1)pdmO09] (Fig. 1). The H1 HA genes of the 1A.1 classical swine lineage
share a common ancestor with the TAVs-S in Japan during the late 1970s,
indicating that they have been circulating domestically for approximately 40 years
(Fig. 2a).

All 15 of the H3N2 TAVs-S isolated here are located in a clade belonging
to the human seasonal lineage (Fig. 1). These [AVs-S are related to the human
influenza viruses that circulated during the 1999-2000 season, and their ancestral
strain in swine, A/swine/Japan/KU-MD4/2013 (H3N2), was first isolated in 2013
(Fig. 2b). All 78 N1 genes of the HIN1 IAVs-S isolated here originated from
A(HIN1)pdmO9 viruses (Fig. 1), even though 37 of the HIN1 IAVs-S had HI HA
genes of the classical swine lineage. All 346 N2 NA genes of the 331 HIN2 [AVs-
S and 15 H3N2 [AVs-S were classified into the human seasonal lineage (Fig. 1).
However, a cluster consisting of N2 NA genes of the HIN2 [AVs-S was
phylogenetically distinct from that of H3N2 IAVs-S. These HIN2 [AVs-S are
related to the late-1960 human seasonal viruses, which were derived from Hong
Kong H3N2 TAVs-S (Fig. 3a), whereas those of the H3N2 [AVs-S are related to
the 1999-2000 seasonal influenza viruses, which correspond to the origin of their
H3 HA genes (Fig. 3b).

The number of TAVs-S with various combinations of HA and NA genes
and the number of IAV-S-positive farms in each prefecture and year indicate the
breadth of distribution of IAVs-S in Japan and their persistence on some farms
(Table 1). During 2015 to 2019, HIN1 TAVs-S with solely A(HIN1)pdm09-
derived surface genes (P-P) were isolated from 18 farms in 9 prefectures.
Reassortant HIN1 [AVs-S, carrying 1A.1 classical swine HI1 and
A(HIN1)pdm09-derived N1 NA genes (C-P), were found on 6 farms in 2
prefectures, and those harboring 1A.3.3.2 A(HIN1)pdm09 H1 HA and human
seasonal N2 NA genes (P-H) were isolated from 2 farms in a single prefecture.
HIN2 IAVs-S with 1A.1 classical swine H1 and human seasonal N2 NA genes
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Red branches indicate viruses isolated in the present study. The divergence
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Fig. 3. Detail of MCC trees of N2 genes including HIN2 1AVs-S (a) and H3N2
IAVs-S (b) in the present study.
Red branches indicate viruses isolated in the present study. The divergence time at

the branch is indicated by a black arrow, and the 95% highest posterior density for
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(C-H) were distributed on 14 farms in 4 prefectures. H3N2 [AVs-S with human
seasonal H3 HA and N2 NA genes (H-H) were found on 5 farms in 4 prefectures.

The geographic distributions of the viruses corresponding to these 5
combinations of HA and NA genes revealed the endemicity of some subtypes in
Japan (Fig. 4). Of the 21 prefectures where samples were collected during 2015
to 2019, C-H HIN2 IAVs-S were isolated from 4 prefectures around the center of
Japan (Chiba, Gunma, Ibaraki, and Tochigi). P-P HIN1 TAVs-S were isolated
from 9 prefectures: 3 on the southern island, Kyushu (Kagoshima, Miyazaki, and
Nagasaki); 5 on the main island, Honshu (Aichi, Gunma, Okayama, Tochigi, and
Tottori); and 1 on the northern island, Hokkaido. C-P HIN1 IAVs-S were isolated
in Chiba prefecture, and P-H HIN2 [AVs-S were obtained in Niigata and Aichi
prefectures. H-H H3N2 [AVs-S were isolated from 3 prefectures on Kyushu
(Kagoshima, Miyazaki, and Nagasaki) and from Chiba prefecture.

Gene constellations and their numbers in the present study revealed all
IAVs-S isolated here had at least 1 gene that was derived from an A(HIN1)pdm09
virus, except for a single strain isolated in Tochigi prefecture:
A/swine/Tochigi/38-7119/2019 (H1N2) inherited all of its genes from Japanese
pig isolates that circulated during the 1990s and 2000s (Fig. 5).

Genetic evolution of IAVs-S among pig populations on selected farms

During 2015 to 2019, active surveillance over prolonged periods
yielded continuous isolation of IAVs-S on some farms (Table 2). Out of the 12
farms where 1AVs-S were isolated twice or more through active surveillance,
single genotype IAV-S was introduced and persisted at 4 farms (004, 034, 006,
and 012), while 8 farms (001, 007, 009, 010, 011, 008, 035, and 040) experienced
multiple introductions. In particular, farms 001, 006, 007, and 012 were 1AV-S
positive at least 15 times during 3 years or more. The evolutionary analyses of the
HA genes of those isolates as well as their genetic constellations revealed that
farms 001 (Fig. 6) and 007 [Figs. 7a for classical swine, 7b for A(HIN1)pdmO09]
had experienced multiple introductions of different genotypes whereas farms 006
(Fig. 8) and 012 (Fig. 9) had virus persistence, where viruses belonging to the
single clade persisted for 3 or more years. All 4 farms applied farrow-to-finish
operating systems and 300, 500, 1,000, and 2,000 sows were raised at farms 001,
006, 007, and 012, respectively.

On farm 001, HINI and its reassortant HIN2 [AVs-S (yellow green)
were circulating from October 2015 to September 2016 (Fig. 6). Phylogenetically
distinct HIN2 TAVs-S (orange) were sporadically isolated during the same period.
Closely related but apparently distinct HIN2 [AVs-S (purple) emerged on the
farm and circulated from March to October 2016; this was followed by
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H: Human seasonal-like

Fig. 4. Geographic distributions of the
combinations of HA and NA genes.

Gray indicates prefectures where no 1AVs-S were isolated; other colors
indicate prefectures from which 1AVs-S with various combinations of HA
(1A.3.3.2 A(HIN1)pdm09 H1, 1A.1 classical swine H1, and human
seasonal H3) and NA (A(HL1N21)pdm09 N1 and human seasonal N2) were

isolated.
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HA NA PB2PB1 PA NP MP NS

304 strains (71.7%)
42 strains (9.9%)
40 strains (9.4%)
15 strains (3.5%)
12 strains (2.8%)

9 strains (2.1%)
1 strain (0.2%)
1 strain (0.2%)

B A(HLIN1)pdmO09 lineage
1A.1 Classical swine
Human seasonal H3

" Human seasonal N2

Fig. 5. Genetic constellations revealed by phylogenetic analyses.
Genes classified as A(HLN1)pdmO09, 1A.1 classical swine, and human
seasonal H3 and N2 were colored with red, light blue, yellow, and light
blue, respectively. Detection rate according to total number of 1AVs-S
(424 strains) for each combination is shown in the right.
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Fig. 6. Detail of MCC tree of H1 HA genes in the 1A.1 classical swine lineage.
Colored text indicates HIN1 and H1N2 IAVs-S isolated at farm 001 as follows:
HIN1 and its reassortant HIN2 IAVs-S circulating from October 2015 to

September 2016, yellow green;

IAVs-S isolated in May 2019, blue.

20

phylogenetically distinct H1N2
sporadically isolated during the same period, orange; closely related but
apparently distinct HIN2 1AVs-S circulated from March to October 2016, purple;
other related H1N1 strains from April 2017 to November 2018, red; other H1IN2
IAVs-S occurred since November 2018, dark green; phylogenetically distinct
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Fig. 7. Detail of MCC trees of H1 HA genes in the 1A.1 classical swine

lineage (a) and 1A.3.3.2 A(HLN1)pdmO09 lineage (b) (farm 007).
Colored text indicates HIN1 and H1IN2 1AVs-S isolated at farm 007.
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AJSaint-Petersburg/38/13_H1N1@2013-02-20
A/Ukraine/5799/2013_HIN1@2013-02-20
A/Singapore/GP291/2013_HIN1@2013-02-04
A/Ukraine/5807/2013_HIN1@2013-02-27
A/SHIGA/38/2013_HIN1@2013-04-19
A/Ukraine/5801/2013_HIN1@2013-02-24
— A/Moldova/433/2013_HIN1@2013-03-29
A/Ukraine/5730/2013_HIN1@2013-02-05
A/Ukraine/5903/2013_HIN1@2013-02-28
A/Moldova/229/2013_HIN1@2013-02-18
A/Tubas/14/2012_HIN1@2012-12-23
A/Ramallah/60/2013_HIN1@2013-01-04
] A/Tanzania/2131/2012_H1N1@2012-12-19
A/ZhangZhou/SWL31/2013_HIN1@2013-05-20
A/ZhangZhou/SWL32/2013_ HIN1@2013-05-20
AJ/Singapore/GP373/2013_HIN1@2013-02-19
1 A/Jenin/20/2012_HIN1@2012-12-24
— A/Stockholm/42/2012_HIN1@2012-11-14
A/Qalqilia/39/2012_HIN1@2012-12-31
A/Kastoria/72/2013_HIN1@2013-02-14
L_|{ — A/Oman/SQUH-54/2012_HIN1@2012-12-02
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Fig. 7. Continued

22



AJ/swine/Gunma/6-6764/2019 HIN2@2019-05-14
AJ/swine/Gunma/6-6783/2019 HIN2@2019-05-14
Alswine/Gunma/6-6775/2019 HIN2@2019-05-14
AJ/swine/Gunma/6-6142/2018 HIN2@2018-10-09
AJ/swine/Gunma/6-6132/2018 HIN2@2018-10-09
AJ/swine/Gunma/6-6129/2018 HIN2@2018-10-09
AJ/swine/Gunma/6-6135/2018 HIN2@2018-10-09
AJ/swine/Gunma/6-6133/2018 HIN2@2018-10-09
AJ/swine/Gunma/6-6510/2019_HIN2@2019-01-22
A/swine/Gunma/6-6519/2019_H1N2@2019-01-22
AJ/swine/Gunma/6-6518/2019 HIN2@2019-01-22
A/swine/Gunma/6-6516/2019 _HIN2@2019-01-22
AJ/swine/Gunma/6-6534/2019 HIN2@2019-01-22
AJ/swine/Gunma/6-6522/2019 _HIN2@2019-01-22
—— AJswine/Gunma/6-6131/2018 HIN2@2018-10-09
A/swine/Gunma/6-5520/2018 HIN2@2018-01-16
Alswine/Gunma/6-5541/2018_H1N2@2018-01-16
A/swine/Gunma/6-5357/2017_HIN2@2017-10-17
A/swine/Gunma/6-5344/2017_HIN2@2017-10-17
A/swine/Gunma/6-5345/2017_HIN2@2017-10-17
A/swine/Gunma/6-5337/2017_HIN2@2017-10-17
A/swine/Gunma/6-5333/2017_HIN2@2017-10-17
A/swine/Gunma/6-5334/2017_HIN2@2017-10-17
AJ/swine/Gunma/6-5359/2017_HIN2@2017-10-17
A/swine/Gunma/6-5516/2018 HIN2@2018-01-16
AJswine/Gunma/6-4506/2017_HIN2@2017-04-25
AJ/swine/Gunma/6-4499/2017_HIN2@2017-04-25
Alswine/Gunma/6-4503/2017_H1IN2@2017-04-25
AJ/swine/Gunma/6-4504/2017_HIN2@2017-04-25
Al/swine/Gunma/6-4101/2017_H1IN2@2017-01-10
A/swine/Gunma/6-3829/2016_HIN2@2016-10-18
Alswine/Gunma/6-3399/2016_H1N2@2016-09-20
AJ/swine/Gunma/6-3397/2016_HIN2@2016-09-20
Alswine/Gunma/6-3392/2016_H1N2@2016-09-20
AJ/swine/Gunma/6-3391/2016 _HIN2@2016-09-20
A/swine/Gunma/6-3174/2016_HIN2@2016-08-30
A/swine/Gunma/6-3177/2016_HIN2@2016-08-30
A/swine/Gunma/6-3175/2016 _HIN2@2016-08-30
A/swine/Gunma/6-3178/2016_HIN2@2016-08-30
AJ/swine/Gunma/6-3393/2016_HIN2@2016-09-20
AJ/swine/Gunma/6-3180/2016_HIN2@2016-08-30
A/swine/Gunma/6-3179/2016_HIN2@2016-08-30
AJ/swine/Gunma/6-3172/2016_HIN2@2016-08-30
AJ/swine/Gunma/6-2610/2016_HIN2@2016-06-21
A/swine/Gunma/6-2613/2016_H1N2@2016-06-21
AJ/swine/Gunma/6-2852/2016_HIN2@2016-07-19
Alswine/Gunma/6-2855/2016_H1N2@2016-07-19
AJ/swine/Gunma/6-2850/2016 HIN2@2016-07-19
A/swine/Gunma/6-2856/2016_HIN2@2016-07-19
AJ/swine/Gunma/6-2838/2016_HIN2@2016-07-19
AJ/swine/Gunma/6-2848/2016_HIN2@2016-07-19
AJswine/Gunma/6-2853/2016 HIN2@2016-07-19
A/swine/Gunma/6-2847/2016_HIN2@2016-07-19
Alswine/Gunma/6-2839/2016_H1N2@2016-07-19
AJ/swine/Gunma/6-2846/2016_HIN2@2016-07-19
Alswine/Gunma/6-2837/2016_H1IN2@2016-07-19
AJ/swine/Gunma/6-2842/2016 HIN2@2016-07-19
A/swine/Gunma/6-2843/2016_HIN2@2016-07-19
AJswine/Gunma/6-2844/2016_HIN2@2016-07-19
A/swine/Gunma/6-2591/2016_H1N2@2016-06-21
n AJ/swine/Gunma/6-2593/2016_HIN2@2016-06-21
Oct, 2015 A/swine/Gunma/6-2595/2016_H1N2@2016-06-21
il
4
: \,

A/swine/Gunma/6-2589/2016_H1N2@2016-06-21
) AJ/swine/Gunma/6-2588/2016_HIN2@2016-06-21
~ Alswine/Gunma/6-288/2015_H1N2@2015-11-10
A/swine/Gunma/6-1491/2016_HIN2@2016-03-29
A/swine/Gunma/6-2232/2016_H1N2@2016-05-24
A/swine/Gunma/6-1487/2016_HIN2@2016-03-29
A/swine/Gunma/§-1488/2016 H1N2@2916-03-29

2016 2017 2018 2019 2020

Fig. 8. Detail of MCC tree of H1 HA genes in the 1A.1 classical swine
lineage (farm 006).
Red indicates HIN2 IAVs-S isolated at farm 006.
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AJ/swine/Gunma/12-6619/2019 HIN2@2019-02-04
A/swine/Gunma/12-5957/2018 H1N2@2018-10-08
AJ/swine/Gunma/12-5959/2018 HIN2@2018-10-08
AJ/swine/Gunma/12-5435/2018_HIN2@2018-01-08
A/swine/Gunma/12-5196/2017_HIN2@2017-10-09
AJ/swine/Gunma/12-5189/2017_HIN2@2017-10-09
A/swine/Gunma/12-5186/2017_HIN2@2017-10-09
AJ/swine/Gunma/12-5183/2017_HIN2@2017-10-09
A/swine/Gunma/12-4829/2017_HIN2@2017-07-17
A/swine/Gunma/12-4832/2017_HIN2@2017-07-17
AJ/swine/Gunma/12-4827/2017_HIN2@2017-07-17
AJ/swine/Gunma/12-4820/2017_HIN2@2017-07-17
Alswine/Gunma/12-3705/2016_H1IN2@2016-10-03
Alswine/Gunma/12-3253/2016_H1N2@2016-09-05
A/swine/Gunma/12-2431/2016_HIN2@2016-06-13
Alswine/Gunma/12-2442/2016_HIN2@2016-06-13
Alswine/Gunma/12-2999/2016_H1N2@2016-08-15
Alswine/Gunma/12-3704/2016_HIN2@2016-10-03
AJ/swine/Gunma/46-6975/2019_HIN2@2019-05-31
AJ/swine/Gunma/12-3697/2016_HIN2@2016-10-03
AJ/swine/Gunma/12-3700/2016_HIN2@2016-10-03
AJ/swine/Gunma/12-2141/2016_HIN2@2016-05-16
AJ/swine/Gunma/12-2730/2016_HIN2@2016-07-11
%Nswine/Gunma/12-1720/2016_H1N2@2016-O4-18

AJswine/Gunma/12-2145/2016_HIN2@2016-05-16
A/swine/Gunma/12-1723/2016_HIN2@2016-04-18
— A/swine/Gunma/12-1722/2016_HIN2@2016-04-18

A/swine/Gunma/12-1232/2016_HIN2@2016-02-22
A/swine/Gunma/12-1230/2016_HIN2@2016-02-22
AJswine/Gunma/12-738/2015_HIN2@2015-12-28

AJ/swine/Gunma/12-925/2016_HIN2@2016-01-25

A/swine/Gunma/12-914/2016_H1N2@2016-01-25

A/swine/Gunma/12-916/2016_H1N2@2016-01-25

A/swine/Gunma/12-913/2016_H1N2@2016-01-25

é - A/swine/Gunma/12-915/2016_H1N2@2016-01-25

A/swine/Gunma/12-917/2016_H1N2@2016-01-25
A/swine/Gunma/12-481/2015 HIN2@2015-11-30
A/swine/Gunma/12-485/2015_HIN2@2015-11-30
A/swine/Gunma/12-486/2015_HIN2@2015-11-30
A‘/svvine/Gunma/12-4‘183/2015_H1N2@%015-11-30

2015 2016 2017 2018 2019 2020

Fig. 9. Detail of MCC tree of H1 HA genes in the 1A.1 classical swine
lineage (farm 012).
Red indicates HIN2 IAVs-S isolated at farm 012.
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replacement by other related HIN1 strains (red) from April 2017 to November
2018. In February 2017, 4 H3N2 [AVs-S [A/swine/Chiba/1-4249/2017 (H3N2),
A/swine/Chiba/1-4250/2017 (H3N2), A/swine/Chiba/1-4251/2017 (H3N2),
A/swine/Chiba/1-4252/2017 (H3N2)] were isolated at the farm, and a progeny
IAV-S [A/swine/Chiba/1-5640/2018 (H3N2)] was isolated 1 year later (Fig. 2b).
Introduction of two other clusters of HIN2 TAVs-S occurred during 2018 to 2019.
One cluster has been isolated since November 2018 (dark green), and another was
first isolated in May 2019 (blue). The N2 NA genes of A/swine/Chiba/l-
6328/2018 (HIN2) and 7 ITAVs-S isolated in May 2019 were genetically
distinguishable from the N2 NA genes of other HIN2 [AVs-S at the farm; the N2
NA genes of these viruses were phylogenetically distinct from those of the H3N2
[IAVs-S. All internal genes of the HIN2 isolates were derived from
A(HIN1)pdmO9 viruses. In contrast, 5 of the internal genes (PB2, PB1, PA, MP,
and NS) of the HIN1 IAVs-S were derived from A(HIN1)pdm09, but all of the
NP genes were derived from 1A.1 classical swine H1 IAVs-S closely related to
Japanese pig isolates during the 1990s and 2000s (Fig. 5). All of the internal genes
of the H3N2 IAVs-S at the farm were A(HIN1)pdmO9 in origin. However, the
PB2, PB1, PA, and MP genes were phylogenetically distinguishable from those
of HI TAVs-S on the farm although NP and NS genes were shared with them,
indicating the reassortment of HI and H3 IAVs-S.

In the case of farm 007, two phylogenetically distinct 1A.1 classical
swine H1 [AVs-S were introduced (Fig. 7a). One was first isolated in November
2015 and persisted until January 2019 (red); the other was isolated in May 2019
(blue). In addition to 1A.1 classical swine H1 TAVs-S, an 1A.3.3.2 HI TAV-S that
originated from an A(H1N1)pdmO9 virus circulating within the human population
during the 2012-2013 season was isolated in December 2015 (Fig.7b). Likewise,
the NA genes of those isolates were phylogenetically classified into 3 groups: 2
groups derived from human seasonal-derived N2 NA genes and the remaining
group from an A(HIN1)pdmO09-derived N1 NA gene. All internal genes were
derived from A(HIN1)pdmO09 viruses and comprised 3 phylogenetically distinct
groups.

At two farms, 006 and 012, HIN2 IAVs-S with 1A.1 classical swine H1
and human seasonal N2 NA genes derived from a single introduction had
circulated for more than 3 years (Figs. 8 and 9). On farm 006, HIN2 [AVs-S were
first isolated in November 2015, and they persisted until May 2019. At farm 012,
HIN2 IAVs-S persisted from November 2015 to February 2019. An IAV-S
genetically related to the strains on farm 012, A/swine/Gunma/46-6975/2019
(HIN2), was isolated at another farm in the same prefecture during May 2019.
The N2 and internal genes of all [AVs-S isolated at farm 006 formed a single clade
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in phylogenetic trees constructed for all genes, indicating that they were all
derived from the single introduction. Likewise, all genes of the [AVs-S at farm

012 formed a single clade.
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Discussion

The aims of this study were to illustrate the current situation of IAVs-S
in pig populations in Japan and to show how [AVs-S genetically evolved at farms
where they were isolated over a long period of time. The current phylogenetic
analyses of HA genes revealed that 3 types of IAVs-S have been isolated in Japan.
As reported previously (62-64), the 1A.1 classical swine H1 lineage in Japan has
evolved uniquely in Japanese pig populations, as neither a human nor foreign
isolate carrying an HA gene related to 1A.1 classical swine HI HA genes of
Japanese pig isolates has been reported since the late 1970s. Although triple-
reassortant H3N2 viruses related to isolates in Canada were obtained in Japan
during animal quarantine (78), they do not appear to have been introduced into
the swine population in Japan. Instead, multiple introductions of 1A.3.3.2
A(HIN1)pdm09 viruses from humans have affected the Japanese swine
population. As has been reported throughout the world, A(HIN1)pdmO9 viruses
have repeatedly been introduced into swine in Japan and then reassorted with
endemic IAVs-S (32-43). Frequent introductions of 1A.3.3.2 A(HINI)pdmO09
viruses occurred on Hokkaido, mainland Japan, and Kyushu in the present study
(Fig. 4). Consequently, 1A.3.3.2 A (HINI1)pdmO09 viruses that have been
introduced into the swine population and reassorted with Japanese endemic HIN2
IAVs-S were observed in Niigata prefecture (Fig. 4). All cases of the isolation of
1A.3.3.2 A(HINT)pdmO9 viruses were sporadic except for those from farms in
Niigata prefecture, where HIN2 [AVs-S possessing 1A.3.3.2 A (HIN1)pdmO09
HA genes persisted from May 2017 to May 2019. In a previous study,
experimental infection of pigs with 5 [AVs-S of 3 subtypes (HIN1, HIN2, and
H3N2), followed by co-housing, yielded HIN2 IAVs-S that were more viable
than other subtypes (79). Although the epidemiologic and genetic background in
the previous experiment differed from those in the current study, circulation in the
pig population in Niigata prefecture might have selected HIN2 IAVs-S with
increased stability and viability.

[IAVs-S with an H3 HA gene of human seasonal strains have been
reported sporadically in Japan (40, 60, 61), but the current situation differs from
that during 1970 to 2013. H3N2 [AVs-S derived from human seasonal influenza
viruses were isolated in Hokkaido in 1985, Ehime in 2002, and Osaka in 2007
(70). However, no descendent strains have been isolated subsequently, suggesting
that these H3N2 [AVs-S have disappeared without being established within the
Japanese pig population. In contrast, the remaining H3N2 IAVs-S that inherited
the HA gene from the 1999-2000 human seasonal virus, including those collected

in the current study, were also isolated in Kumamoto prefecture, Kyushu
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[A/swine/Japan/KU-MD4/2013 (H3N2)] (60) and from diagnostic specimens
submitted from Miyazaki prefecture, Kyushu in 2013. Subsequent strains
carrying HAs of the same lineage were isolated in 2017, 2018, and 2019 in
Kyushu and Chiba prefectures (Fig. 2b). These findings suggests that H3N2 [AVs-
S harboring the earlier-mentioned lineage of the HA gene adapted to swine well
enough to be established within the Japanese pig population. One possible
mechanism of this adaptation is that these H3N2 IAVs-S acquired internal genes
derived from A(HIN1)pdmO9 viruses. A previous study demonstrated that an
avian HIN2 influenza virus transmits better from pigs to pigs when the internal
genes were replaced by those from A(HIN1)pdmO9 viruses (80). This possibility
should be further explored concerning the H3N2 [AVs-S currently circulating in
Japan.

Vaccination is one of the most frequently implemented strategies to
control IAV-S on farms. However, the vaccine will be ineffective when the
vaccine strain and field strains differ in antigenicity; when mutations occur at
antigenic sites of the HA gene in a field strain of IAV-S that is of the same lineage
as a vaccine strain; or when a virus possessing HA of a different lineage from the
vaccine strain circulates in the field (81). The vaccine strains available in Japan
were derived from isolates in the 1960s to 1970s, which are phylogenetically
distinct from [AVs-S currently circulating in Japan. Therefore, vaccine strains
need to be updated to combat classical swine H1, human seasonal H3, and
1A.3.3.2 A(HIN1)pdm09 and thus effectively control the current IAV-S situation
in Japan. However, it is essential to know the antigenicity of the current IAV-S in
Japan to select the appropriate vaccine strain. Furthermore, current vaccination
coverage against [AV-S of Japanese swine is at most about 10%. This is partially
because swine influenza is not regarded as a critical or notifiable disease in Japan.

Multiple introductions of [AVs-S with the same subtype but different
lineages of the HA genes might have contributed the long-term isolation of [AVs-
S on farms 001 and 007. The level of immunity to a particular strain of IAV-S
against experimentally infected IAVs-S might be high enough to hamper
reinfection for approximately 100 days (82). If the same was true for farm levels,
the herd immunity achieved against pre-existing [AVs-S could suppress the
prevalence of pre-existing [AVs-S for several months. However, it could not
prevent a newly introduced [AV-S, providing that the newly introduced virus
expresses an HA protein of different antigenicity from that of the preexisting one.
This mechanism might be a factor in the long-term isolation of IAVs-S from a
farm, such as farms 001 and 007; however, the occurrence of substitutions that
are considered to influence the antigenicity of the HA proteins at positions 155
(83, 84) and 185 (85) could be another persistence-associated factor. On farm 012,
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glutamic acid 155 (Sa site) in the HA protein was shared by [AVs-S from
November 2015 to July 2016 and then was replaced by glycine in the [AVs-S
collected from October 2016 to February 2019 (data not shown). Likewise, along
with one amino acid substitution at the antigenic site (168 on Cal site), aspartic
acid at position 185 (Sb site) in the HA protein was shared among [AVs-S from
November 2015 to April 2017 and then was replaced by asparagine in the [AVs-
S from October 2017 to May 2019 on farm 006. Single mutations at positions
145, 155, 156, 158, 159, 189, and 193 that are adjacent to the receptor binding
site of the human H3 HA protein greatly reduced reactivity against serum obtained
from ferrets infected with a wild-type strain (86). Of these 7 mutations, the single
mutation at position 145 on H3 HA protein among [AVs-S also reduced reactivity
against serum obtained from pigs infected with a wild-type strain (87). Likewise,
in the present study, the single mutation at position 155 on HI HA protein, which
corresponds to 158 on H3 HA protein, might be critical for the altered antigenicity,
enabling the variant to evade immunity against the previous strain on the farm.
However, demonstration of an effect of lineage replacement and substitution at
the antigenic site on the antigenicity of the HA protein is necessary to prove this
hypothesis.

In summary, phylogenetic analysis reveals the current situation of IAVs-
S in Japan and the genetic evolution of IAVs-S on various farms. Whereas the
1A.1 classical swine H1 [AVs-S and human seasonal H3 TAVs-S have been
established among pig populations in Japan, 1A.3.3.2 A (HIN1)pdm09 IAVs-S
have been introduced repeatedly from the human population. Therefore, [AVs-S
surveillance should be continued to understand the status of IAVs-S among the
pig population in Japan and to support vaccine strategies compatible with the

current situation in Japan.
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Summary

To assess the current status of [AVs-S throughout Japan and to
investigate how these viruses persisted and evolve on pig farms, IAVs-S isolated
during 2015-2019 were genetically characterized. Nasal swab samples collected
through active surveillance and lung tissue samples collected for diagnosis
yielded 424 TAVs-S—comprising 78 HINI1, 331 HIN2, and 15 H3N2 viruses—
from farms in sampled 21 prefectures in Japan. Phylogenetic analyses of surface
genes revealed that the 1A.1 classical swine H1 lineage has evolved uniquely
since the late 1970s among pig populations in Japan. During 2015-2019,
A(HIN1)pdm09 viruses have been repeatedly introduced into farms and
reassorted with endemic HIN2 and H3N2 [AVs-S. H3N2 [AVs-S isolated during
2015-2019 formed a single clade that originated from 1999-2000 human seasonal
influenza viruses; this situation differs from previous reports, in which H3N2
[IAVs-S derived from human seasonal influenza viruses were transmitted
sporadically from humans to swine but then disappeared without becoming
established within the pig population. At farms where IAVs-S were frequently
isolated for at least 3 years, multiple introductions of IAVs-S with
phylogenetically distinct HA genes occurred. In addition, at one farm, [AVs-S
derived from a single introduction persisted for at least 3 years and carried no
mutations at the deduced antigenic sites of the hemagglutinin protein except only
one at the antigenic site (Sa). These results extend our understanding regarding
the status of IAVs-S currently circulating in Japan and how they genetically

evolve at the farm level.
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Chapter II

Genetic and antigenic dynamics of influenza A

viruses of swine on pig farms in Thailand
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Introduction

Since the 1970s, the pig farming in Thailand has expanded rapidly to
become a major livestock industry in the country; about 1,000,000 tons of pig
meat were produced annually during the last decade (57). In Thailand, IAV-S
strains of the HIN1 and H3N2 subtypes were first isolated during the 1970s (27,
88). After that, IAV-S strains of the HIN1, HIN2, and H3N2 subtypes have
circulated in Thailand (18-20, 65). After the 2009 pandemic, A(HIN1)pdm09
viruses have become dominant, replacing classical swine HIN1 viruses, and the
internal genes of H3N2 [AVs-S have been replaced by those of A(HIN1)pdm09
viruses (20, 39, 89-91). These viruses were generated through coinfection of
IAVs-S in pigs followed by reassortment, as reported previously (21). Several
longitudinal surveillance studies have revealed the dynamics of IAV-S from
intrusion to extinction on swine farms (42, 92, 93). However, how [AVs-S might
evolve to be retained within the pig population on a farm remains unclear.

In this study, five pig farms in Thailand were monitored from 2011
through 2017 to learn how IAV-S evolved within these populations. At the target
farms, nasal swabs were collected from clinically healthy weaning pigs and sows
for virus isolation followed by genetic and antigenic analyses. These analyses
improve our understanding regarding how IAV-S evolve genetically and

antigenically to be maintained longitudinally in the pig-farm setting.
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Materials and Methods

Sample collection

Using the same techniques as previous study (65), nasal swabs were
collected from clinically healthy weaning pigs (age, 3 to 10 weeks) and sows to
elucidate the dynamics of [AVs-S reared on five pig farms (Table 3). Farms B and
C are in Chonburi province, and farms D, O, and P are in Chachoengsao province;
each of the farms had a different owner. Farms B and C adjoined each other,
separated by a fence (Fig. 10). Beginning in 2011, nasal swabs were collected 12
times (February and July 2011; July 2012; May, August, and November 2013;
March 2014; July 2015; February and July 2016; and February and July 2017) at
farms B and C; nine times (February, July, and October 2011; July 2012; February,
August, and November 2013; March 2014; and July 2015) at farm D; five times
(July 2015, February and July 2016, and February and July 2017) at farm O; and
four times (February and July 2016 and February and July 2017) at farm P (Table
4). The number of swabs collected from weaning piglets and sows enabled the
detection of at least one IAV-S—infected pig with the probability of 0.95 if the
prevalence rate was greater than 15% in each population (94).

Nasal swabs were promptly placed in transport media as described in
chapter I and were kept on ice packs until transported to the National Institute of
Animal Health in Thailand. Then, the swabs were removed, and the medium was
aliquoted; several aliquots of each sample were stored at —80 °C as stocks. The
remaining samples were stored at 4 °C until used for virus detection within 24

hours and for virus isolation within 48 hours, as described later.

Virus detection

RNA was extracted from swab samples by using RNeasy Mini Kits
(Qiagen). The extracted RNA was reverse-transcribed to cDNA by using
Superscript III (Thermo Fisher Scientific) and universal primers for AV (66).
cDNA was used as the template for real-time PCR analysis by using SYBR
Premix Ex Taq (Takara Bio) with primers specific for the MP gene, as described
previously (67).

Virus isolation

For virus isolation, media from nasal swab samples that were positive
according to real-time PCR analysis were filtered (pore size, 0.45 pm; Millipore)
and inoculated into the allantoic cavities of 10-day-old embryonated chicken eggs
and cultures of MDCK cells in Minimum Essential Media (Sigma-Aldrich)

containing penicillin (100 units/ml) (Thermo Fisher Scientific), streptomycin
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Fig. 10. Geographic locations of farms where nasal swab samples

were collected.
Red indicates B and C farms in Chonburi province and green indicates D,

O, and P farms in Chachoengsao province.
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(100 pg/ml) (Thermo Fisher Scientific), amphotericin B (2.5 pg/ml) (Thermo
Fisher Scientific), gentamicin (25 pg/ml) (Thermo Fisher Scientific), 3x
Minimum Essential Media Vitamin Solution (Thermo Fisher Scientific), 1x
GlutaMAX (Thermo Fisher Scientific), 0.4% bovine serum albumin (Sigma-
Aldrich), and 0.5 to 3.0 pg/ml trypsin (Thermo Fisher Scientific). After 4 days of
incubation at 37 °C in the presence of 5% COa, the supernatants of these cell
cultures were used in HA assays (72) with guinea pig erythrocytes.

Genomic sequencing and phylogenetic analysis

Each gene segment of isolated viruses was sequenced by using Sanger
or next-generation sequencing. Sanger sequencing was performed as described in
previous reports (18, 21). The complete genome sequences of viruses isolated
after July 2016 were obtained through next-generation sequencing as described
in chapter I. Consensus sequences were generated using FLUGAS software
(World Fusion). The nucleotide sequences and isolation information for the
viruses analyzed have been deposited in the GISAID EpiFlu database.

For phylogenetic analysis, complete sequences of each genome (PB2,
46,130 sequences; PB1, 34,052; PA, 48,692; H1 HA, 35,983; H3 HA, 32,481; NP,
46,441; N1 NA, 34,502; N2 NA, 34,264; MP, 61,853; and NS, 48,857) were
downloaded from the GISAID databases in January 2017. Sequences of the
isolates obtained during this study and all downloaded sequences were aligned
using BioEdit and MAFFT. After alignment, sequences with ambiguous
nucleotide bases were removed; remaining sequences were used for phylogenetic
analysis in MEGA-CC with 100 bootstrap replicates, using the ML method in a
general time-reversible model (95).

In addition, MCC trees were constructed to calculate molecular
estimates of substitution rates and divergence times for the viruses. MCC trees
were constructed using the BEAST method. Alignments of each gene were
formatted using the Bayesian Evolutionary Analysis Utility at the default settings,
except for clock rate; the initial clock rate was set as 1.0 x 107
(substitutions/site/year) to fit substitution rate of influenza viruses for
constructing trees. Calculation was setas 1 x 108 to 1 x 10 steps in length, where
the number of steps was that needed to obtain an effective sample size of more
than 200. Substitution rates and Ka/Ks ratios of genes were calculated as

mentioned earlier and were expressed using the Tracer function of BEAST (96).
Antigenic analysis

HI tests were performed using 0.5% (vol/vol) guinea pig erythrocytes

according to the standard method (72). Post-infection ferret sera against the
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human H3N2 viruses, A/Wuhan/359/95 (H3N2)(Wuh95), A/Sydney/5/97 (H3N2)
(Syd97), A/Panama/2007/99 (H3N2) (Pan99), A/Wyoming/3/2003 (H3N2)
(Wyo03), A/New York/55/2004 (H3N2) (NY04), A/Hiroshima/52/2005 (H3N2)
(Hir05), and A/Uruguay/716/2007 (H3N2) (Uru07) (provided by the National
Institute of Infectious Diseases); hyperimmune chicken sera against the swine
H3N2 TAVs-S  A/swine/Chachoengsao/2003  (H3N2) (Cha03) and
A/swine/Saraburi/107725-28/2008 (H3N2) (Sar08) (generated through animal
experiments under approval number 10-111, 29 March 2011); and hyperimmune
chicken sera against the HINI1 IAVs-S A/swine/Narita/aq21/2011 (HINTI)
(Narll) and California/04/2009 (HIN1) (Cal09)(provided by the National
Institute of Infectious Diseases) were used for antigenic analysis. Swine sera
collected at farm C during May and December 2014 and July 2015 were used in
HI tests against viruses isolated in this study. To remove nonspecific inhibitors of
hemagglutination, all sera and antisera were treated with receptor-destroying
enzyme from Vibrio cholerae (Denka Seiken, Tokyo, Japan) according to the
manufacturer’s protocol. Subsequently, each mixture was adsorbed to packed

guinea pig erythrocytes for 60 min at room temperature.
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Results

Sample collection and virus isolation

In total, the 3,790 swabs collected from the five farms in this study
yielded 169 IAV-S isolates comprising 82 HIN1 and 87 H3N2 isolates during the
monitoring period (2011 through 2017). No influenza virus isolates were obtained
from farm P, giving an overall IAV-S isolation rate of 4.5% (Table 5).

From farm B in Chonburi province, 36 HIN1 and 34 H3N2 viruses were
isolated (isolation rate, 6.7%). Two H3N2 (H3 ChoB11.2) viruses were isolated
in February 2011 and two HIN1 viruses (H1 _ChoB12.7) in July 2012. After the
first isolation of these two subtypes, HIN1 viruses in May 2013 (H1 _ChoB13.5),
July 2015, July 2016, and February 2017; H3N2 viruses were isolated in May
2013, August 2013, and March 2014.

From farm C in Chonburi province, two HIN1 and three H3N2 viruses
were isolated (isolation rate, 0.5%). No virus was isolated until July 2015, when
samples yielded two H3N2 (H3 Chol5.7) isolates. After July 2015, two HIN1
(H1_ChoC16.2) and one H3N2 (H3 ChoC17.2) viruses were isolated in February
2016 and February 2017, respectively.

From farm D in Chachoengsao province, 45 HIN1 and 5 H3N2 viruses
were isolated (isolation rate, 6.4%). These viruses comprised HINI viruses
isolated in February 2011, October 2011, July 2012, February 2013, August 2013,
November 2013, and March 2014 and H3N2 [AVs-S isolated in July 2012,
February 2013, and July 2015.

From farm O in Chachoengsao province, where monitoring started in
July 2015, 44 H3N?2 viruses were isolated (isolation rate, 10.9%). Eighteen H3N2
isolates (H3 ChaO16.7) were isolated in July 2015, followed by another 26 H3N2
isolates (H3 ChaO17.7) in July 2017.

Genetic evolution of IAV’s on the tested pig farms

To investigate the genetic evolution of the IAV-S isolates obtained in the
current study, entire genome sequences of all isolates were determined and then
individual segments were phylogenetically analyzed. The HA gene of the Thai
HINT viruses isolated in this study originated from A(HINI1)pdmO9 viruses,
classified as 1A classical swine lineage 3.3.2 (97), and these formed three distinct
clusters with bootstrap values of more than 60%, designated respectively as
3.3.2a, 3.3.2b, and 3.3.2c in the current study (Fig. 11).

The HA genes belonging to 3.3.2a consisted of the HIN1 viruses from
farms B and C from 2012 through 2017 (Fig 12a). Those genes originated from

A(HINT)pdmO9 viruses isolated from humans and swine in Asia (including
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Fig. 11. Detail ML tree of isolates from this study that display H1 HA
genes and those originating from A(H1N1)pdmQ9 viruses between
2009 and 2013,
IAVs isolated in 2009 and 2010 are shown in light blue; those isolated in
2011 and 2012 are in dark blue. Genetic groups 3.3.2a, 3.3.2b, and 3.3.2¢c
are all shown in green. Bootstrap values at the root of each genetic group

are indicated by red squares.
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Fig. 12. Detail trees from the entire HL HA MCC tree made of the genes of
viruses isolated in this study and downloaded from the GISAID databases.

Genetic groups 3.3.2a, 3.3.2b, and 3.3.2c are shown in lines colored with light red (a),
pink (b), and blue (c), respectively, in each panel. Strain names of isolates from farms
B, C, and D are shown in red, orange, and blue, respectively. The gray box in each
tree indicates the divergence time estimated by using BEAST.
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Thailand) in 2009, and shared a putative common ancestor with
A/swine/Saraburi/NIAH116627-24/2009 (HIN1) and A/Thailand/SS08208/2009
(HINT). 3.3.2a genes were estimated to diverge as a phylogenetic group on 17
January 2010 (95% HPDYV, 20 October 2009 to 22 April 2010; black arrow, Fig.
12a).

Clusters 3.3.2b of the HI HA genes consisted of the viruses obtained in
2011 and 2012, and 3.3.2c of the H1 HA genes consisted of the viruses obtained
in 2013 and 2014, respectively, from farm D (Figs. 12b and 12¢). The HA genes
of 3.3.2b originated from A(HIN1)pdmO09 viruses isolated from humans and
swine in Asia in 2009, and a group of Thai IAV-S isolates including
A/swine/Thailand/CU-RA9/2009 (HIN1), formed an out-group of this cluster.
The HA genes of 3.3.2b were estimated to diverge from human isolates on 25 July
2009 (95% HPDYV, 12 July 2009 to 25 July 2009; black arrow in Fig. 12b). In
contrast, genes of 3.3.2¢ originated from human viruses in 2010 to 2011, and a
putative ancestral strain of 3.3.2¢ was estimated to diverge from those viruses on
25 January 2011 (95% HPDV, 18 October 2010 to 4 April 2011; black arrow, Fig.
12¢).

The H3N2 viruses isolated in this study had the HA genes of the human-
like TAV-S strains circulating among swine populations in Thailand (Fig. 13).
They were divided into two distinguishable clades with bootstrap values of 98%,
designated as human-like-a and human-like-b. The human-like-a clade consisted
of those viruses isolated from farms B and D, and the human-like-b viruses were
those from farms C and O. Both human-like-a and human-like-b originated from
a seasonal influenza virus during 1996-1998, and they diverged as human-like-a
and human-like-b in the late 1990s (95% HPDYV, 1 January 1997 to 4 February
2001; black arrow, Fig. 13). No previous Thai IAV-S isolate that belonged to the
human-like-a cluster has been recognized, whereas [AVs-S belonging to the
human-like-b in this study were related to Thai H3N2 IAV-S isolates from 2005
to 2014, and they diverged around 2011 (95% HPDYV, 8 November 2010 to 21
November 2011; red arrow, Fig. 13) from the human-like-b Thai IAVs-S.

The N2 NA genes of H3N2 viruses isolated from four of the five farms
in this study originated from a seasonal influenza virus in the mid-1990s (Fig.
14a), and their patterns of divergence were similar to that of human-like-a H3
genes. HA and NA genes of [AVs-S were retained within Thai pig populations for
approximately 20 years after the intrusion from humans, suggesting these genes
gradually evolved to be endemic in pig populations.

The internal genes of the viruses isolated in this study originated from
A(HIN1)pdmO09 viruses and were divided into groups 3.3.2a, b, and c, as for the
HI1 genes. This pattern typically was seen for the PB1 genes. 3.3.2a originated
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Fig. 13. Detail trees from the entire H3 HA MCC tree of the genes of viruses
isolated in this study and downloaded from the GISAID databases.

Genetic group Human-like-a is shown in lines colored with green, and Human-
like-b is in yellow. Strain names isolated from farms B, C, D, and O are shown in
red, orange, blue, and purple, respectively. Gray boxes indicated the divergence
time estimated by using BEAST.
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from A(HIN1)pdmO9 viruses isolated from humans and swine in Asia (Fig. 15a).
3.3.2b originated from another group of A(HIN1)pdmO9 viruses isolated from
humans and swine in Asia (Fig. 15b). 3.3.2c originated from a group of
AHIN1)pdm09 viruses isolated from humans and swine from various areas
during 2010 to 2011 (Fig. 15c¢). In addition, 3.3.2¢ formed a further outgroup,
designed as 3.3.2¢". Like 3.3.2c, 3.3.2¢’ originated from A(HIN1)pdmO9 viruses
isolated from humans in Thailand in 2010 (red arrow, Fig 15¢). The topology of
the N1 NA, PB2, and PA genes of the Thai IAV-S isolates in this study were
similar to those of the HI HA and PB1 genes. However, the sequences of the NP,
MP, and NS genes of the viruses were so closely related between 3.3.2a and b that
they were not phylogenetically distinguishable (bootstrap value, <60%), therefore
they were designated as 3.3.2ab (Fig. 16).

Because the divergence pattern was similar between the H1 HA and PB1
genes, as described, their estimated divergence times were compared (Table 6).
Whereas the time of divergence differed by only 1 month between the H1 HA and
PBI1 genes in 3.3.2a, the dates of divergence for 3.3.2b and 3.3.2¢ of PB1 genes
were at least 4 and 6 months earlier than those of H1 HA genes. However, such
deviations might reflect differences of the numbers of full-length genes registered
in the database.

Next, the genetic constellations of the viruses were scrutinized at each
farm based on the genetic designation described earlier (Table 5). On farm B,
except for two cases (H1 _ChoB15.7A and B), the constellation of HIN1 IAVs-S
remained the same throughout the monitoring period—the viruses in the
constellation carried the HA, NA, PB2, PB1, and PA genes of 3.3.2a and the NP,
MP, and NS genes of 3.3.2ab until July 2017. The two exceptional cases arose in
July 2015, when the isolates at that time had the PB2 of 3.3.2b or MP of 3.3.2c.
These data suggest that, before July 2015, new viruses carrying the PB2 gene
originated from humans in 2009 and/or the MP gene that originated in 2010 to
2011 was introduced into farm B, where these viruses reassorted with those that
had circulated but had not been established on the farm. Although the first isolates
from farm B were H3N2 viruses in February 2011, the constellations of the
internal genes described earlier were shared by both HIN1 and H3N2 IAVs-S
viruses, suggesting that HIN1 viruses carrying the original gene constellations
might have been circulating on farm B before February 2011.

On farm C, the gene constellations of the HIN1 viruses, HI ChoC16.2,
were the same as for the exceptional HIN1 viruses isolated on farm B in July
2015, H1 _ChoB15.7B. Although the origin of the H3 HA genes on farm C
differed from that of farm B, that of the internal and NA genes of the H3N2
viruses, H3 ChoC15.7 and H3 ChoC17.2, were the same as that of those isolated
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Fig. 15. MCC trees of the PB1 genes of the isolates in this study.

The genetic groups 3.3.2a, 3.3.2b, and 3.3.2c are colored light red (a), pink (b),
and blue (c), respectively. Strain names of isolates from farms B, C, D, and O are
shown in red, orange, blue, and purple, respectively. Gray boxes indicate the
divergence time estimated by using BEAST.
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on farm B (Table 3). H3N2 viruses with the same gene constellations were
retained on farm C for at least 1.5 years (July 2015 through February 2017).

On farm D, HINI viruses that had the same gene constellation as
H1 ChoDI1.2 persisted until July 2012. Then, in February 2013, other HINI
viruses emerged, of which all of the gene segments originated from 3.3.2c
A(HIN1)pdmO9 viruses, thus indicating another introduction of A(HIN1)pdmO09
viruses into farm D. H3N2 viruses isolated after July 2012 carried the same
internal genes as HINI1 viruses that circulated after February 2013. However, the
origin of the internal genes of H3 ChaD12.7 and H3 ChaD13.2 differed from
that of H3 ChaD15.7, as illustrated by the PB1 phylogeny (Fig. 15¢). Like the
situation on farm B, although the first viruses carrying genes of 3.3.2¢c on farm D
were H3N2 viruses in July 2012, HINI viruses carrying all genes of 3.3.2¢ might
have been circulating before July 2012, reassorting with the H3N2 strains to yield
H3 ChoD12.7.

On farm O, H3N?2 viruses with the same gene constellation had persisted
for at least one year (July 2016 to July 2017).

Antigenic analyses of the Thai isolates
HI assays were performed to ascertain whether antigenic differences
were present among the IAVs-S isolated in the current study. All viruses isolated
in this study reacted with hyperimmune chicken sera raised against Cal09 with HI
titers within 2-fold lower than that of the homologous virus (Table 7). In contrast,
viruses isolated on farms B and D showed 4-fold different reactivity with the other
2 hyperimmune chicken sera. Among the A(HIN1)pdmO09 viruses isolated from
pigs at farm B, whose H1 HA genes phylogenetically belonged to 3.3.2a,
H1 ChoB12.7 showed higher reactivity with hyperimmune chicken sera raised
against Narll and HI ChoC16.2, whereas HI ChoB17.2 showed a 4-fold lower
titer, suggesting gradual antigenic drift among the A(HINI1)pdmO9 viruses
isolated from farm B. Among the A(HIN1)pdmO09 viruses isolated from pigs at
farm D, H1 _ChaD11.2, Hl ChaD11.10, and H1 ChaD12.7, whose H1 HA genes
belonged to 3.3.2b, reacted with hyperimmune chicken sera raised against
H1 ChoCl16.2 at titers of 160 or 320, whereas H1 ChaD13.2, H1 ChaD13.8,
H1 ChaD13.11, all of which carried H1 HA genes of 3.3.2c, reacted at the titer
of 640. In addition, the latest H1 ChaD14.3 that had H1 HA genes of 3.3.2¢c
showed 4-fold lower reactivity than HI1 ChaD13.2, H1 ChaDI13.8, and
H1 ChaD13.11 viruses.
Antigenic changes were present among H3 isolates obtained from the
same farm as well as among those obtained from different farms (Table 8). The

reactivity of H3 ChoB11.2 with anti-SarO08 hyperimmune chicken sera was
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clearly distinguishable from those of H3 ChoB13.5, H3 ChoB13.8, and
H3 ChoB14.3. H3 ChoB11.2 reacted with anti-Sar08 hyperimmune chicken sera
at the titer of 5120, which was the same titer obtained with the homologous
antigen; H3 ChoB13.5, H3 ChoB13.8, and H3 ChoB14.3 reacted with 32-, 64-,
and 64-fold lower titers, respectively. Similar but less extensive changes in
reactivity were recognized when anti-serum against H3_ChoC15.7 was used. The
titers of both H3 ChaD12.7 and H3 ChaD13.2 against anti-Sar08 hyperimmune
chicken sera were 16 times lower than the titer of the homologous antigen,
whereas H3 ChaD15.7 maintained its titer; similar results were obtained with
anti-H3 ChaD15.7 hyperimmune serum. The H3N2 isolates from farms C and O,
both belonging to the human-like-b cluster, showed similar reactivity against the
four hyperimmune sera used. In addition, the H3N2 TAV-S isolates from all four
farms showed low reactivity to post-infection ferret sera against seasonal human
strains from 1995 through 2003 and did not react at all to those from after 2005.

To ascertain whether the antigenic differences observed with
hyperimmune chicken and post-infection ferret sera could be detected by
naturally infected host animals in the field, sera collected from 20-week-old swine
at farm C were used. Specifically, 25 sera obtained from 20-week-old pigs, which
were considered to be unaffected by maternal antibodies, in HI tests. Of these 2
sera, nos. 1 and 4, reacted at titers of 160 or more to several HIN1 and H3N2
isolates, and both were used for HI tests. For HI tests with the HIN1 strains, two
sera, nos. 2 and 3, were added, because they reacted at the two highest titers,
except for nos. 1 and 4, to any of the HINI strains examined. Sera nos. 5 and 6
were selected for HI testing with the H3N2 strains for the same reason as the H1
strains. HI _ChoB17.2 showed a 4-fold lower titer than H1 ChoB12.7 to swine
sera 2 and 4, suggesting that the antigenic drift observed among H1N1 isolates on
farm B by using hyperimmune sera could be recognized by serum antibodies in
naturally infected pigs. H1 ChoC16.2 reacted similarly to H1 ChoB15.7B with
the pig sera. A correlation between antigenicity and phylogenic grouping was
evident among the viruses from farm D in regard to sera 1, 3, and 4.
H1 ChaDI11.2, H1 ChaD11.10, and H1 ChaD12.7, which belonged to 3.3.2b,
reacted well with sera 1, 3, and 4, but those belonging to 3.3.2c—H1 ChaD13.2,
H1 ChaD13.8, H1 ChaD13.11, and HI1 ChaD14.3—were less reactive.
Regarding H3 viruses, H3 ChoB11.2 showed low reactivity to sera 4 and 5,
whereas newer strains showed more than 4-fold higher titers. At farm D,
H3 ChaD15.7 showed high reactivity to serum no. 1, whereas older strains were
8 times less reactive.

To examine the correlation between antigenic changes and amino acid

substitutions in the HA protein, the amino acid substitutions among the H1 (Table
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9) and H3 (Table 10) were compared. Among the HINI1 viruses, several
substitutions within predicted antigenic sites deduced by previous studies (98-
100) occurred between isolates that showed different antigenicities in the HI tests.
Among the five amino acid substitutions in the HA protein of Hl ChoB17.2
relative to that of HI _ChoB12.7, two within predicted antigenic sites possibly
contributed to the gradual antigenic drift observed in the HI test. Likewise, any of
the four substitutions within the predicted antigenic sites between older strains
(H1 _ChaD11.2, H1 ChaDI11.10, and HI ChaD12.7) and recent strains
(H1 _ChaD13.2,H1 ChaD13.8,Hl ChaD13.11,and HI ChaD14.3) are likely to
be related to the different reactivities against swine serum no. 4. Because the
H3N2 isolates demonstrated many substitutions even within the antigenic sites
deduced in a previous report (101), it was difficult to identify which substitution
correlated to antigenic difference. Compared with H3 ChoB11.2, the H3N2
isolates from farm B after 2013, H3 ChoB13.5, H3 ChoB13.8, and
H3 ChoB14.3, which showed different reactivity to hyperimmune sera against
Sar08 and swine sera 4 and 5, shared 14 substitutions within the predicted
antigenic sites (Table 10). Among the isolates from farm D, five substitutions
within the predicted antigenic sites were present between older strains
(H3 _ChaD12.7 and H3 ChaD13.2) and the most recent (H3_ChaD15.7) that
showed different reactivities to antisera against Sar08 and Whu95 and swine
serum no. 1. Compared with H3 ChoB11.2 of human-like-a, the H3N2 isolates
of human-like-b (H3 ChoC15.7, H3 ChoC17.2, H3 ChaO16.7, and
H3 ChaO17.7) shared more than 18 substitutions within predicted antigenic sites.

To assess whether the HA protein of the H1 isolates from farm B had
undergone selection pressure for evading host immune surveillance, the ratio of
nonsynonymous to synonymous nucleotide substitution rates (Ka/Ks ratios) (102)
of their HA genes were compared. Because internal genes appear to be less
vulnerable to such selection pressure than HA and NA genes, Ka/Ks ratios of their
PBI1 genes were calculated for comparison (Table 11). The Ka/Ks ratios of the H1
HA genes were significantly higher than those of their PB1 genes (#-test, P <
0.01). In addition, the substitution rates within these viruses were significantly
higher for the HA genes (4.9 x 107 substitutions/site/year; 95% HPDV, 3.5 x 107
310 6.3 x 107) than for the PB1 genes (2.6 x 107 substitutions/site/year; 95%
HPDV, 1.8 x 103 to 3.4 x 103; P < 0.01). Ka/Ks ratios and mutation rates of the
H3N2 TAVs-S from farm D were similarly calculated because they also had
evolved as a single lineage with antigenic change. The Ka/Ks ratios and
substitution rates of their H3 HA genes were significantly higher than those of
their own PB1 genes (P =0.03 and P < 0.01, respectively). These results suggest

that selection pressure, possibly due to immune pressure, in the pig population
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may have driven the antigenic drift of the HA genes of these viruses within the

same farm.
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Discussion

To investigate the evolution of [AVs-S within a farm, longitudinal studies
were conducted at five pig farms in Thailand, which yielded 169 IAVs-S
consisting of HIN1 and H3N2 [AVs-S. Phylogenetic and antigenic analyses
demonstrated the dynamics of various IAV-S strains due to accumulation of
mutations, multiple introductions of viruses, and reassortment events in the pig
farm setting. Through surveillance at these farms, the presence of antigenic drift
were confirmed over several years due to the accumulation of amino acid
substitutions in the HA protein, and multiple introductions of viruses followed by
reassortment events that generated the observed genetic and antigenic diversity
were documented. Both events could contribute to the maintenance of IAV-S on
a pig farm and to the generation of new viruses.

Regarding the dynamics of a particular subtype of IAV-S on a farm,
IAVs-S with similar antigenicity persisted on a farm for approximately 1 year and
then became undetectable, followed by an approximately 1-year interlude and
then resurgence of a virus with the same subtype but different antigenicity.
Antigenic alteration at the time of resurgence was caused by either antigenic drift
or the introduction of a virus belonging to another sublineage. Sun et al. (82)
demonstrated that IAV-S expanded easily and rapidly on a farm, thus raising the
herd immunity level against the IAV-S within 100 days after the first infection
sufficiently high to prevent virus shedding at the second infection. Given the
similar dynamics that occurred within the swine population at farm B, rapid
expansion of viruses likewise could have elevated herd immunity, thus restricting
the prevalence of a circulating virus to below the detection limit. This high
immune pressure might have led to the antigenic drift in the HIN1 viruses from
farm B such that, for example, Hl ChoB12.7 accumulated substitutions for 3
years and resurged as HI ChoB15.7A/B, followed by HI ChoB16.7 and
H1 ChoB17.2. Over 4 years, these viruses gradually became less reactive to
naturally infected pig sera, as typically seen with sera no. 4, suggesting that [AVs-
S evolve to evade immune pressure in a farm setting. It is unclear whether such
antigenic drift under immune pressure actually occurred at the farm level in this
study, although previous reports have demonstrated using experimentally infected
animals that antigenic drift can occur under immune pressure in a pig (103, 104).
Other researchers have demonstrated that selection pressure is more intense on
the HA gene than on internal genes and have hypothesized that IAVs behave as
though they are trying to outrun their immune pursuers (105). Rambaut et al.
(106) demonstrated that the antigenic drift of human [AVs due to such selection

pressure is a global event, and thus new variants are spread. In the current study,
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in a farm setting, non-synonymous substitutions with higher substitution rates in
the HA gene than in the PB1 gene resulted in the emergence of a drifted virus that
differed from the strain that had circulated previously in the pig population.
However, it remains to be determined whether the drift was a consequence of
escape from herd immunity against the strain that had previously been circulating
on the farm.

It is interesting to note that, regardless of the farm sampled,
phylogenetically distinct groups showed remarkably different reactivity to swine
serum no. 4. Although serum no. 4 did not react with the isolates from farms C
and O that carried human-like-b H3 HA genes, it reacted with the H3N2 viruses
carrying human-like-a H3 HA genes isolated from the other two farms.
Considering that serum no. 4 was collected at farm C in July 2015, IAV-S strains
that carried human-like-b H3 HA genes might have emerged because of the lack
of immunity to them on farm C. Isolates from farms C and O reacted similarly
with sera 1, 5, and 6. Taken together, analysis of the Thai isolates in the present
study indicated that both hyperimmune antisera and naturally infected swine sera
revealed antigenic differences not only between phylogenetically distinct groups
but also within each group (that is, antigenic drift).

In addition, introductions of viruses of the same subtype but with
different antigenicity were another key for evading immune pressure, as seen in
the H3N2 viruses on farm B and HINI viruses on farm D. Through a 1-year
longitudinal study of farrow-to-wean farms, Diaz et al. (42) documented multiple
introductions of HIN1, HIN2, and H3N2 IAV-S on individual farms, with some
IAV-S strains retained and others replaced by phylogenetically distinct groups on
individual farms. Current 5-year longitudinal study demonstrated that such
introduced viruses can establish themselves on a farm only when the new [AV-S
differs in antigenicity from the pre-existing [AV-S strains on that farm.

The isolation from four Thai pig farms of A(HIN1)pdm09 viruses and
of H3N2 viruses whose internal genes were replaced by those of A(HINT)pdmO09
viruses demonstrates interspecies transmission from humans to swine and
subsequent reassortment in pigs, as reported previously (21, 39, 107, 108). The
three epidemic peaks of A(HINI1)pdmO9 virus in the human population in
Thailand—August 2009, February 2010, and September 2010—were followed
by another peak in 2014, and few cases of A(HIN1)pdmO9 infection in humans
were recorded between 2011 and 2013 (109, 110). The genetic analysis of IAV-S
isolates of A(HIN1)pdmO09 origin revealed a close genetic relationship between
the IAV-S strains from the pig farms and human epidemic strains. 3.3.2a and
3.3.2b of HI HA genes were estimated to diverge in October 2009 and July 2009,

respectively, suggesting that they were introduced into pig farms around the first
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epidemic peak in the human population in Thailand. Likewise, 3.3.2c of H1 HA
genes was estimated to diverge in September 2010, coinciding with the third
epidemic peak in the human population. This finding suggests that the magnitude
of an epidemic in the human population might promote interspecies transmission
of IAVs to the pig population. Studying the timing of influenza outbreaks in
human and pig populations is important for revealing the mechanisms underlying
the introduction of a human epidemic influenza virus into pig farms.

During the active surveillance, IAV-S were detected on multiple
occasions on farms B, C, D, and O, whereas no IAV-S was detected during any of
the four sampling events on farm P. A previous report showed that farms with
more than 1,000 pigs are at increased risk for [AV-S positivity (71). In that regard,
each of the five farms in the present study had more than 1,000 pigs, thus ruling
out the possibility that the different isolation rates were due to differences in the
number of pigs on the surveyed farms. In addition, the farms in the present study
maintained similar animal husbandry practices, mandating workers to wear
dedicated clothes and boots and to shower before and after handling pigs. The
only husbandry practice that differed between farm P and the other four farms that
might have resulted in their differing hygiene status was that workers on farm P
wore masks when handling pigs. Wearing masks might reduce the pigs’ exposure
to aerosolized infectious influenza virus from humans, thus decreasing the risk of
transmission of human seasonal influenza virus on the farm. However, the small
sample size precludes the demonstration of a significant correlation between the
presence of IAV-S and the wearing of masks by workers. Further investigation of
the ability of masks to prevent human-to-pig transmission is needed.

In summary, continuous longitudinal surveillance was conducted to
show how TAV-S generated genetic and antigenic diversity over several years in
the pig farm setting; antigenic drift due to the accumulation of substitutions at
antigenic sites in the HA gene contributed to the evolution of IAVs-S. In addition,
the introduction of viruses with different antigenicity was confirmed. At the farm
level, both of these events appeared to be important for the evasion of host
immunity and subsequent circulation and resurgence of IAV-S. One remarkable
feature of the present study is that it indicates that both multiple introductions of
IAV-S and accumulation of substitutions in the HA proteins had occurred,
resulting in the antigenic evolution and long-term circulation of IAV-S within a
farm. Although evidence of multiple introductions into and resurgence of viruses
on the pig farms were found, additional clues regarding how such introductions

occurred would help to prevent similar introductions and to control IAV infections

in pigs.
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Summary

Surveillance studies of IAV-S have accumulated information regarding
[AVs-S circulating in Thailand, but how IAV-S evolves within a farm remains
unclear. In the present study, 82 A(HIN1)pdmO09 and 87 H3N2 [AVs-S were
isolated from four farms through active surveillance from 2011 to 2017; then
isolates were phylogenetically and antigenically analyzed to elucidate their
evolution within each farm. Phylogenetic analyses demonstrated multiple
intrusions of A(HINI1)pdm09 viruses that coincided with epidemic
A(HIN1)pdm09 strains in humans in Thailand, and they reassorted with H3N2
viruses as well as other A(HIN1)pdmO09 viruses. Antigenic analyses revealed that
the viruses acquired antigenic diversity either by accumulating substitutions in
the HA protein or through the introduction of IAV-S with different antigenicity.
These results, obtained through continuous longitudinal surveillance, revealed
that IAVs-S can be maintained in a pig farm over several years through the
generation of antigenic diversity due to the accumulation of mutations, intrusion

of viruses, and reassortment events.
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Chapter III

Genetics and pathogenicity of H5N6 highly
pathogenic avian influenza viruses isolated from

wild birds and a chicken in Japan during winter

2017-2018
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Introduction

During winter 2017-2018, there were outbreaks of HPAI in both Asia
and Europe caused by HSN6 HPAIVs with the H5S HA gene of clade 2.3.4.4.B
(111). In Europe, the first report of the HSN6 HPAIV outbreak occurred at a Dutch
duck farm in December 2017 (112), after which HSN6 and HSN8 HPAIVs were
isolated from both domestic poultry and wild birds. On the other side of the
Eurasian continent, Korea experienced an outbreak due to HSN6 HPAIVs on a
duck farm in North Jeolla province during November 2017. This was followed by
outbreaks in poultry farms from Gyeonggi province in the north to South Jeolla
province in the south and concurrent isolation of HSN6 HPAIVs from wild birds
from Gyeonggi province in the north to Jeju province in the south (111, 113, 114).
The H5 HA gene of the HPAIVs isolated from ducks in Korea during November
2017 were genetically similar to those of the December 2017 isolates in the
Netherlands, and the N6 NA gene was phylogenetically related with an H3N6
AlV isolated from a barnacle goose in the Netherlands during 2014 (113, 115). In
addition, HSN6 HPAIVs affected a chicken farm as well as wild birds in Japan,
including several species of wild birds in Shimane during November 2017, a
northern goshawk in Tokyo on 5 January 2018, a broiler chicken farm in Kagawa
on 10 January 2018, and jungle crows in Hyogo during March 2018. Furthermore,
the HSN8 HPAIVs isolated in Shimane carried HA and NA genes related to both
the Netherlands and Korean strains (115).

In the current study, the HSN6 HPAIVs that affected Japan during winter
2017-2018 were phylogenetically compared with gene sequences deposited in
the GISAID database and the repositories to investigate the origins of these HSN6
HPAIVs. In addition, the H5SN6 HPAIV isolates from a chicken, a northern
goshawk, and a jungle crow were characterized to assess whether pathogenicity

to chickens differed between poultry and wild bird isolates.
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Materials and Methods

Virus isolation and whole-genome sequencing

Tracheal or cloacal swabs collected from chickens on a farm in Kagawa
prefecture with suspected HPAIV infections were inoculated into embryonated
chicken eggs for virus isolation at the diagnostic laboratories of the livestock
health center in Kagawa prefecture. Allantoic fluid that showed HA activity
against chicken red blood cells was submitted to the National Institute of Animal
Health of Japan for diagnosis, as were swab samples from dead wild birds in
Tokyo and Hyogo prefectures. The whole genomes of the 43 isolated viruses were
obtained by using next-generation sequencing as described in Chapter L.
Consensus sequences were generated by using Workbench software (version
9.5.3, Qiagen) or FluGAS software (World Fusion). The sequences of the viruses
isolated during this study are deposited in the GISAID databases.

Phylogenetic analysis

For phylogenetic analysis, sequences of all AIVs were downloaded from
the GISAID database in 25 December 2018; the number of sequences
downloaded for each gene was: PB2, 69,552 sequences; PB1, 51,793; PA,
71,568; HS, 10,685; NP, 69,775; N6, 3,693; MP, 87,318; and NS, 72,176. BioEdit
and MAFFT were used to align the GISAID sequences with those of AIVs at the
National Institute of Animal Health, Japan, and sequences shared by the Federal
Research Center of Fundamental and Translational Medicine, Russia which is the
collaborator of National Institute of Animal Health, Japan. After alignment,
sequences with ambiguous nucleotide bases were removed, after which MAFFT
was used to align the remaining sequences in order of decreasing identity with
A/chicken/Kagawa/1C-1/2018 (H5N6). Sequences that were most highly related
to the A/chicken/Kagawa/1C-1/2018 (H5N6) were phylogenetically analyzed by
using MEGA-CC with 1,000 bootstrap replicates according to the ML method in
a general time-reversible model.

Tanglegrams were constructed from pairs of the above-mentioned ML
trees by using Dendroscope 3 (116). Taxa in adjacent trees were connected with
those in the tree of H5 HA genes when the taxa in the two trees corresponded with
each other.

MCC trees were constructed to calculate molecular estimates of
divergence times from the ancestral AIVs for the PB2, PB1, PA, NP, N6, MP, and
NS genes of the HSN6 HPAIVs isolated in Europe and Asia during winter 2017—
2018. MCC trees were constructed by using the BEAST package version 1.8.2 as

described in Chapter I to estimate divergence times.
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Animal experiments

A/chicken/Kagawa/1T-1/2018 (H5N6) (Kagawa strain; isolated through
2-egg passage from a tracheal swab), A/Northern
Goshawk/Tokyo/1301B003T/2018 (H5N6) (Tokyo strain; isolated through 2-egg
passage from a tracheal swab), and A/Jungle crow/Hyogo/2803E023C/2018
(H5N6) (Hyogo strain; isolated through 1-egg passage from a cloacal swab) were
used for animal experiments. White leghorn chickens (L-M-6 strain; specific
pathogen free; age, 4 weeks) were obtained from Nisseiken (Tokyo, Japan).
Animal experiments were conducted in Biosafety Level 3 facilities at the National
Institute of Animal Health, Japan, and were approved by the institutional
committee for Ethics of Animal Experiments (approval numbers; 17-076, 15
January 2018, 17-082, 2 March 2018, 17-086, 6 April 2018). For survival
analysis, virus doses of 10%, 10% 10° and 10° fifty percent egg infectious dose
(EIDs0)/100 pL were inoculated intranasally into groups of 4 to 6 chickens. The
chickens were observed for 14 days after inoculation. For virus titration, tracheal
and cloacal swabs were collected at 1, 2, 3, 5, 7, 10, and 14 days after inoculation
or at death. The swabs were put and mixed into MEM (Sigma-Aldrich) containing
0.5% bovine serum albumin (Sigma-Aldrich), 25 mg/mL amphotericin B
(Thermo Fisher Scientific), 1,000 units/mL penicillin and 1,000 mg/mL
streptomycin (Thermo Fisher Scientific), 0.01 M HEPES (Sigma-Aldrich), and
8.8 mg/mL NaHCOj3 (Thermo Fisher Scientific); the swab was removed from the
medium and then the media were stored at —80°C until titration. To investigate
tissue dissemination of the virus in chickens, 3 chickens were inoculated
intranasally with 10® EIDs¢/100 pL of Kagawa, Tokyo, and Hyogo strains. Three
chickens were euthanized at 3 days post-inoculation and pancreas, spleen,
pectoral major muscle, liver, trachea, lung, kidney, heart, brain, duodenum,
rectum, blood, tracheal swab, cloacal swab, and conjunctiva swab were collected.
Tissues were minced using a Precellys homogenizer (Bertin Technologies, Ile-de-
France, France) to prepare a 10 % (w/v) emulsion, and the emulsion supernatant
was stored at —80 °C until titration by egg inoculation. Frozen samples were
thawed and centrifuged in 3,000g at 4°C; the supernatant underwent viral titration
by EIDso. Student’s ¢-test was applied for statistical comparison and P value of
less than 0.05 was considered as significant.

For the transmission study, 1 or 3 chickens were inoculated with 10°
EIDso/100 pL of Kagawa strain; beginning at 18 h after inoculation, 6 or 4
chickens, respectively, were cohoused with the inoculated chicken(s) and then
observed for 14 days thereafter. Tracheal and cloacal swabs for virus titration

were collected at 1, 3, 5, 7, 10, and 14 days after inoculation or at death. To verify
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viral infection in surviving chickens, blood samples were collected at the end of
the observation period, and antibodies against IAV were detected by using an
influenza A virus antibody test kit (IDEXX Laboratories, Westbrook, ME, USA).
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Results

Outbreaks due to H5NG6 strains in Japan during winter 2017-2018

In Japan, 47 reports (1 outbreak in poultry farm and 46 cases in wild
birds) due to H5SN6 HPAIVs were reported across 4 prefectures between 5
November 2017 and 25 March 2018 (Fig. 17). The first case involved a dead mute
swan in Shimane prefecture; this was followed by cases in 5 tufted ducks and 1
black-headed gull. On January 5, a dead northern goshawk was collected in Tokyo
prefecture and an HSN6 HPAIV was isolated. Six days after the report of the
northern goshawk, an outbreak occurred on a broiler farm in Kagawa prefecture
and approximately 90,000 broilers were euthanized to prevent disease spread.
Subsequently, HSN6 HPAIVs killed multiple jungle crows in Hyogo prefecture
during 1 March through 25 March 2018.

Phylogenetic analysis of the Japanese isolates

The ML trees constructed for the HS HA gene revealed that the HA genes
of the Japanese H5SN6 HPAIVs during winter 2017-2018 belonged to clade
2.3.4.4.B and thus were related to the HSN8 HPAIVs in Europe during winter
20162017 (Fig. 18a). The Kagawa strain formed a cluster with the Korean
HPAIVs of December 2017, sharing a common ancestor with the HSN6 HPAIVs
that caused outbreaks in Europe during the same season. However, the isolates
from wild birds in Japan formed another cluster with the Korean HPAIVs of
November 2017 and the Taiwanese HPAIV from December 2017. The nucleotide
identity between the Japanese wild bird isolates and the Kagawa strain was 98.2%
to 98.3%.

The ML tree of the N6 NA genes demonstrated that NA genes of
Japanese HSN6 HPAIVs isolated from poultry and wild birds during winter 2017—
2018 were related to AIVs isolated in European countries, including Croatia,
Georgia, the Netherlands, and in Moscow and Novosibirsk, Russia (Fig. 18b).
The Kagawa strain showed low identity (94.5% to 94.7%) with the isolates from
wild birds in Japan and formed a cluster with the Korean HPAIV's from December
2017, which differed from the cluster containing isolates from wild birds in Japan,
Korean HPAIVs isolated in November 2017, and the Taiwanese HPAIV of
December 2017. All of the internal genes of the Japanese HSN6 HPAIVs were
derived from clade 2.3.4.4.B H5N8 HPAIVs isolated in Europe during winter
2016-2017, and almost all of them were most related to isolates in Eastern Europe
(Fig. 19). As with the HA and NA genes, the internal genes of the Kagawa strain
and the wild bird isolates in Japan formed different clusters and identities between
Kagawa strain and wild bird isolates were as follows: PB2, 98.9% to 99.0%; PBI1,

74



@ Poultry farm
@ Wild bird

Shimane 7 cases

Hyogo 38 cases
(2018/3/1-25)

v Kagawa 1 case
(2018/1/11)

Fig. 17. Geographic locations of the H5N6 HPAI outbreaks affecting 1
poultry farm and 46 wild birds in Japan during the 2017-2018 season.
Numbers of reported cases and sample collection dates are shown in
parentheses.
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Fig. 18. Details of ML trees based on the H5 HA (a) and N6 NA (b)

genes.

The Kagawa strain is shown in red, and strains isolated from wild birds are

blue. Bootstrap values of 60 or higher are shown.
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Fig. 18. Continued
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Fig. 19. Tanglegrams constructed from the ML trees of strains containing the
individual gene most related to that of the Kagawa strain.

Colors of taxa and lines are as follows: black, isolates of clade 2.3.4.4.B H5N8
HPAIVs isolated in China and Russia during May 2016; purple, HSN8 HPAIVs
isolated during the 2016-2017 season; red, Kagawa strain and Korean strains of
December 2017; green, HSN6 HPAIVs isolated in Europe during the 2017-2018
season; blue, H5N6 HPAIVs isolated from wild birds in Japan and Korean
HPAIVs during November 2017 and the Taiwanese HPAIV of December 2017,

light blue, not HPAIVs. Corresponding taxa in adjacent trees are connected by
lines.
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98.2% to 98.3%; PA, 98.5% to 98.7%; NP, 98.8% to 99.0%; MP, 97.9% to 98.1%;
and NS, 97.6% to 98.0%.

According to the MCC tree that was constructed by using N6 sequence
data (Fig. 20), the cluster including the Kagawa strain was estimated to have
diverged from that containing the wild bird isolates on 15 September 2016 (95%
HPD: 17 August to 26 October 2016). Furthermore, the subcluster composed of
the Kagawa and Korean strains was estimated to have diverged from the
subcluster of European HSN6 HPAIVs on 14 August 2017 (95% HPD: 10 June to
21 September 2017). These results suggest that the HSN6 HPAIVs in the
Kagawa—Korean cluster shared a common ancestor during summer 2017 and had
been disseminated to both Asia and Europe by December 2017. The cluster
including the wild bird isolates in Japan was estimated to have diverged from
Greek strains on 30 October 2016 (95% HPD: 16 October to 14 December 2016),
thus indicating that the strains diverged from a common ancestor during Autumn
2016. In contrast, Taiwanese and Japanese strains were estimated to have diverged
from each other during summer 2017 (16 August 2017; 95% HPD: 16 May to 5
October 2017).

Then the dates on which various genes of the HSN6 HPAIVs in Japan
during winter 2017-2018 had diverged from an ancestral (non-HPAIV) AIV were
estimated (Table 12). The divergence times of the PB1 and MP genes of the
Japanese HSN6 HPAIVs of winter 2017-2018, which shared deduced ancestors
with the HSN8 HPAIVs in Europe during winter 2016-2017 that were related to
H5N8 HPAIVs in China and Russia during May 2016, were 3 October 2015 (95%
HPD: 14 September 2015 to 29 January 2016) and 13 October 2015 (95% HPD:
2 February to 10 November 2015), respectively, thus indicating that these viruses
diverged during summer 2015. The H5 and NS genes of Japanese HSN6 HPAIVs
during winter 2017-2018 shared an ancestor with HSN8 HPAIVs in Europe
during 2016-2017 that were related to A/duck/Eastern China/S1109/2014 (H5NS8)
as well as the HSN8 HPAIVs in China and Russia in May 2016; the divergence
times from AIVs (excluding HPAIVs) were 1 October 2014 (95% HPD: 30 July
to 7 November 2014) and 28 July 2014 (95% HPD: 15 June to 7 November 2014),
respectively. The PB2, PA, and NP genes, the origins of which were considered
to be HSN8 HPAIVs in Europe during winter 2016-2017 that were different from
the HSN8 HPAIVs in China and Russia during May 2016, were estimated to have
diverged on 22 April 2016 (95% HPD: 2 April to 14 June 2016), 19 May 2016
(95% HPD: 11 January to 10 June 2016), and 24 June 2016 (95% HPD: 13 April
to 4 August 2016), respectively, indicating that they all diverged from an ancestral
AIV during summer 2016. Except for A/Black-headed Gull/Netherlands/29/2017
(H5N©6), the PB2 and PA genes of HSN6 HPAIVs in Europe during winter 2017—
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Fig. 20. Detail of the MCC tree of
The divergence time at the branch
95% highest posterior density for

|
2018

the N6 NA genes.
Is indicated by a black arrow, and the
the divergence time is indicated by a

gray box. The Kagawa strain and strains isolated from wild birds are red

and blue, respectively.

80



(¥TOZ ‘4equianoN L 01 8un( /T)
¥T0Z ‘1990100 ZT

(STOZ ‘4equianoN QT 01 Arenige 2)
GT0Z ‘1snbny £

(2102 “49quiardas Tz 01 sunt OT)
LT0Z "1snbny T

(9T0Z 18nBny 9 0 [LdY 2)
9702 ‘AInC 8T

(9702 ‘18090100 9 01 |IdY OT)
910z ‘1snbny £z

(GTOZ ‘48quisnoN 8z 01 AIne TT)
GTOZ “4aquialdas €T

(2107 ‘19quisidas 6z 03 Areniged v2)
LTOZ 'aun( 62

(¥TOZ ‘JoquisAoN L 01 8un( /T)
¥T0Z ‘1990100 ZT

(STOZ “48quisnoN 0T 01 Arenigad g)
GTOZ ‘1snbny £

(9702 ‘190Wa23Q T 01 4800120 9T)
9T0Z ‘1990190 0€

(9702 18nbny 9 0 Judy 2)
9102 ‘AInC 8T

(9702 18nbny 1 0 [LdY Q)
9TOZ ‘aunf /T

(GTOZ “48qwianoN 8z 01 AIne TT)
GTOZ “Jequiandas €T

(9t02 ‘AInc £ 01 1UdY TZ)
9T0Z ‘aunf €2

(¥T0Z ‘J8quisnoN L 01 8un( /T)
¥T0Z ‘1990100 2T

(GT0Z ‘1eqwianoN QT 03 Areniged )
GT0Z ‘1snbny £

(LT0Z “49quiaidas Tz 01 8unf QT)
LT0Z 1snbny T

(9T0Z 1snbny 9 0 Judy 2)
9102 ‘AInC 8T

(9702 18nbny 0 [dY Q)
9T0Z ‘aunf /T

(GTOZ “48qwianoN 8z 01 AIne TT)
GTOZ “Jequiandas €T

(9t0Z ‘AInC £ 01 1UdY TZ)
9T0Z ‘aunf €2

SN

diN

9N

dN

Vd

Tdd

¢dd

adoun3 ul SAIVdH 9NSH

(urens oboAH pue 0Axo] Buipnjour)
BISY Ul SAIVdH 9NSH

(urens emebey Buipnjour)

BISY Ul SAIVdH 9NSH suag

(lerssiut AdH %S6) SLwI} pareLunss

(SAIVdH 1d89%3) SA|Y 1U898l 1S0W 8Y) WOy 8TOZ—LT0Z J3IUIAN Bulinp SAIVdH 9NGH 40 auab yoes Jo swi) aousblisAlp parewnsy ‘g1 a|gel

81



2018 were not related to the HSN6 HPAIVs in Asia during 2017-2018 but instead
were descended from AIVs in Europe, with estimated divergence dates of 19 May
2017 (95% HPD: 29 December 2016 to 11 September 2017) and 30 September
2016 (95% HPD: 5 May to 10 October 2016), respectively.

The time-measured phylogenetic analysis suggests that these
reassortments might have occurred as depicted in Fig. 21. The PB1, HA, MP, and
NS genes of the HSN6 HPAIVs in Asia and Europe during winter 2017-2018
were derived from the HSN8 HPAIVs in China and Russia during May 2016. The
Tokyo and Hyogo strains acquired the PB2, PA, NP, and N6 NA genes during
summer 2016. In contrast, the Kagawa strain acquired the PB2, PA, and NP genes
during summer 2016 and then N6 during summer 2017. The identities of the PB2,
PA, and NP genes between the Kagawa strain and the Japanese wild bird isolates
(98.9% to 99.0%, 98.5% to 98.7%, and 98.8% to 99.0%, respectively) are higher
than those of PB1, MP, and NS (98.2% to 98.3%, 97.9% to 98.1%, and 97.6% to
98.0%, respectively), supporting the notion that the origins of PB2, PA, and NP
genes were distinct from PB1, MP, and NS genes. European HSN6 HPAIVs
obtained their PA and NP genes during summer 2016 and their PB2 and N6 NA

genes during summer 2017.

Pathogenicity of poultry and wild bird strains in chickens

To investigate potential differences in pathogenicity among the HSN6
HPAIVs, chickens were intranasally inoculated with several doses of the Kagawa,
Tokyo, and Hyogo strains and then observed for 14 days (Fig. 22). All of the
chickens inoculated with 10° EIDsy of Kagawa strain died within 3 days, and 4 of
the 5 chickens inoculated with 10° EIDs of this isolate died within 4 days,
whereas no chickens inoculated with 10* EIDso died during the observation period
(Fig. 22a). All of the chickens inoculated with 10° or 10° EIDs of the Tokyo strain
died within 5 and 3 days after inoculation, respectively, and 1 of the 5 chickens
inoculated with 10* EIDso of the Tokyo strain died 3 days after inoculation (Fig.
22b). All of the chickens inoculated with 10° EIDsy of the Hyogo strain died
within 4 days, as did 1 of 5 and 2 of 5 chickens inoculated with 10* or 10° EIDsy
of Hyogo strain, respectively (Fig. 22¢). For all strains, all chickens inoculated
with 10? EIDso survived the observation period (data not shown). Therefore, the
50% chicken lethal doses of Kagawa, Tokyo, and Hyogo strains were calculated
as 10*% EIDso, 10**® EIDso, and 10>% EIDso, respectively. None of the sera
collected from surviving chickens on day 14 after inoculation contained
detectable antibodies against IAV (data not shown).

The mean viral titer from tracheal swabs collected from dead chickens
inoculated with 10° EIDs of the Kagawa strain (4.44 + 0.53 logio EIDso/mL) was
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significantly higher than that from their cloacal swabs (3.52 + 0.80 logio
EIDso/mL) with P value < 0.01 (Fig. 23a and b). The same pattern emerged for
chickens inoculated with 10% EIDso of Hyogo strain (4.62 + 0.48 logio EIDso/mL
vs 3.52 + 0.80 logio EIDs¢/mL) with P value < 0.01 (Fig. 23e and f). The mean
maximum viral titer of tracheal swabs from live chickens inoculated with the
Kagawa strain did not differ from that of wild bird isolates at all inoculation doses
(10%, 10°, and 10° EIDso). The same pattern was seen regarding the cloacal swabs
from live chickens and the tracheal or cloacal swabs from dead birds, indicating
the lack of a significant difference between the Kagawa strain and wild bird
isolates regarding viral shedding. No viruses were obtained from the tracheal and
cloacal swabs collected from surviving chickens inoculated with the Kagawa,
Tokyo, or Hyogo strains on days 7, 10, or 14 after inoculation (data not shown).
Measurement of viral titers in tissues revealed that—unlike the Tokyo
and Hyogo strains—the Kagawa strain propagated efficiently in several tissues
(Table 13). At 2 days after inoculation of the Kagawa strain at 10° EIDso, the mean
viral titers in kidney and cloacal swabs were significantly higher than those of the
Tokyo strain; those in the brain and rectum were significantly higher than those
of the Hyogo strain; and those in the muscle and trachea were significantly higher
than those of both the Tokyo and Hyogo strains. Viral titers on day 1 after
inoculation did not differ among any tissues or strains. No gross lesions were
observed in tissues of all chickens at 1 and 2 day(s) after inoculation with each

strain.

Transmission of Kagawa strain in chickens
In the transmission study, the 1 chicken inoculated with 10° EIDso of
Kagawa strain died within 48 h after inoculation, whereas none of the 6 cohoused
chickens died during the 14-day observation period (Fig. 24a). The viral titers of
the tracheal and cloacal swabs collected from the dead chicken were 6.07 and 5.20
logio EIDso/mL, respectively. No antibodies against IAV were detected in sera
collected from the cohoused chickens that survived for 14 days after placement
with the inoculated bird (data not shown), indicating a lack of viral transmission
to the cohoused chickens.
Then 3 chickens were inoculated with 10® EIDso of Kagawa strain and
housed them with 4 naive chicken. The 3 inoculated chickens died within 66 h
after inoculation, and the 4 cohoused chickens died 150 h after being penned with
the inoculated birds (Fig. 24b). In addition, 2 of the cohoused chickens
demonstrated viral shedding at 102 h after being placed with the inoculated
chickens, and the 2 other chickens shed virus at 150 h. The viral titers (mean +

SEM) of the tracheal and cloacal swabs collected from the dead inoculated
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chickens were 3.99 +0.26 and 3.80 + 1.10 logio EIDso/mL, respectively, and those
of the dead cohoused chickens were 4.44 + 0.55 and 2.81 + 1.21 logio EIDso/mL,
respectively. There were no significant differences between mean viral titers
collected from inoculated chicken(s) of two transmission studies. These results
show that the 4 cohoused chickens were infected through viral transmission from

the 3 inoculated chickens.
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of each virus.
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Fig. 24. Survival rates of chickens inoculated intranasally with 108
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(@) One chicken was inoculated, and 6 chickens were cohoused. (b) Three
chickens were inoculated and 4 chickens were cohoused. Survival rates of
inoculated chicken(s) are indicated by black circles; survival rates for
cohoused birds are shown as white circles.
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Discussion

The H5N6 HPAIVs isolated in Japan during winter 2017-2018 were
emerged through several reassortments between 2.3.4.4.B H5N8 HPAIVs that
circulated in Europe during winter 2016-2017 and HXN6 AIVs in Europe, similar
to the scenario regarding the HSN6 HPAIVs in Korea during the same season (52,
113). In addition, at least 3 distinct reassortments between HSN8 HPAIVs and
HxN6 AIVs reportedly resulted in the appearance of the European HSN6 HPAIVs
and 2 types of Korean HSN6 HPAIVs (114) as depicted in Fig. 21. However, note
that the genetic flow of HSN8 and HSN6 HPAIVs depicted in Fig. 21 is simulated
according to the time-measured phylogenetic tree for each gene. In Fig. 21, AIVs
in which all 8 segments are red, blue, or purple have not actually been detected,
indicating that even more complicated reassortment events might have occurred.

Phylogenetic analyses revealed that the relationship between Kagawa
strain in January 2018 and Korean strains isolated from wild ducks as well as
poultry in December 2017, suggesting that the HSN6 HPAIVs were introduced to
Japan via migration of wild birds. Considering that the HSN6 HPAIVs were
disseminated simultaneously to Europe and Asia by wild migratory birds, they
might have originated at a breeding site, possibly in Siberia where migratory birds
belonging to several flyways stretching across the Eurasian continent coexist
during summer (117, 118); AIVs of various subtypes have been isolated in this
area (119, 120). An AIV that carried the N6 NA gene related to the HSN6 HPAIVs
during winter of 2017-2018 was isolated during September 2017 in the
Novosibirsk region (A/teal/Ubinskoe Lake/51/2017 H3N6; Fig. 18b), which is
located in southeastern Siberia, supporting the hypothesis presented above. In
addition, the internal genes of HSN6 HPAIVs in Europe and Asia during winter
2017-2018 originated from AIVs through reassortments that were estimated to
have occurred during the summers of 20142017, highlighting the importance of
Siberia as the accumulation place of various AIVs. However, few data were
available regarding the relationship between the movements of migratory birds
and the spread of HSN6 HPAIVs during winter of 2017-2018 across the Eurasian
continent. Therefore, further analysis of genome sequences of AIVs and migration
of wild birds in Siberia is needed to elucidate how AIVs/HPAIVs move cross-
continentally.

The pathogenicity of clade 2.3.4.4 HS5 reassortants to chickens is lower
than that of ancestral H5N1 HPAIVs (121-123). In addition, previous
experimental infections of several H5S HPAIVs revealed that the lethal infectious
dose of the Kagawa, Tokyo, and Hyogo strains in chickens is relatively low

because 50% chicken lethal doses of them (10*3® to 10>%°) were 10-fold more or
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higher than those of H5N1 HPAIVs during winter 20102011 (10°*% to
10%3%)(48), some HSN8 HPAIVs of winter 20142015 (10*°) (50, 124), and the
H5N6 HPAIVs of winter 20162017 (10*%) (54) under same experimental
condition. 10° EIDso of Kagawa strain killed chickens relatively faster (5
chickens, 2 dpi; 1 chicken, 3 dpi) than Tokyo strain (3 chickens, 2 dpi; 2 chickens,
3 dpi) (Fig. 22), corresponding to higher viral titers in some tissues collected from
chickens inoculated with 10¢ EIDso of Kagawa strain than Tokyo strain. However,
Differences in viral titers in tissues did not explain the lower mortality in 10*
EIDso and 10*> EIDso with Kagawa strain than Tokyo strain, suggesting that
capacity to propagate in tissues does not always corelate with the infectivity
among the HSN6 HPAIVs. Current transmission study with a single inoculated
chicken revealed that the Kagawa strain was less transmissible than the HSN1
HPAIVs of winter 2010-2011; in fact, regardless of whether the origins of the
H5N1 HPAIVs during winter 2010-2011 were poultry or wild birds, a single
chicken inoculated with 10° EIDso shed enough virus for transmission to
cohoused four chickens in the same experimental setting (48). Furthermore the
viral titers of the tracheal and cloacal swabs collected from Kagawa-inoculated
chicken (6.1 and 5.2 logio EIDso/mL, respectively) were equal to, or higher than,
those of 3 HSN1 HPAIVs (3.3 to 6.5 and 2.5 to 5.0 logio EIDso/mL, respectively)
despite failure of transmission, suggesting that the differences in transmissibility
were due to interstrain differences in the 50% chicken lethal doses. Similarly, low
pathogenicity and transmissibility were observed for several 2.3.4.4 H5 HPAIVs
isolated from wild birds (121, 125, 126), suggesting that those strains were not
well evolved to disseminate among chickens. Therefore, these results may
explain—at least in part—why the outbreaks in Japan during winter 2017-2018
were sporadic and constrained.

In conclusion, the results of the current study show that the HSN6
HPAIVs of poultry and wild birds in Japan during winter 2017-2018 were
generated through several distinct reassortments between 2.3.4.4.B HS5NS
HPAIVs and HxN6 AIVs that might have occurred during the summers of 2016
and 2017 in Siberia, where migratory birds wintering in Asia or Europe visit for
breeding during summer. The finding that HSN6 HPAIVs with different gene
cassettes intruded into Japan highlights the importance of understanding the
behavior of AIVs at the breeding site in Siberia, where reassortments might occur,
and of elucidating how HPAIVs are disseminated across Eurasian continents.
Compared with the H5S HPAIVs that have caused past outbreaks in Japan, the
Japanese HSN6 HPAIVs of winter 2017-2018 were lower in pathogenicity, and
the Kagawa strain showed lower transmissibility in chickens, resulting in the
limited outbreaks.
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Summary

An H5N6 HPAIV outbreak occurred in poultry in Japan during January
2018, and HSN6 HPAIVs killed several wild birds in 3 prefectures during winter
2017-2018. Time-measured phylogenetic analyses demonstrated that the HA and
internal genes of these isolates were genetically similar to clade 2.3.4.4.B H5NS
HPAIVs in Europe during winter 2016-2017, and NA genes of the poultry and
wild bird isolates were gained through distinct reassortments with AIVs that were
estimated to have circulated possibly in Siberia during summer 2017 and summer
2016, respectively. Lethal infectious dose to chickens was similar between the
poultry and wild-bird isolates. HSN6 HPAIVs during winter 2017-2018 in Japan
had higher 50% chicken lethal doses and lower transmission efficiency than the
H5Nx HPAIVs that caused previous outbreaks in Japan, thus explaining in part
why cases during the 2017-2018 outbreak were sporadic.
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Chapter IV

Phylogeographic evidence for the inter- and
intracontinental dissemination of avian influenza

viruses via migration flyways.
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Introduction

IAVs have been isolated from birds and from various mammals,
including pigs and humans (127). Wild waterbirds (e.g., Anseriformes and
Charadriiformes) form the natural reservoir of AlVs of H1-H16 HA and N1-N9
NA subtypes (3-7). AIVs often spread to geographically distinct regions or across
major water bodies, or both, as wild birds migrate, because AIV infection usually
does not cause clinical signs in these birds or disturb their long-distance
migrations (128, 129). In fact, phylogenetic analyses of viral whole genomes
revealed that AIVs carrying genes of the North American lineage were isolated in
Europe, and AIVs carrying genes of the Eurasian lineage were isolated in the
United States (130-135).

The isolation of HPAIVs from wild birds was rare (136, 137) until 1996,
when the situation changed with the emergence of HSN1 HPAIVs that caused
outbreaks among domestic geese in China (44). The first outbreak caused among
wild birds by HSN1 HPAIVs was recognized in multiple bird species in Hong
Kong in 2002 (138); this was followed by a die-off of Anseriformes and
Charadriiformes in Qinghai Lake in April 2005 (139) and isolation of the
viruses—so-called Qinghai strains—from wild birds in western Siberia in July
2005 (140). The strains spread to Europe and West Africa between October 2005
and February 2006 (141, 142). The movement of migratory birds, as well as the
poultry trade, played an important role in the spread of these viruses (141, 143,
144). During the winter 2014-2015, H5 HPAI Vs related to the viruses circulating
in Asia spread to North America (145, 146). Some studies suggested that the
movement of migratory birds from Asian wintering sites to breeding sites in Far
East Siberia and the Alaskan Peninsula, and the subsequent southward movement
along the Pacific coast of North America, could be related to this spread of
HPAIVs (52, 147). In addition, a previous report demonstrated that HS HPAIVs,
which showed high pathogenicity in poultry under experimental infection, caused
mild or no clinical signs in wild birds (148). These events highlight the
involvement of wild birds in the spread of AIVs, including HPAIVs (149).

During the winter 2017-2018, both Asia and Europe experienced
outbreaks of disease caused by HS5N6 HPAIVs (111). Several reports
demonstrated that HSN6 HPAIVs isolated at a duck farm in the Netherlands in
December 2017 (112) were genetically related to HSN6 HPAIVs isolated from
poultry in North Jeolla Province, Korea, in November 2017 (115). They were
considered to have emerged through several reassortments between HSNS
HPAIVs causing outbreaks in 20162017 and HxN6 AIVs (113, 114).

In this study, phylogeographic analysis were performed for N6 NA
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genes deposited in public databases and institutional repositories of National
Institute of Animal Health in Japan, including the HSN6 HPAIVs isolated during
the winter 2017-2018, to illustrate intra- and intercontinental dissemination of
AlVs and to assess the relationship between virus dissemination and migration
flyways of wild birds. Findings in the current study should contribute to the
strategic monitoring of AIVs in wild birds as part of efforts to clarify the ecology
of AIVs and forecast HPAI outbreaks.
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Materials and Methods

Virus isolation and whole-genome sequencing

Nasal or cloacal swabs, or both, and feces were collected from poultry
and wild birds in Japan, Vietnam, and Cambodia from 1977 to 2018 and preserved
in media as described in Chapter III. At the National Institute of Animal Health
in Japan, samples were inoculated into the allantoic cavities of 10- to 11-day-old
embryonated chicken eggs and incubated for 24—48 h at 37 °C for virus isolation.
The HA activity of allantoic fluid was tested by using 0.55% chicken red blood
cells. A/duck/Japan/AnimalQuarantine-HE72/2015 (H5N6) and
A/chicken/Japan/AnimalQuarantine-HE144/2016 (H5N6) originating in poultry
meats that were illegally transported into Japan (150) were isolated by the Animal
Quarantine Service, Ministry of Agriculture, Forestry and Fisheries of Japan.

The whole genomes of the isolated viruses were obtained by using next-

generation sequencing as described in Chapter III. The N6 NA sequences of the
viruses isolated in this study have been deposited in the GISAID database.

Phylogenetic and phylogeographic analysis
For phylogenetic analysis, sequences of the N6 NA genes were
downloaded from the GISAID database in January 2019. Sequences of the AIVs
that the National Institute of Animal Health, Japan possessed and of those isolated
in Russia that the Federal Research Center of Fundamental and Translational
Medicine, which collaborate with the National Institute of Animal Health, Japan,
possessed were aligned with the sequences downloaded from GISAID by using
BioEdit and MAFFT. After the alignment, a total of 3720 sequences were used in
the phylogenetic analysis performed by using MEGA-CC with 1000 bootstrap
replicates according to the ML method in a general time-reversible model.
The location-annotated MCC trees for selected clusters of the ML tree
(see Results) were constructed according to Bayesian stochastic search variable
selection by using the Bayesian Evolutionary Analysis by Sampling Tree package
version 1.8.2 as described previously (54). Asymmetric substitution model with
Bayesian stochastic search variable selection and a strict clock model were
applied for calculating Bayes factors in the present analysis. Then the output tree
was visualized by SPreaD3 version 0.9.7 (151). Lines with Bayes factors of 3.0

or more were indicated in each map.
Correlation analysis between traits and phylogeny

Identical sequences of strains isolated from the same species, on the same

date, and in the same place were removed from the N6 NA sequence alignment,
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and MCC trees without information about collection time were constructed.
Calculations of constructed MCC trees were set as 1 x 10 steps long to generate
10,000 trees, and the last 1000 trees were then used for BaTS (152) to evaluate
the correlation between traits such as host order and subtypes of isolated viruses
and phylogeny. P values < 0.05 were used as evidence to support correlations

between traits and tree topology.
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Results

Clade definition of N6 NA genes

To elucidate the intra- and intercontinental dissemination of genetically
related AIVs by using phylogeographic analysis, a phylogenetic tree was
constructed on the basis of the N6 NA genes of AIVs isolated worldwide.
Phylogenetic analysis revealed that the N6 NA genes could be categorized into an
Eurasian (Fig. 25) and North American (Fig. 26) lineage, with a bootstrap value
of 60 or more. By applying the criteria of the clade definition of HS HA genes of
Eurasian HPAIV (>1.5% average distances between other clades and <1.5%
average distances within the clade)(153), eight and 25 clades that consisted of at
least five strains were recognized in the Eurasian and North American lineages,
respectively (Figs. 25 and 26). Among these, 17 clades (clades A to Q) were
subjected to phylogeographic analysis because they consisted of strains
originating from two or more countries (or states and provinces in the North

American lineage) and were isolated in several years.

Dissemination of N6 NA genes across the Eurasian continent

N6 NA genes of the HSN6 HPAIVs isolated in Asia and Europe during
the winter 2017-2018 were categorized into two clades, A and B (Fig. 27a), in the
Eurasian lineage. The genes were significantly distinct from N6 NA genes of
H5N6 HPAIVs that were enzootic in Asia before the 2017-2018 season, showing
nucleotide identities with them of 83.8% and 84.1%, respectively. Clade A was
composed of HSN6 HPAIVs isolated in East Asia, western Asia, and Europe;
those isolated in East Asia formed a subcluster and those in western Asia and
Europe formed another in the clade. Clade B was composed of those isolated in
East Asia forming cluster B, along with isolates from poultry in Greece collected
in February 2017. The identity between clades A and B was 97.3%. H3N6 AIVs
isolated in the Netherlands in December 2014 and in Novosibirsk, Russia, in
September 2017 were classified as an outgroup to clades A and B.

The spatial and temporal relationships of clades A and B were
phylogeographically analyzed by calculating the Bayes factors between the
locations where AIVs were isolated. The Bayes factor from the Netherlands to
Korea was 4.77, and that from the Netherlands to the Republic of Georgia was
146.42, indicating the strong relationships among H5N6 HPAIVs in western and
eastern Eurasia (Fig. 27b red type lines). Considering the simultaneous
dissemination to Europe and Asia in the same season, it is reasonable to assume
that HSN6 HPAIVs had emerged in neither Europe nor Asia before they reached

those areas. On the other hand, in clade B, descendant viruses that shared a
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Fig. 25. Entire N6 NA ML tree composed of genes of viruses analyzed
in this study and downloaded from the GISAID databases.
AlVs classified as the Eurasian lineage are shown. Identified clades
defined on the basis of the rule in this study are in green and red; red
clades (A to M) were selected for phylogeographic analysis and correlation
analyses of bird host species and subtypes with phylogeny.
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Fig. 26. Entire N6 NA ML tree composed of genes of viruses analyzed in this
study and downloaded from the GISAID databases.

AlVs classified as the North American lineage are shown. ldentified clades
defined on the basis of the rule in this study are in green and red; red clades (N
to Q) were selected for phylogeographic analysis and correlation analyses of
bird host species and subtypes with phylogeny.
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Fig. 27. Detail of MCC trees of N6 NA genes in clades A, B, H, and J and
visualized location-annotated MCC trees for selected clades on the world map.
Clades A and B (described in Fig. 25) are red and blue, respectively, in tree (a), and
colored type lines in (b) correspond to the clade colors. Clades H and J (described in
Fig. 25) are red type and blue type, respectively, in each tree (c and d), and colored
type lines in (e) correspond to those of clades. Lines with Bayes factors of 3.0 or more
are shown in the map, and a deeper color means a higher Bayes factor.
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common ancestor with Greek isolates were disseminated eastward and were
detected in Japan and Taiwan in the winter 2017-2018 (Fig. 27b, blue type lines),
although it is not plausible that Greek isolates were disseminated directly to Asia
without any relay point after a year of absence.

Like clades A and B, clades H and J were composed of AIVs isolated in
both Asia and Europe. In clade H, isolates collected in Sweden, the Netherlands,
and Croatia from 2010 to 2014 were related to Mongolian isolates collected in
August 2015 and to Japanese isolates in October 2015 and December 2016, with
identity of 98.6% (Fig. 27¢). Phylogeographic analysis suggested that H4N6 AIVs
that had been isolated in Europe crossed the Eurasian continent and reached Japan
(Fig. 27e, red type lines). This movement is similar to that observed in clade B,
where HSN6 HPAIVs phylogenetically related to the isolates collected in Greece
in February 2017 were isolated in Japan and Taiwan after the latter half of 2017,
although the collection times of the Japanese and Dutch isolates in clade H
differed by more than a year. Clade J was also composed of AIVs isolated in East
Asia, central Asia, western Asia, and Europe, with an identity of 98.9% within the
clade (Fig. 27d). In this clade, AIVs were disseminated between East Asia and
Europe, as an isolate collected in Atyrau, Kazakhstan, in July 2004 was related to
AlVs isolated in Mongolia in September 2006 and September 2007 and in the
Netherlands from July 2007 onward (Fig. 27e, blue type lines).

Intracontinental dissemination of N6 NA genes within Asia, Europe, or North
America

Clades C, D, E, and F were composed exclusively of AIVs isolated in
Asia. AIVs isolated in Mongolia, the Asian part of Russia, Bangladesh, and Japan
after 2011 formed clade C, showing identity of 98.5% within the clade (Fig. 28a).
Isolates collected in Novosibirsk during summer in 2017 and 2018 were
significantly related to the isolates collected in Mongolia in 2015, Bangladesh in
2015, and Tochigi Prefecture, Japan, in 2018, and the Mongolian isolates were
significantly related to the isolates in Bangladesh and Okinawa Prefecture, Japan,
in 2015 (Fig. 28c, red type lines). Clade D was composed of AIVs isolated in
China, Mongolia, and India from August 2009 to March 2010, showing identity
of 98.9% within the clade (Figs. 28b and 28c, blue type lines). It might be the case
that a descendant of A/eurasian wigeon/Mongolia/340V/2009 (H4N6) was
disseminated to India 4 months later. Clade E was composed of isolates gathered
in Japan, China, and Mongolia from 2007 onward, with 98.6% identity within the
clade (Fig. 28d). In this clade, descendants of the isolates collected in Shiga
prefecture, Japan, in 2007 were found in China and Mongolia after 2010 and in

Mie prefecture, Japan, in March 2017 (Fig. 28f, red type lines). Compared with

102



Alcommon_teal/Chany/889/2018_H3N6@2018-09-01

Alcommon_teal/Chany/893/2018_H3N6@2018-09-01

Alshoveler/Novosibirsk_region/701/2018_H4N6@2018-09-01

Alwildbird/Tochigi/090215/2018_H4N6@2018-03-09 'ﬁ [
3

Alwildbird/Tochigi/090214/2018_H4N6@2018-03-09
Al/mallard/Novosibirsk/region/988k/2018_H4N6@2018-10-01
Alteal/Novosibirsk_region/715/2018_H4N6@2018-09-01
Algarganey/Novosibirsk_region/724/2018_H4N6@?2018-09-01 C
Alshoveler/Ubinskoe_Lake/33/2017_H3N6@2017-09-02
Alduck/Bangladesh/26918/2015_H3N6@2015-12-09
Alduck/Bangladesh/26974/2015_H3N6@2015-12-10
Alduck/Mongolia/101/2015_H4N6@2015-08-30
Alduck/Bangladesh/25891/2015_H4N6@2015-07-10

Alduck/Okinawa/471017/2015_H4N6@2015-10-15 b =
Alduck/Mongolia/769/2015_HANG@2015-08-31 Clade C
@ Chany, Ubinskoe Lake, Novosibirsk, Russia, Sep, 2017,
b Sep., Oct., 2018 @ Bangladesh, Jul., Dec. 2015 3 Mongolia,
4,;A/duck/Jiangsu/4/201O_H3N6@2010-03-15 Aug 2015
Alchicken/Hunan/S1248/2010_H4N6@2010-03-03 n -
Alduck/Henan/S1091/2010_H4N6@2010-03-03 @ Okinawa, Japan, Oct. 2015 ® Tochigi, Japan, Mar. 2018

I:Alchicken/lndia/WB-N|V101018/20097H4N6@2009-12-l7 D
Alchicken/India/WB-NIV101006/2009_H4N6@2009-12-17 Clade D
Aleurasian_wigeon/Mongolia/340Vv/2009_H4N6@2009-08-14 h ;
@ India, Dec. 2009 (@ Mongolia, Aug. 2009
(3 Jiangsu, Hunan, Henan, China , Mar. 2010

Alwild_bird/Mie/240313/2017_HAN6@2017-03-28 R
Alwildbird/Mie/240309/2017_H4N6@2017-03-28
Alduck/Hubei/ZYSYF12/2015_H3N6@2015-11-15
Alduck/Ganzhou/GZ5/2015_HAN6@2015-12-12
Alduck/Kumamoto/431119/2014_H4N6@2014-11-15
Alduck/Hunan/S11893/2012_H4N6@2012-03-25
Alduck/Jiangxi/S2443/2012_H4N6@2012-06-05
Alduck/Mongolia/OIE-7438/2011_H4N6@2011-09-10
Alruddy_shelduck/Mongolia/1626/2010_H4N6@2010-09-11 E
Alwild_waterfowl/Hong_Kong/MPM3375/2011_H7N6@2011
Alruddy_shelduck/Mongolia/592/2010_H8N6@2010-06-22
Alduck/Zhejiang/S2235/2012_HAN6@2012-06-15 _;--’\__
Alduck/Shiga/32/07_H4N6@2007-07-01
Alduck/Shiga/37/07_H4N6@2007-07-01 Clade E

Alduck/Shiga/65/07_H4N6@2007-07-01 @ Mongolia, Jun., Sep. 2010, Sep. 2011 @ Hong Kong,
pmalardBelina 02016, HING@2016.0415 2011, Zhejiang, China, Jun. 2012, Jiangxi Jun. 2012,

€ AmalardBoiing/ 162016, HAN6®2016.04-15 Hunan, Mar. 2012, Sichuan, Jul 2015, Hubei, Nov. 2015,

Alteal/Buryatia/100/2018_H4N6@2018-9-14 Ganzhou, Dec. 2015

Alteal/Buryalia/57/2018_HAN6@2018-08-25 (3 Shiga, Japan, 2007, Kumamoto, Nov. 2014, Mie Mar.
A/mallard/Russia/Primorje/844/2017_H4N6@2017-08-26

Alteal/Yakutia/802/2018_HANG @2018-8-20 2017
Alspot-billed_duck/Tochigi/091209/2018_HAN6@2018-12-18 F Clade E
A/mallard/Amur_region/11/2017_H4N6@2017-09-02 . . .
Alduck/Yamaguchi/351201/2016_H4NG@2016-12-16 (D Novosibirsk, Russia, Oct. 2018 @ Mongolia, Aug. 2015
AlduckiMongolia/543/2015_HAN6@2015-08-31 (® Buryatia, Russia, Aug., Sep. 2018 @ Beijing, China, Apr.
Alpochard/Buryatia/33/2018@2018-08-25_H4AN6@2018-08-25 2016 (5) Yakutia, Russia, Aug. 2018 ® Amur region, Russia

Alpintail/Novosibirsk/region/504k/2018_H4N6@2018-10-01

Sep. 2017 @ Yamaguchi, Japan, Dec. 2016 & Primorje,
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Fig. 28. Detail of MCC trees of N6 NA genes in clades C, D, E, and F and visualized
location-annotated MCC trees for selected clades on the world map.

Clades C and D (described in Fig. 25) are red type and blue type, respectively in each
tree (a and b), and colored type lines in (c) correspond to those of the clades. Clades E
and F (described in Fig. 25) are red type and blue type, respectively, in each tree (d and
e), and colored type lines in (f) correspond to those of the clades. Lines with Bayes
factors of 3.0 or more are shown in the map, and a deeper color means a higher Bayes
factor.
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the Bayes factors between Japan and China (average: 5.76), those between Japan
and Mongolia and between Mongolia and China (average: 13.16) were
significantly higher. AIVs isolated from East Asia from August 2015 to 2017
formed a unique clade, designated as clade F (Fig. 28¢). The identity of the clade
was as high as 98.7%, and the gene sequences differed by 3% or more from those
of the other clades. The viruses in clade F were from Far East Russia, Yamaguchi
and Tochigi prefectures, Japan, Beijing, China, and Mongolia. On the basis of the
phylogeographic analysis, it was postulated that descendants of the Japanese
isolate collected in December 2016 appeared in Far East Russia (Amur region) in
September 2017 and reappeared in Japan in December 2018 (Fig. 28f, blue type
lines). Along with this dissemination, a relationship between AIVs farther north
in Primorje and Yakutia was also found.

Intracontinental movements of AIVs in Europe (clade G) or North
America (clades N, O, P, and Q) were recognized. In clade G, AIVs isolated in
Croatia in November 2011 and in Moscow, Russia, in October 2011, and those
isolated in Sweden in September 2013, shared a common ancestor, with an
identity of 99.3% (Figs. 29a and 29b, red type lines). Clades N, O, P, and Q
belonged to the North American lineage. More than 70 isolates collected from
1998 to 2009 across North America comprised Clade O, with an identity of 98.7%
(Figs. 29d and 29e, blue type lines). As with the case of clade O, clade Q was
composed of AIVs isolated on the west and east coasts of the North American
continent, with an identity of 98.6% (Figs. 30a and 30c, red type lines). Clades N
and P consisted of strains isolated from relatively small areas during brief periods.
Isolates of clades N were collected from the neighboring states of Utah and Idaho
in the United States in August 2016, with identity of 99.7% (Figs. 29¢ and 29e,
red type lines). Those of clade P were collected from Canadian provinces along
the Atlantic Ocean (i.e., Prince Edward Island, Nova Scotia, and New Brunswick)
in August and September 2007, with identity of 99.9% (Figs. 30b and 30c, blue
type lines).

Intercontinental dissemination of N6 NA genes between Europe and Africa and
between Eurasia and North America

Intercontinental dissemination of N6 NA genes was observed in clades
I, K, L, and M. Clade I consisted of AIVs isolated in Europe and Zambia, with
identity of 98.7% within the clade (Fig. 31a). AIVs isolated in Sweden, the
Netherlands, Norway, and Germany from October 2001 to September 2005
shared a common ancestor with isolates collected in Zambia in 2006 and 2008
(Fig. 31e, red type lines). One of the two Zambian strains was isolated from a

pelican, a bird species that is rarely reported as carrying AIVs partially because
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Fig. 29. Detail of MCC trees of N6 NA genes in clades G, N, and O and visualized
location-annotated MCC trees for selected clades on the world map.

Clade G (described in Fig. 25) is red type in the tree (a), and colored type lines in (b)
correspond to the clade. Clades N and O (described in Fig. 26) are red type and blue
type, respectively, in each tree (c and d), and colored type lines in (e) correspond to
those of the clade. Lines with Bayes factors of 3.0 or more are shown in the map, and a
deeper color means a higher Bayes factor.
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Fig. 30. Detail of MCC trees of N6 NA genes in clades Q and P and visualized
location-annotated MCC trees for selected clades on the world map.

Clades Q and P (described in Fig. 26) are red type and blue type, respectively, in
each tree (a and b), and colored type lines in (c) correspond to those of the clade.
Lines with Bayes factors of 3.0 or more are shown in the map, and a deeper color
means a higher Bayes factor.
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Fig. 31. Detail of MCC trees of N6 NA genes in clades I, K, L, and M and visualized

location-annotated MCC trees for selected clades on the world map.

Clades I, K, L, and M (described in Fig. 25) are red type, blue type, red type, and blue
type, respectively, in each tree (a, b, ¢, and d), and colored type lines in (e) correspond
to those of the clades. Lines with Bayes factors of 3.0 or more are shown in the map,

and a deeper color means a higher Bayes factor.
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pelicans have less become the target of surveillance. Clades K, L, and M consisted
of isolates from Far East Asia and the United States. N6 NA genes of isolates
collected from south-central Alaska in 2009 and 2011 were closely related to
those collected from the Kamchatka Peninsula in 2015, with identity of 99.5% in
clade K (Figs. 31b and 3le, dark blue type line). Clade L was composed of
Japanese and Alaskan strains (Fig. 31c). Japanese isolates from 2012 to 2014
formed clade L, with 99.4% identity, along with an Alaskan isolate collected in
2012 (Fig. 31e, red type lines). Isolates collected from Chiba prefecture, Japan,
in 2008 formed clade M with those sampled from Korea in December 2010 and
from Wisconsin in November and December 2010, with an identity of 99.5%
(Figs. 31d and 31e, light blue type line).

Relationship between host, HA subtype, and clades

Classification of clades by phylogenetic analyses revealed that some,
such as clades J and K, were composed of specific subtypes or had specific host
species. To investigate the statistically significant correlations between topology
and subtype or host specificity, N6 NA sequence alignment was calculated for
BaTSs analysis (Table 14). There was host specificity in approximately half of all
species in Anseriformes (33 of 62 species) and Charadriiformes (10 of 20
species). All the Charadriiformes harboring clade J (black-headed gull, yellow-
legged gull, Mongolian gull, and great black-headed gull) and clade K (black-
headed gull and glaucous-winged gull) were calculated to significantly cluster
together in the phylogenetic tree. In the case of other orders, there was no
significant host specificity in the Gruiformes, Pelecaniformes, and Galliformes
(except chicken and quail), although there was in two species of Columbiformes
(pigeon and turtledove).

Of the 15 subtypes (HI-H14 and H16), 11 (HIN6, H3N6, H4NG6,
H5N6, H6N6, H7N6, HON6, HION6, H11IN6, H13N6, and H14N6) were
calculated to cluster together in a phylogenetic tree (data not shown). Such
subtype specificity was depicted in H4N6 subtypes in clades F, N, and P and in
H13N6 subtypes in clades K, J, and Q.
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Table 14. Correlation of bird species with phylogeny.

Order Number of species Number of P<0.05 species P<0.05 species
Accipitriformes _ _ _ __ __ __ __ A __. O .

American black duck, Chilean teal,
American, wigeon, Bewicks swan, duck,
domestic duck, goose, mallard, muscovy,

mute swan, northern pintail, northern
shoveler, stellers, eider, black scoter, black
swan, blue winged, teal, cinnamon teal,
common shelduck, emperor goose, gadwall,
gray teal, green, winged teal,

migratory duck, migratory waterfowl,

mule duck, pintail, pochard, redhead,

ruddy shelduck, surf scoter, tundra swan,
whooper swan, yellow billed pintail

Anseriformes 62 33

Artiodactyla __ ______________] l . o _________Swine
Carnivora 3 2 Caspian s_eal
____________________________________________________________________ feline
black headed gull

great black headed gull

Mongolian gull

glaucous winged gull

Charadriiformes 20 10 . qull
herring gull

ruddy turnstone

sanderling

shorebird

____________________________________________________________ yellow legged gull
Columbiformes 2 2 pigeon
_________________________________________________________________ turtledove
Falconiformes_______________] . y . peregrine falcon
Galliformes 7 2 chicken
____________________________________________________________________ quail
Gruiformes__ __ __ _ _ _ _ A ______ O oo
Passeriformes 3 2 . Jung_le crow
__________________________________________________________ oriental magpie robin
Pelecaniformes _ __ ___ ________3 _________________ O .
Podicipediformes _____________] . O .
Primate_ __________________] . O .
Psittaciformes __ _____________] . O .
Pterocidiformes_ _____________] . O .
Rodentia 1 1 muskrat

Strigiformes

w
o
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Discussion

During the winter 2017-2018, genetically closely related HSN6 HPAIVs
caused disease outbreaks in Asia and Europe (111). The current phylogeographic
analysis of the N6 NA gene revealed that during that season the HSN6 HPAIVs
in Asia and Europe diverged from a putative common ancestor and
simultaneously reached both sides of the Eurasian continent. Considering that
they were disseminated by wild birds, the HSN6 HPAIVs could have been
disseminated from a breeding site, possibly in Siberia, where migratory birds
following several flyways stretching across the Eurasian continent cohabitate
during summer, although a direct ancestor could not be found (Fig. 32) (117, 118).
Westward movement of HPAIVs from East Asia to Europe was recognized in the
spread of the Qinghai strains from 2005 to 2006 (139-142), supporting this notion.
The current study has demonstrated the similar flow of N6 NA genes of other
HxN6 AIVs. Closely related N6 NA genes in clades H and J appeared to circulate
among Japan, Mongolia, and Europe and among Mongolia, western Asia, and
Europe, respectively.

Several migratory bird flyways have been considered to contribute to
AIV dissemination across Eurasia, and the regions where flyways overlap play
important roles as relay points in the spread of viruses (154, 155). The Central
Asia Flyway, the East Africa — Western Asia Flyway, and the East Asia— Australia
Flyway overlap in Mongolia and eastern Siberia (Fig. 32 tinted areas with purple)
(118), and the genetic relationship among AIVs isolated along those flyways was
evident in clades C, D, E, and F. AIVs that spread from Mongolia to southwestern
Siberia, where the Black Sea — Mediterranean Flyway stretches to Europe and
West Africa, were also observed in clades C and F. Therefore, AIVs in East Asia
could spread to Europe via areas where the Black Sea — Mediterranean Flyway as
well as the Central Asia and the East Africa — Western Asia Flyways overlap (Fig.
32 tinted areas with green), and vice versa. Previous reports highlighted the
importance of southern Siberia for the dissemination of AIVs (52, 145, 156, 157).
Lewis et al (156) revealed the dissemination of AIVs from Asian part of southern
Siberia to Australia as well as to Europe and Asia by analyzing all segments and
another study support that the European Russia facing Arctic ocean was estimated
to be a relay point of the dissemination of HSN8 HPAIVs from Asia to Europe
(145). On the other hand, few genetic data of AIVs are available from north of
southern Siberia, where migratory birds flock for breeding via various flyways,
in spite of the higher prevalence of wild birds in breeding areas than in non-
breeding areas (119. 120, 154). Furthermore, the relationship between the

migration of birds and the spread of viruses had not been clarified in this area.
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East Atlantic Flyway

[_IBlack Sea — Mediterranean Flyway
East Africa — Western Asia Flyway

[_ICentral Asia Flyway

L. JEast Asia — Australia Flyway
Pacific Americas Flyway

__ Mississippi Americas Flyway
L. 1Atlantic Americas Flyway

Fig. 32. Visualization of relationship between movement of shorebirds and

spread of avian influenza viruses.

Location-annotated maximum clade credibility trees for all selected clades (A to Q
described in Figs. 25 and 26) on a world map were merged with previously reported
flyways of shorebirds (118). Regions where 3 flyways overlap are tinted with green,
purple, and light blue.
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Dissemination of AIVs between Yakutia and East Asia observed in the present
study expand the understanding of the dynamics of AIVs along with previous
studies. To further investigate the dynamics of viruses in areas where flyways
overlap, it is essential to analyze AIVs as well as movements of birds in northern
Siberia.

Overlapping of flyways also plays an important role in the
intercontinental movement of AIVs between Eurasia and North America and
between Eurasia and Africa. Previous studies revealed the importance of the
Alaskan Peninsula, where the East Asia — Australia, the Pacific Americas, and the
Mississippi Americas Flyways overlap, and a variety of AIVs were reported (Fig.
32 tinted areas with light blue) (116, 131, 158). Along the East Asia — Australia
Flyway, some of the Japanese strains were genetically related to AIVs isolated in
Alaska, consistent with the above-mentioned report. N6 NA genes from African
and European strains comprised clade I and the African strain was isolated from
a pelican (Fig. 31e). Great white pelicans habitually migrate from Europe to
Africa through Israel (159), where the Black Sea — Mediterranean Flyway and the
East Africa — Western Asia Flyway overlap. The close relationship between AIVs
in Europe and Zambia suggests that European strains are relayed in those regions.
Several reports regarding the dissemination of HPAIVs along each flyway have
been published (160-163), but there are no such reports regarding overlap of these
flyways. The migration flyways described in Fig. 32 are only those of shore birds,
but there is also a possibility of the direct or indirect transmission of AIVs
between Europe and Zambia through bird species such as white storks, which
breed in Europe and overwinter in southern Africa, including Zambia (164).

There appear to be biases in traits such as host species and HA subtypes
of AIVs constituting particular clades. Charadriiformes were clustered together
as hosts of clade J. Previous BaTS analyses of several HA genes and all internal
genes demonstrated that AIVs isolated from gulls cluster together more than those
of ducks (165). The NS gene of H13 and H16 AlVs in clade J was conserved with
98.5% nucleotide identity, and some other internal genes in this clade showed
high identity (PB1: 99.2%; NP: 99.0%; MP: 98.5%). The NS gene might be a
factor that restricted the Charadriiformes to H13 and H16 AIVs in a particular
lineage(s), as a previous report found H13- and H16-specific amino acid
signatures mostly in the NS gene, and several were in the NP gene (166).
However, another phylogenetic analysis indicated that the NS gene is not as
important as the NP gene for host specificity in H13 AlVs (167). These results
suggest that the gene constellations of H13/H16 AlVs examined in this study
could be advantageous in Charadriiformes, resulting in a linkage between certain
species and specific genes. It should be noted, however, that biases for targets
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species, locations, and times in surveillance studies could influence the number
of AlVs isolated from specific species, resulting in the possibility to influence the
results of BaTs analyses. Additionally, annotation of host species was not well
classified in some AlVs used in the current analyses; no species were noted in the
case of ducks and gulls, and “wild bird” or “wild waterfow]”” was used as the host
annotation. Detailed identification and registration of host species would help
researchers to scrutinize the relationships between viral genes and host
specificity.

The map obtained by phylogeographic analysis does not always reflect
the actual movements of viruses. Linkages between geographically distant places
with blanks for several years, as in clade C (Fig. 28c, red type lines), clade E (Fig.
28f, red type lines), and clade M (Fig. 31e, blue type lines), probably imply that
viruses were disseminated via other places where no isolates were reported. For
example, in clade M, it is reasonable to consider that dissemination of AlIVs
between Japan and the north-central United States occurred via the Alaskan
Peninsula rather than directly, when taking wild bird migration flyways into
account. Another limitation in this study was that only N6 NA gene was
phylogeographically analyzed, therefore, actual movement of viruses which
involved reassortment events might be overlooked. For further study,
phylogeographic analyses based on full genomes of AIVs could improve our
understanding of how AlIVs are spreading and appropriate setting of the areas for
AIlV surveillance on the basis of the ecology of wild birds would fill the gap. This
in turn would help us to forecast HPAI outbreaks in specified regions.
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Summary

Genetically related HPAIVs of H5N6 subtype caused outbreaks
simultaneously in East Asia and Europe—geographically distinct regions—
during winter 2017-2018. This situation prompted to consider whether the
application of phylogeographic analysis to a particular gene segment of AlVs
could provide clues for understanding how AIV had been disseminated across the
continent. Here, the N6 NA genes of influenza viruses isolated across the world
were subjected to phylogeographic analysis to illustrate the inter- and
intracontinental dissemination of AlVs. Those isolated in East Asia during winter
and in Mongolia/Siberia during summer were comingled within particular clades
of the phylogeographic tree. For AlVs in one clade, their dissemination in eastern
Eurasia extended from Yakutia, Russia, in the north to East Asia in the south.
AlVs in western Asia, Europe, and Mongolia were also comingled within other
clades, indicating that Mongolia/Siberia plays an important role in the
dissemination of AIVs across the Eurasian continent. Mongolia/Siberia may
therefore have played a role in the simultaneous outbreaks of HSN6 HPAIVS in
Europe and East Asia during the winter 2017-2018. In addition to the long-
distance intracontinental disseminations described above, intercontinental
disseminations of AlIVs between Eurasia and Africa and between Eurasia and
North America were also observed. Integrating these results and known migration
flyways suggested that the migration of wild birds and the overlap of flyways,
such as that observed in Mongolia/Siberia and along the Alaskan Peninsula,
contributed to the long-distance intra- and intercontinental dissemination of
AlVs. These findings highlight the importance of understanding the movement of
migratory birds and the dynamics of AlIVs in breeding areas—especially where
several migration flyways overlap—in forecasting outbreaks caused by HPAIVS.
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Conclusion

Understanding of the dynamics of animal influenza viruses in Japan and
in the world is critical not only to reduce the economic loss in the farms but also
for the public health. IAVs-S are especially considered to be the thread to cause
next-pandemic, although information regarding IAVs-S in Japan remains sparse
and localized to limited areas. Characterization of HPAIVs in Japan is also
important to prevent further damage and forecasting outbreaks caused by next
HPAIVS.

In Chapter I, 424 TAVs-S isolated among surveillance in 21 prefectures
during 2015-2019 were genetically characterized. Phylogenetic analyses of
surface genes revealed that the 1A.1 classical swine HI lineage has evolved
uniquely since the late 1970s among pig populations in Japan. A(HIN1)pdm09
viruses have repeatedly been introduced into farms and reassorted with endemic
HIN2 and H3N2 IAVs-S. H3N2 TAVs-S isolated during 2015-2019 formed a
clade. At farms where TAVs-S were frequently isolated for at least 3 years,
multiple introductions of IAVs-S with phylogenetically distinct HA genes
occurred. In addition, at one farm, [AVs-S derived from a single introduction
persisted for at least 3 years and carried no mutations at the deduced antigenic
sites of the hemagglutinin protein except only one at the antigenic site (Sa). These
results extend our understanding regarding the status of IAVs-S currently
circulating in Japan and how they genetically evolve at the farm level.

In Chapter II, phylogenetically and antigenic analyses regarding 82
A(HIN1)pdm09 and 87 H3N2 IAVs-S in Thailand during 2011 through 2017
were performed to elucidate their evolution within each farm. Phylogenetic
analyses demonstrated multiple intrusions of A(HINI)pdmO9 viruses that
coincided with epidemic A(HIN1)pdm09 strains in humans in Thailand, and they
reassorted with H3N2 [AVs-S as well as other A(HIN1)pdmO9 viruses. Antigenic
analyses revealed that the viruses acquired antigenic diversity either by
accumulating substitutions in the hemagglutinin protein or through the intrusion
of IAVs-S with different antigenicity. These results, obtained through continuous
longitudinal surveillance, revealed that IAVs-S can be maintained in a pig farm
over several years through the generation of antigenic diversity due to the
accumulation of mutations, intrusion of viruses, and reassortment events.

In Chapter III, an HSN6 HPAIV that caused the outbreak in poultry
during January 2018, and H5SN6 HPAIVs that killed several wild birds in 3
prefectures during Winter 2017-2018 were characterized. Time-measured
phylogenetic analyses demonstrated that the HA and internal genes of these
isolates were genetically similar to clade 2.3.4.4.B HSN8 HPAIVs in Europe
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during Winter 2016-2017, and NA genes of the poultry and wild bird isolates
were gained through distinct reassortments with AIVs that were estimated to have
circulated possibly in Siberia during Summer 2017 and Summer 2016,
respectively. HSN6 HPAIVs during Winter 2017-2018 in Japan had higher 50%
chicken lethal doses and lower transmission efficiency than the HSNx HPAIVs
that caused previous outbreaks in Japan, thus explaining in part why cases during
the 2017-2018 outbreak were sporadic.

In Chapter IV, the N6 NA genes of influenza viruses isolated across the
world were subjected to phylogeographic analysis to illustrate the inter- and
intracontinental dissemination of AIVs. By the phylogeographic analyses,
Mongolia/Siberia plays an important role in the dissemination of AIVs across the
Eurasian continent and in the simultaneous outbreaks of HSN6 HPAIVs in Europe
and East Asia during the winter of 2017-2018. Integrating the phylogeographic
analyses and known migration flyways suggested that the migration of wild birds
and the overlap of flyways, such as that observed in Mongolia/Siberia and along
the Alaskan Peninsula, contributed to the long-distance intra- and intercontinental
dissemination of AlVs. These findings highlight the importance of understanding
the movement of migratory birds and the dynamics of AlVs in breeding areas—
especially where several migration flyways overlap—in forecasting outbreaks
caused by HPAIVs.

Approaches based on genetic and time information revealed the
characters and dynamics of the [AVs-S in Japan and Thailand. Other phylogenetic
approaches considering genetic, time, and location information suggested
mechanism of the dissemination of AIVs in the world. Continuing to update the
status of AIVs and [AVs-S in Japan and the world with evolving genetic analyses
are important for the countermeasures against them such as selection of vaccine
strain that could fit to the recent strains and forecasting of newly-introduced
HPAIVs in Japan.
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Summary in Japanese (FI3CEE)

AVINZFFIANYI I T I TANARALA TN TNV A%
IR & DRYMETH D, A TNV P 0 A )V REE DBILA. HUFMEDEN
WXV A DEIZHG DN, b b, TF, BEDkA REMICEG L, A
BRI YE S L CRIBEA S S E T DIXARA 7L A4 L2 (TAV)
Thb, IAWIIS HHIOBILTE2HTH~A T AHO—AREH RNA VA LATH
., —DOOMIIIEE DT A NV ANEGELTZBICBLE T ORBREIT 2 Db
% (B THES), JAVIZREEATH LI~ VT =2 (HA) B/ 47
T =F—F¥ (NA) OHFEANZ LY, HI 2»5 HI8, NI 25 NILIZHEESHh., B
BEETHLOEREDKBHEIIZNLD Y A LA (HI7, HI8, N10, N11 #A D
TANAERLS) ZHLTWD, ZERRHERIO T A NVAPFIET HF T, BHRRA
T=U R L TEVWFEREMEZ RTBEA 7oA LA (AIV) 1% HS
AL H7 dR O ALV IZERE SN TV 5D, BASOEBEEARRIIE FIC L 0 B
HHDD, B FHESICE VT2 ECHIERER VA VAN RE I D
BB, WA TN A LA (TAV-S) TXEM B 2 ) i3 o R &
DOIEG L 0 BERGITREFWEEREZ 525, I 51T, 2009 FORT I v D
EHIEHILTETVANADI ST, MOT A NVALDBIRTFHESIZEY N
TIv I/ BEITRNEZESTOWEERH LI ENE, VANV AZERT S
ZEDOEEMENEE L TWD, AR, BN S 2 W3R TSz TAV-S B
F VAV (IZOWTERFIERICI R, (LB G2 Nk L7 Rt &
1T9Z2 LT, VAN ADFERCILROE R 235 I o T2 2 L2 A L
L7z, ITHFED 1AV-S ORPFMRIDIBIE SN TV ST BARB L OWY A4 OFK
BITBWTHEES L TAV-S IOV TREIE R 2 DNk U 7= 85 TR 2170
WE THEER L TV 5 TAV-S ORI & BIKIGN TOENEDMRNT 23T, S HIT,
2017-2018 -4 ZR|Z H ATy BiE S 7u7= HSNG6 MR & JUE ATV (HPALV) OJifE
EH SN L, RHIE R EMLEFERE NIRRT LD HARTT A JLAR
PEHT D R O fRRA 2 ik I 7=,

HARIZI DT, 1970 FFRLIERCERIIZ TAV-S BBES - E R H D b
DD, TBHKIGIZIT 5 TAV-S OIFERIRZ R T 7T — 21307 < bR 5T
W5, TIZTHEIETIE., 2015 015 2019 FOMICEND 21 ERO T X5
TBEES T 424 BRD TAV-S |[ZOWCBIn 1 O R PRI e fifiT il AT, & DO
. 356 ¥k TAV-S 1% 1A.1 classical swine SA#EIZJE T 5 HI BIa 2 A L TRV,
ZDOBEMLEFIIMED 1AV-S O H D L ITBEEMICKRES AR LM L7 L—F
R Lo, —J7, 2015 A2 6 2019 4FI243HfE S 77z 15 koD H3N2 HiRY TAV-S
FETERThOTZ b, ENOKIEIZES L TWD Z R In, 8
B2, 2009 F\ZRX T I v 7 HEEZ Lz HINI WA VAD HA Bia =675
TAV-S 75 53 BRopHfE S iz, AR ToBE S 372 TAV-S 13 1 BRZ FR & 2T O 1AV-
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S 78 2009 /X TFT R w7 &I Lz HINL WA )V AHREDELGE 2/ LT
722 B, 1970 AELIEEN TR L TV 2 BARD IAV-S & HES i
LTS Z eI, DL EORERIX, IEFOENIRITIR O BRI R E
RLTEY, Hoh7ev 7 F OB/ N 5N TH 5,

FEIETIL, 2011 0D 2017 FEITHT TH A D 2 | 4 BKBITB W T
BN TAV-S ZE=Z U > 7 L, Bt T169 D IAVS # 0B L 7=, 2D 9 5
82 #RIE 2009 FIZ /X T 2w/ AR Z L7 HINI Rl A LV ARk TH -7, £
7. 87 #RD H3N2 #i! TAV-S D NEREEF13 42T 2009 FFED/X T I v 7 7 A )b
ZAHEDEIEFICEEHD > TWEZ D, B FHEANKE I 722 &N
RS, FERERIEIR 2R 7 BB E S TW e 2 DOERKGICE
VWC, HINI #E7ES L OY H3N2 diR JAV-S OHUFEMENZE L LT 2 & D3k Ay 72
IAV-S DF =X U U ZIZ L WAL MM o T2, RN OFER. Z 0= TIlIht
JRMEDRIR D 2 FEHDO VA NVAIMRATHZ LT, HLHWT 1 FEO T A LR
7 HA Bl ~OEROFRIZ IV HURENE(LL TWD Z EhbhroTe, LA
EOFERIT, IAV-S BNEBRIZEHHTED X 5 ICEHEME A2 S L L T g
HONZTLHHEDOTH D,

1996 4E1Z Goose/Guangdong &HE > H5 #i% HPAIV 23 tH[E CTHRAE AR 2
LTI, 2D 0 A VAT R AIZHEB L 20 4220 BICH 72 0 B LeT T\ 5,
E N TORAIDOIAEIL 2004 FEICHE S, UBRTEE TEER L0 B8
%2 Tnd, 2017-2018 FAZFITIL, TV T R6WNI T —w v N TR
HS5N6 HiA! HPAIV |2 X AR ANk S e, 77 Tid 2017 4 11 A IZqgET
BRAIOFAEDRE =%, 20172018 FFAFIZEZ B O BRI SA > 7 v>o v
PRFNETREL, EHBRER, FOHE, RERIZBWNT, SECHENLE L
LD 7 A VAN & iz, HBIFE T, 2017-2018 FEAFICE & H N E
5006 03B S U7 HSNG B! HPATV O sk & = F U IZkH 2 EE
72 5 NBFEREZ B B 2T Uz, REHISRBERRIT 21T o 72 fG 2R, 2017-2018 FF4Z=
ICHARTIAZE Z Lz HSN6 #i HPAIV (FJIRR L OVA AE BRE) 1X, 23—
7230 H5NS fif8 HPAIV &850 N6 #i ATV 23, HAE SRV T
2016 FEEZIC, HAFERICHOWTIZ 2017 EEFICE FHEATEZ LHE
L7z e SN, FIRIZOWT=DU hUIZEIT 5 50%H5E (EIDS0) % 3/
Rz A BEICHARTRAERE Z Lz HS #i5 HPAIV ([ZHET 10 52 B2
Nol-, £, EEO HS #A HPAIV IZBW T, B%RLZ 1 Po=U ~U»
LRELZ 6 PETO=U M ~OERHEPEILL TWb DD FH)IEK Tl
SELZR Do Te, LLEORER NG FIIEO =7 kN VICkH3 2SR EICH AR
THRAEZE Z L7z HS 8 HPAIV ([ZHER TR, FREHTE LRV E2VURE
M7=, 2017-2018 FEAFRZ H AR THAT L7z HPAIV O =T k U IZxFd DR EMEN
BN & LERBREDE ST, Y%y — XV OFATHRELIEN LR o722 &
DERD—DELEZ BN,
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%IV 3 CTlE, 2017-2018 4 Z=D H5N6 #E7 HPAIV O N6 &in+ % &
D AIV O N6 Bin 1% HBLHY) - JFERICHNT T2 2 & T, AIV OHLHEHE)
e L ONTIE D SoBE) & OB EMEAZ I &M L, 2018 4F 1 A OEmREMES
A 7N Y RAERIN & 7o 7= HSNG6 #if HPAIV @ N6 & fs 1% &1 163 £k
D AIV O NA Bf51, 2019 4 1 AR CT — 2 X—2Z (GISAID) 28§k ST
VN2 3720 BRAE T O N6 Bn 17 — & ZINEE LI R GEFRT 21T o 72, € DFER,
T AN B BTN T O HxNG iR ATV 283 — 12 w0 AIV T TH D
=W, 7T O ANV LI ThLHER, £ L TEDOMS & TR T H 5 HH] 5
RSN, 2O Lid, ZOHIENR 2 —F o7 KEEORBRBHEICEE ThH 5
ZEERBLTWD, £, IR N6 B FE2HT 5 AIVA, 2—7 7 K
N2 T 2—F v 7 KiEE—IL7 A U A KEM, 2—F v 7 KE—7 7V 7
KEEF O R EBEZIEHL L TS BIDNHER ST, 2o OFEFIZED SORIT
R E O LabEs L, AIV OREHBILHIIE D BORITRENES L TH
0. BEORITRKE N ER D HSIL T A NV AYEBOFHEE LTEETHD Z
EMNTRIB S Tz,

AWFZEIL. TAV-S OEKY TOBRESC H ARDFATIRIL, AIV OFEM., K
[ [ O 41k B D — Ui 2 S8 - IE R 721 T < FEIIE . ArE g A ek L7
RFFENTICE VAL LI DO TH D, 4%, BARE LU O [1AV-S ° ATV
BRI & B BT D IBAG AT FIE CTHUE LE T 5 Z &3, IFEMAITERICAA -
7207 F o OBESCENICIEAL D D HPAIV O TR EWVoT-, BE~ETTE
HRIRA~OIND EHRESN D,
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