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A B S T R A C T

To elucidate the evolutionary pathway, we sequenced the entire genomes of 89 H5N6 highly pathogenic avian
influenza viruses (HPAIVs) isolated in Japan during winter 2016–2017 and 117 AIV/HPAIVs isolated in Japan
and Russia. Phylogenetic analysis showed that at least 5 distinct genotypes of H5N6 HPAIVs affected poultry and
wild birds during that period. Japanese H5N6 isolates shared a common genetic ancestor in 6 of 8 genomic
segments, and the PA and NS genes demonstrated 4 and 2 genetic origins, respectively. Six gene segments
originated from a putative ancestral clade 2.3.4.4 H5N6 virus that was a possible genetic reassortant among
Chinese clade 2.3.4.4 H5N6 HPAIVs. In addition, 2 NS clusters and a PA cluster in Japanese H5N6 HPAIVs
originated from Chinese HPAIVs, whereas 3 distinct AIV-derived PA clusters were evident. These results suggest
that migratory birds were important in the spread and genetic diversification of clade 2.3.4.4 H5 HPAIVs.

1. Introduction

The Asian lineage of H5 highly pathogenic avian influenza viruses
(HPAIVs), which was first reported in domestic geese in southern China
in 1996, has continued to circulate and spread among poultry and wild
birds in Asia, the Middle East, North America, and Africa (Cattoli et al.,
2009; Harfoot and Webby, 2017; Lee et al., 2015; Saito et al., 2015; Su
et al., 2015). Outbreaks of H5 HPAIVs have resulted in enormous
economic losses to the poultry industry, and their sporadic transmission
from poultry to humans in several countries highlights their potential
threat to public health. The haemagglutinin (HA) genes of the Asian H5
HPAIVs have rapidly evolved into multiple clades as defined by WHO/
OIE/FAO (Smith et al., 2015). To date, H5 genes of the Asian H5 HPAIV
have diversified to generate 10 clades, clades 0–9, and some of the
clades are further divided into as many as 4-digit subclades, such as
2.3.2.1, 2.3.4.4, and so on (Smith et al., 2015). All clades of the Asian
H5 HPAIVs except one, clade 2.3.4.4, have been associated with the N1
neuraminidase (NA) since its first appearance in 1996.

The HA genes of clade 2.3.4.4 evolved from clade 2.3.4 as early
as 2008 (Gu et al., 2011). This HA associated with N5

neuraminidase to form the H5N5 HPAIVs, such as A/duck/Guang-
dong/wy19/2008 (H5N5) (Liu et al., 2013). Since then, the clade
2.3.4.4 HA gene has been found in association with either N2, N5,
N6, or N8 NA in poultry and wild birds. The H5N6 HPAIVs with the
clade 2.3.4.4 HA have expanded in poultry in China since 2013 (Bi
et al., 2016a, 2016b). In 2014, the first human infection with clade
2.3.4.4 H5N6 HPAIV was reported in China, followed by 16 human
cases as of December 1, 2016 (Jiang et al., 2017). Starting in Jan-
uary 2014, clade 2.3.4.4 H5N8 HPAIVs caused massive outbreaks in
poultry in South Korea through July 2014 (Lee et al., 2014; Yoon
et al., 2015), as well as 1 poultry outbreak in April 2014 (Kanehira
et al., 2015) and 5 between December 2014 and January 2015 in
Japan (Saito et al., 2015). In addition, clade 2.3.4.4 H5N8 HPAIVs
affected Canada and the United States in the winter of 2014–2015
(Bevins et al., 2016; Ip et al., 2015; Lee et al., 2016; Pasick et al.,
2015). During the winter of 2016–2017, clade 2.3.4.4 H5N6
HPAIVs outbreaks occurred in South Korea (Jeong et al., 2017;
Kwon et al., 2017; Lee et al., 2017b; Si et al., 2017), Taiwan, and
Japan (Okamatsu et al., 2017), whereas clade 2.3.4.4 H5N8 viruses
affected European countries (Pohlmann et al., 2017).
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During its evolution, clade 2.3.4.4 HA viruses have been classified
into 4 groups. Group A (Buan2-like) and group B (Gochang1-like)
viruses are represented by A/duck/Korea/Buan2/2014 and A/breeder
duck/Korea/Gochang1/2014, respectively, which caused the Korean
outbreaks in 2014–2015 (Lee et al., 2015, 2014). Group C and group D
(Si et al., 2017) consist mainly of H5N6 HPAIVs and are designated as
‘major group’ and ‘minor group’, respectively, according to the number
of viruses in each group (Bi et al., 2016a). Furthermore, according to
the genetic constellation of 8 segments, the H5N6 HPAIVs isolated in
China are classified at least into 34 distinct genotypes (Bi et al., 2016a).
The genotype G1 derived from group C and G2 derived from group D,
and their descendant genotypes, such as G1.1.x and G2.1.x, arose from
multiple reassortments with other HPAIVs or AIVs (Bi et al., 2016a).
The Korean H5N6 HPAIVs were divided into 5 distinct genotypes (de-
signated as C1 through C5) according to the origins of their PA (poly-
merase acidic protein) and NS (non-structural protein) genes, which
emerged via reassortment between Chinese H5N6 HPAIVs and Eurasian
AIVs (Lee et al., 2017b).

The migration of wild birds has long been thought to contribute to
both the expansion of HPAIVs (Olsen et al., 2016; Verhagen et al., 2015;
Webster et al., 1992) as well as the genetic reassortment between
HPAIVs and AIVs (Bevins et al., 2016; Lee et al., 2016; Uchida et al.,
2012). Eight major intercontinental flyways of aquatic migratory birds
are recognized (Boere and Stroud, 2006), and Siberia, which is the
birds’ breeding ground, sits at an intersection of several of those flyways
(Alerstam et al., 2007; Boere and Stroud, 2006). The group A H5N8
HPAIVs in 2014–2015 were suspected to be carried by migratory birds
from Siberia to various countries in Asia, Europe, and North America
during the winter migration and from those regions back to Siberia
during the spring migration (Bouwstra et al., 2015; Hanna et al., 2015;
Ip et al., 2015; Lee et al., 2015; Ozawa et al., 2015). Group B H5N8
HPAIVs isolated from waterfowl and shorebirds at Uvs-Nuur Lake in
western Siberia in Spring 2016 (Lee et al., 2017a; Marchenko et al.,
2017) appeared in European countries by Autumn 2016 (Pohlmann
et al., 2017), suggesting that those viruses were transported during the
winter migration from Siberia to Europe.

From November 2016 through March 2017, H5N6 HPAIVs affected

12 poultry farms in Japan. Prior to these outbreaks, an H5N6 HPAIV
belonging to clade 2.3.4.4 was first detected in feces of a northern
pintail (Anas acuta) in the Tottori prefecture of Japan (Okamatsu et al.,
2017). By March 2017, 218 cases among migratory and captive birds
were reported in Japan. In the current study, we genetically and phy-
logenetically characterized a series of H5N6 viruses isolated from
poultry and wild birds in Japan to elucidate the evolutionary pathway
of the Japanese H5N6 viruses and to surmise how those viruses in-
truded into Japan.

2. Results

2.1. Outbreaks and virulence of Japanese H5N6 strains

Between November 28, 2016, and March 24, 2017, 12 poultry
outbreaks occurred across 9 prefectures in Japan: 2 in Muscovy duck
farms, 7 in layer chicken farms, and 3 in broiler chicken farms (Fig. 1
and Supplementary Table S1). The first outbreak in poultry was re-
ported in a Muscovy duck farm (Aomori1) in Aomori prefecture and
was the first occurrence of H5 HPAIV infection in a Japanese duck farm.
The second and third HPAI outbreaks occurred at layer chicken farms
(Niigata1, Niigata2) in Niigata prefecture on November 29 and 30,
2016, respectively. Although in the same prefecture, these farms were
located 143 km away from each other, and were not epidemiologically
related. Four days after the first HPAI outbreak, another outbreak oc-
curred in a Muscovy duck farm (Aomori2) that was adjacent to but
approximately 350 m away from Aomori1 and was managed by the
same company. Subsequently, 3 outbreaks in chicken farms in 3 pre-
fectures occurred in December 2016, 2 chicken farms in Miyazaki and
Gifu prefectures were affected in January 2017, and 1 outbreak oc-
curred in a chicken farm during February 2017. The last outbreaks
during this season were on 2 layer chicken farms in Miyagi and Chiba
prefectures on March 24, 2017. Hokkaido1 and Miyazaki2 were more
than 1500 km apart, indicating that Japan was widely affected by H5N6
HPAIVs during the season. In sum, approximately 1.6 million chickens
and 23,000 Muscovy ducks died or were euthanized during the out-
breaks.

Fig. 1. Geographical location of the H5N6 HPAI outbreaks at
twelve poultry farms and one habitat of captive wild birds in
Japan analyzed in this study. The sample collection dates and
genotypes isolated in each outbreak are shown in parenthesis.
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In the current study, 4 Japanese H5N6 strains (Aomori1-3T,
Niigata1-1T, Kumamoto1-2C, and Miyazaki2-2C) among the 12 poultry
outbreaks were tested for pathogenicity according to the Manual of
Diagnostic Tests and Vaccines for Terrestrial Animals (World Organisation
for Animal Health, 2016). All chickens inoculated intravenously with
each strain died within 24 h of inoculation. In addition, sequence
analysis revealed that all of the Japanese H5N6 AIVs we tested, except
for the isolates from Saga1, have the multiple basic amino acid se-
quence RERRRKR in their HA cleavage sites, whereas the isolates from
Saga1 have KERRRKR (Table 1). Both of these motifs are associated
with high pathogenicity of AIV in chickens (World Organisation for
Animal Health, 2016).

2.2. Molecular characteristics of Japanese H5N6 HPAIVs

We compared the molecular characteristics of the 8 gene segments
among the representative Japanese H5N6 HPAIVs in each outbreak
because the homology among the strains isolated at the same farm or
habitat was more than 99.7% in each segment (Table 1 and
Supplementary Table S1). The Saga strains had an additional potential
N-glycosylation at position 240 of their HA1 protein, compared with
other Japanese H5N6 HPAIVs. The amino acids at positions 138, 186,
224, 226, and 228 (H3 numbering) of the receptor-binding sites of the
HA1 proteins indicated a preference for α2,3-linked sialic acid re-
ceptors (de Vries et al., 2014; Imai et al., 2012; Nidom et al., 2010;
Srinivasan et al., 2013; Yang et al., 2010). The NA stalk of Japanese
H5N6 viruses had a deletion of the 11 amino acid residues at positions
58–68 (N6 numbering). None of the viruses had the H274Y resistance
mutation (N2 numbering) in the NA protein, indicating that these
viruses likely are sensitive to drugs such as oseltamivir (Ilyushina et al.,
2010). None of the Japanese H5N6 HPAIVs carried mutations asso-
ciated with mammalian adaptation (Bussey et al., 2010; Hatta et al.,
2001; Min et al., 2013; Steel et al., 2009; Yamada et al., 2010), such as
T271A, Q591R, E627K, and D701N substitutions in the polymerase
basic protein 2 (PB2). Similarly, neither the PB1–F2 truncation that
causes delayed onset of clinical symptoms in ducks (McAuley et al.,
2010) nor the N66S mutation that increases the efficiency of viral re-
plication in the brains of mice (Schmolke et al., 2011) were found in
these viruses. However the Japanese H5N6 HPAIVs carried the N30D
and T215A mutations in the matrix protein 1 (M1) and the P42S mu-
tation and deletion at 80–84 in the NS1 protein; these mutations in-
crease viral virulence in mice and chickens (Fan et al., 2009; Jiao et al.,
2008; Trapp et al., 2014). No Japanese H5N6 strains possessed the
S31N mutation in their M2 protein that confers resistance to M2
channel inhibitors (Hay et al., 1985; Pinto et al., 1992), such as
amantadine and rimantadine.

2.3. Origins of the Japanese H5N6 HPAIVs

Maximum-likelihood (ML) and maximum clade credibility (MCC)
phylogenetic trees of each gene revealed the phylogenetic relationship
of the Japanese H5N6 HPAIVs with other H5 HPAIVs and Eurasian
AIVs. The surface protein genes of the Japanese H5N6 strains belonged
to the group C within clade 2.3.4.4 HPAIVs and formed a single cluster
with Korean H5N6 HPAIVs (Fig. 2a and b). Their ancestors diverged
from the H5N6 HPAIVs isolated in January 2016 from a duck in China
(designated as the G1.1.9 genotype; (Bi et al., 2016a)) (Supplementary
Figs. S1 and S2). The PB2, PB1, nucleoprotein (NP), and M genes each
likewise formed a Japanese–Korean cluster and diverged from the
G1.1.9 genotype (Supplementary Figs. S3–S8). A putative common
ancestor of the Japanese–Korean cluster was estimated to have diverged
between October and November 2015 for HA, May and October 2015
for NA, July and December 2015 for PB2, and October 2015 and Jan-
uary 2016 for NP (95% highest posterior density interval (HPD); Fig. 3).
The estimated tMRCA for the PB1 genes was March 2013 to May 2015,
which is a wider window than for the other segments derived from the

G1.1.9 genotype (95% HPD; Fig. 3). Gene segments (HA, NA, PB2, PB1,
and NP genes) showed 98.7–100% sequence homology at the nucleo-
tide and amino-acid levels among the representative strains of Japanese
H5N6 HPAIVs listed in Supplementary Table S1.

The M genes of the Japanese H5N6 HPAIVs were derived from the
G1.1-like genotype viruses, a progenitor genotype of G1.1.9
(Supplementary Figs. S9 and S10), and the tMRCA for the M genes
derived from the G1.1 genotype was June to December 2015 (95%
HPD; Fig. 3). The M genes showed more than 99.2% and 97.9%
homology among Japanese H5N6 HPAIVs at the nucleotide and amino-
acid levels, respectively. The NS genes, except the Gifu1 group, formed
a single cluster, designated as NS-I in the current study, and diverged
from the G1.1.9; in contrast, the Gifu isolates, designated as NS-II, di-
verged from G1.1-like genotype viruses (Supplementary Figs. S11 and
S12). The tMRCAs were between July 2015 and January 2016 for the
NS-I genes and November 2014 and October 2015 for NS-II genes (95%
HPD; Fig. 3). The homology among the nucleotide sequences of the NS
genes, the NS1 amino-acid sequences, and NS2 amino-acid sequences
between the NS-I and NS-II clusters was 97.2–97.6%, 94.6–95.5%, and
96.5–98.2%, respectively.

The PA genes of the Japanese H5N6 HPAIVs formed 4 distinct
clusters―designated as PA-I, PA-II, P-III, and PA-IV in this study
(Fig. 4). There was 91.5–94.5% nucleotide homology and 96.3–98.8%
amino-acid homology among the sequences of the representative strains
for each distinct PA cluster (Supplementary Table S2); the greatest
differences were between PA-I and PA-IV, whereas the highest simila-
rities were between PA-II and PA-III. The PA-I cluster, containing the
Miyazaki1, Niigata1 and 2, Hokkaido1, Aomori1 and 2, Gifu1, Chiba1,
and Miyagi1 groups, diverged from G1.1.9 (Supplementary Fig. S13a).
The tMRCA for PA-I was estimated as August to December 2015 (95%
HPD; Fig. 3). The PA-II cluster, containing the Saga1, Kumamoto1
groups, and 9 Korean H5N6 strains, was in the Eurasian avian virus
group isolated in Japan, Mongolia, Russia, China, and so on
(Supplementary Fig. S13b). Viruses represented in the PA-II cluster
were closely related to A/duck/Mongolia/520/2015 (H1N1), which
was isolated in August 2015 from a migratory bird in Mongolia, and the
AIVs circulating in the Primorsky region of Russia during April 2016
and in Japan during November and December 2016. The tMRCA for PA-
II was estimated as October 2014 to July 2015 (95% HPD; Fig. 3). It is
noteworthy that the PA-II cluster shared a putative common ancestor
with the clade 2.3.4.4 H5N8 HPAIVs isolated from the wild birds and
poultry at Qinghai Lake in China, Russia, France, and elsewhere in the
winter of 2016–2017. The date of divergence (tMRCA2 in
Supplementary Fig. S13b) from the putative common Eurasian AIVs
was estimated as May 2012 to June 2013. Miyazaki2 group strains,
designated as PA-III, were the most closely related to the Mongolian
AIVs that circulated in August 2015. The tMRCA for the PA-III isolates
was estimated to be between August 2012 and November 2014 (95%
HPD; Fig. 3). The cluster including PA-III shared a common ancestor
with European clade 2.3.4.4 H5N8 HPAIVs that were different from the
European H5N8 HPAIVs in the PA-II phylogeny. The date of divergence
(tMRCA2 in Supplementary Fig. S13c) from the putative common
Eurasian AIVs was estimated as April 2009 to September 2010. The PA-
IV cluster containing the Kyoto1 group, and the Japanese AIVs A/duck/
Fukui/181006/2015 (H12N5) and A/duck/Fukui/181015/2015
(H12N5) shared a common ancestor (Supplementary Fig. S13d); the
tMRCA for PA-IV was estimated to be between December 2010 and
August 2014 (95% HPD; Fig. 3). The cluster including PA-IV and the
Fukui strains shared a common ancestor with AIVs isolated in
2005–2007 from China, Hong Kong, and Korea and located as an out-
group (Supplementary Fig. S13d). In particular, a cluster consisting of
those strains was a sister branch to the AIVs isolated in Australia. Be-
cause of the long branches from the nodes of the Japanese cluster to the
tMRCA for PA-III and PA-IV (Supplementary Fig. S13c and d), the
windows for the PA-III and PA-IV tMRCAs were much wider than those
for PA-I and PA-II (Fig. 3).
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Taken together, our analyses confirmed that 5 distinct genotypes
among the Japanese H5N6 HPAIVs isolated during 2016–2017 were
generated through the multiple reassortments among at least three
potential progenitors (one G1.1.9- and two G1.1-like H5N6 HPAIVs)
and three distinct Eurasian AIVs (Table 2 and Fig. 5). According to the
previous study (Lee et al., 2017b), the genotypes in Japan were clas-
sified into groups C1, C2, C4, and C5. In the current study, we identified
a novel genotype, C6, which included the Miyazaki2 strains. This C6
genotype carries PA-III and NS-I and has occurred only in chickens in
Japan, whereas genotype C3, which contains PA-II and NS-II, has been
obtained only in Korea so far (Lee et al., 2017b). Among 12 outbreaks in
poultry farms, 7 poultry farms in northern Japan and a poultry farm
(Miyazaki1) in southern Japan were affected by isolates of the C2
genotype (Fig. 1). Single introduction of C1 and C6 genotypes were
found in the Gifu1 and Miyazaki2 farms, respectively. Both outbreaks in
the Saga1 and Kumamoto1 farms in southern Japan were affected by
the C4 genotype. According to the estimated tMRCAs, genotype C2,
which was a reassortant between G1.1.9 and G1.1 genotypes, arose
between late 2015 and early 2016. The long branches at the nodes of

the NS-II, PA-II, PA-III, and PA-IV clusters preclude estimation of the
divergence periods for C3, C4, C5, and C6.

2.4. Analysis of location-annotated PA trees

Because MCC phylogenetic analyses of the PA-II, -III, and -IV trees
include the AIVs isolated from various countries or regions, we con-
structed location-annotated MCC trees for each PA cluster by using the
100 most genetically related strains to each Japanese PA cluster fol-
lowed by visualization on a geographic map, to compare the spatial
relationship between each PA cluster and its precursors (Fig. 6a–e). The
precursors of the PA-I cluster had circulated in mainland China, Korea,
and Japan (Fig. 6a). Although a direct connection between China and
Japan–Korea was present, the Chinese strains of the G1.1.9 genotype
that are the immediate precursors of Japanese–Korean strains were
isolated 10 months before the outbreaks in Japan and Korea.

The PA-II map revealed many connections within countries or re-
gions in Asia or Europe as well as across Europe and Asia (Fig. 6b). In
particular, several connections between Mongolia and Japan indicated

Fig. 2. Part of the clade 2.3.4.4 H5 HA (a) and N6 NA (b) max-
imum-likelihood phylogenetic trees. The color of the branch de-
notes the virus subtype or country of isolation: red, Japanese and
Korean H5N6 HPAIVs analyzed in this study; green, Chinese
H5N6 viruses including Vietnamese and Laotian strains; blue,
H5N8 HPAIVs; pink, other H5Nx HPAIVs; black, HxN6 AIVs.
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a close genetic relationship between Japanese and the Mongolian AIVs.
In addition, the direct connection between Italian isolates and those
from the Kamchatka peninsula of Russia arose due to the isolation of
the group B H5N8 HPAIVs in both countries during 2016–2017
(Supplementary Fig. S13b).

The PA-III map showed 2 sets of branch clusters, that is, in Europe
or the Near and Middle East regions and the Eastern Asian region
(Fig. 6c). In addition, branch clusters in each region were connected,
albeit with decreased genetic relatedness. The branches between
Mongolia and Japan indicated the close genetic relationship between
the PA-III Japanese HPAIVs and the Mongolian AIVs. The connection

between Japanese isolates and isolates from the Kamchatka peninsula
of Russia was established between Japanese AIVs isolated from mi-
gratory birds in 2015–2016, such as A/duck/Kyoto/261007/
2015(H6N1) isolated in October 2015, and the Kamchaktkan AIVs
isolated in May 2016, such as A/environment/Kamchatka/24/
2016(H13N8) (Supplementary Fig. S13c). Nodes from Italy revealed the
expansion of the clade 2.3.4.4 H5N8 HPAIVs in European countries in
2016–2017 (Supplementary Fig. S13c).

The map of the PA-IV tree revealed branches among China, Korea,
and Japan as well as those between Japan and Mongolia or Russia
(Fig. 6d). In addition, the cluster containing AIVs of wild birds from
Egypt, Japan, and Sweden (Supplementary Fig. S13d) yielded connec-
tions between Egypt and Asia and between Egypt and Europe.

3. Discussion

Our results show that the clade 2.3.4.4 H5N6 HPAIVs that spread to
Japan in 2016–2017 originated due to reassortment with co-circulating
HPAIVs and AIVs (Fig. 5). It is noteworthy that the PA genes of the
Japanese H5N6 HPAIVs arose from 3 distinct origins in AIVs circulating
in wild birds. Reassortment events among Asian-lineage H5 HPAIVs
with wild bird AIVs have been reported previously for other H5 HPAIV
clades (Chen et al., 2009; Xiong et al., 2013). Our previous study
showed that the PA genes of the clade 2.3.2.1 H5N1 HPAIVs that af-
fected poultry and wild birds in Japan in 2010–2011 were closely re-
lated to Eurasian wild-bird isolates (Uchida et al., 2012). A recent
analysis of 579 clade 2.3.4.4 H5N6 HPAIVs isolated from poultry,
mammalian species such as pigs and human, and the environment in
China revealed that 41%, 4.5%, and 2.6% of these viruses had likely
acquired their PB2, PB1, and PA genes, respectively, from wild-bird
AIVs (Bi et al., 2016a). In addition, novel-reassortant clade 2.3.4.4
H5Nx HPAIVs that have acquired one or more internal gene segments
from AIVs in wild birds have been reported frequently worldwide since
the emergence of Korean H5N8 HPAIVs in 2014 (Ip et al., 2015; Lee
et al., 2016; Li et al., 2017; Nagarajan et al., 2017; Torchetti et al.,
2015). How migratory birds contribute to the maintenance of Asian-
lineage H5 HPAIVs is unknown, but although the habitats of wild birds
and poultry are generally distinct, exchanges of AIV genome segments
between wild birds and poultry populations undoubtedly have occurred
(Chen et al., 2016; Uchida et al., 2012). Chen et al. (Chen et al., 2016)
emphasize the importance of live poultry markets as focal points for the
exchange of gene segments between wild birds and poultry in China.
Thus, wild-bird populations have accelerated not only the genetic di-
versity of the recent Asian-lineage H5 HPAIVs but also may play an
important role in their maintenance.

Fig. 3. The time to the most recent common ancestor (tMRCA) of each gene cluster or
lineage found in the Japanese H5N6 HPAIVs. The tMRCA was estimated from the node
height of the 95% highest posterior density interval. The colors of each segment denote
the various origins: green, Chinese G1.1.9 genotype; pink and orange, Chinese G1.1-like
genotypes; other colors, low-pathogenicity avian influenza lineages.

Fig. 4. Part of the maximum-likelihood phylogenetic tree of the
PA genes that includes the Asian-lineage H5 HPAIVs and Eurasian
avian and avian-like viruses. The color of the strain denotes the
virus lineage: red, the 4 distinct PA clusters (PA-I to PA-IV) of the
Japanese H5N6 HPAIVs analyzed in this study; green, H5N6
HPAIVs (clade 2.3.4.4); blue, H5N8 HPAIVs (clade 2.3.4.4); pink,
other H5 HPAIVs; black, non-highly pathogenic Eurasian avian
and avian-like viruses.
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The intracontinental connections apparent in the phylogenies of the
AIV-derived PA genes of the Japanese H5N6 HPAIVs suggest the im-
portant contribution of the migration of wild birds to the movement of
HPAIVs. The role of migratory birds in the dissemination of HPAIVs
became clear in 2005, when clade 2.2 H5 HPAIVs spread from Qinghai
Lake in China to European countries and the African continent (Chen
et al., 2005; Liu et al., 2005). Qinghai Lake is a breeding site for mi-
gratory birds wintering in Southeast Asia and the wintering site for
migratory birds that breed in Siberia; in other words, it is the inter-
section of different flyways (Lei et al., 2007). Moreover, recent evidence
has shown that the intercontinental spread of clade 2.3.4.4 H5N8
HPAIVs from Asia to Europe and North America in 2014–2015 can be
attributed to migratory birds (Global Consortium for H5N8 and Related
Influenza Viruses, 2016; Lee et al., 2015). Japan is a wintering site for
various species of migratory birds, including mallard ducks (Anas pla-
tyrhynchos) and hooded cranes (Grus monacha). Indeed, Eurasian
lineage AIVs were frequently isolated from these species during the
wintering season in Japan (Abao et al., 2013; Hiono et al., 2015; Okuya
et al., 2015), suggesting the strong possibility that the H5N6 HPAIVs
analyzed in the current study were carried into Japan by their hosts
from breeding sites during their winter migration. The tMRCA we
analyzed suggest that potential progenitors, such as genotype C2, which
is derived from the G1.1.9 and G1.1 genotypes, had emerged before
early 2016. In addition, each AIV-derived PA cluster was closely related
to the Eurasian AIVs isolated in the summer or fall of 2015, whereas the
H5N6 outbreaks in Japan began in Fall 2016. In light of the evolutional
pathway of the Japanese–Korean H5N6 HPAIVs, the progenitor viruses
might have been transported by migratory birds from China to their
breeding sites in Spring 2016 and then travelled to both Korea and
Japan in Fall 2016, when their hosts flew through the East Asian flyway
for wintering. Although the live poultry trade is considered to be a risk
factor for the wide geographic dissemination of Asian-lineage H5
HPAIVs (Claes et al., 2016), Japan bans the import of live poultry and
poultry products from countries and areas that are affected by HPAI,
including China and South Korea [http://www.maff.go.jp/aqs/english/
news/pdf/EN_Poultry.pdf]. Therefore, it is less likely that a progenitor
of Japanese H5N6 HPAIVs was introduced into Japan through the
poultry trade.

Considering that the genetic flow of the PA gene might be related to
the transport pathways of AIVs and HPAIVs by migratory wild birds, we
overlaid the flyways that cover the Eurasian continent on the PA phy-
logenetic maps (Fig. 6e), revealing many phylogenetic connections
across various migratory flyways. It is well documented that several
flyways, such as the East Atlantic, East Asia–Australasian, West Asia-
East Africa, Central Asia, and Black Sea-Mediterranean flyways, overlap
in Siberia, where various migrating species breed during the summer
months (Boere and Stroud, 2006; Dalby and Iqbal, 2015; Gaidet et al.,
2010; Russell, 2016). For example, at least 228 migratory bird species
breed in Sakha, in northeastern Siberia (Vladimirtseva and
Germogenov, 2013). However, information about the AIVs circulating
in Siberia and, in particular, the Russian Far East is limited compared
with that for other countries or regions where HPAI outbreaks have
been reported. Such limited information regarding AIVs in Siberia may
explain why the genetic flow of the AIVs does not follow a flyway but
rather moves directly across flyways. To evaluate this possibility, we
analyzed the dispersal pattern of the H5 genes of clade 2.3.4.4 H5Nx
viruses from 2014 by using representative strains in each country or
region downloaded from GenBank together with the sequences we
obtained in this study (Supplementary Fig. S14). The H5 gene map
shows a similar pattern to that of the AIV-derived PA genes, except for a
connection line from Sakha Republic of Russia to Europe. This line was
established due to the isolation of a clade 2.3.4.4 HPAIV, A/wigeon/
Sakha/1/2014 (H5N8), from a wild duck in September 2014 prior to
the outbreaks of H5N8 HPAIVs in Europe, which started in November
2014. These results emphasize the importance of continuous surveil-
lance in Siberia, and in particular, the Russian Far East.Ta
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From May 2014 through December 2016, 17 human cases of clade
2.3.4.4 H5N6 HPAIV infection were reported in China (Jiang et al.,
2017). Our analysis indicated that amino acid substitutions responsible
for adaptation to mammalian hosts (Bussey et al., 2010; Hatta et al.,
2001; Min et al., 2013; Steel et al., 2009; Yamada et al., 2010) were
missing from the Japanese H5N6 isolates. The T160A mutation in the
HA protein is linked to the acquisition of binding specificity for α2,6-
linked sialic acid receptors, which are predominant in the human upper
respiratory tract (Gu et al., 2017; Wang et al., 2010); however, some
clade 2.3.4.4 H5Nx HPAIVs that carry the T160A mutation show lim-
ited binding specificity for α2,6-linked receptors (Guo et al., 2017;
Kaplan et al., 2016). Additional studies are needed to definitively un-
derstand the effect of T160A on the receptor specificity of clade 2.3.4.4
H5N6 HPAIVs. In addition, to our knowledge, no human cases resulting
from a G1.1.9 H5N6 HPAIV that is a potential progenitor of Japanese
H5N6 HPAIVs have been reported. Thus, the zoonotic potential of Ja-
panese H5N6 HPAIVs is considered to be low. In contrast, H5N6
HPAIVs of genotypes G1, G1.1, G1.2, G2, and two novel G1.1-derived
isolates have caused human infections in China so far (Bi et al., 2016a;
Fang et al., 2016; Shen et al., 2016; Zhang et al., 2017). Apart from the
G2 genotypes, the HA and NA genes of the human isolates belong to the
major H5N6 lineage, as do Japanese H5N6 HPAIVs. However, several
differences in genetic traits, such as the combination or origins of

internal gene segments, emerged when the Japanese H5N6 HPAIVs and
those that caused human infections in China were compared. For ex-
ample, six internal genes of G1.2, the most frequently detected geno-
type among human cases (10 of 17) were derived from the poultry
H7N9/H9N2 gene pool (Bi et al., 2016a). The two novel G1.1-derived
isolates, A/Hunan/55555/2016 (H5N6) and A/Guangxi/55726/2016
(H5N6), were isolated during the same period as the H5N6 outbreaks in
Japan; the former possessed the Eurasian AIV-derived PB1 gene and the
G1.1-derived internal genes (PB2, PA, NP, M, and NS genes), and the
latter carried the Eurasian AIV-derived PB1 and PA genes and the G1.1-
derived internal genes (PB2, NP, M, and NS genes) (Zhang et al., 2017).
Note that 11 of the 17 human H5N6 viruses carried mutations for
adaptation to mammalian hosts, such as E627K and D701N in their PB2
gene (Bi et al., 2016a; Shen et al., 2016). The WHO currently considers
the potential for international spread of these viruses to be low (http://
www.who.int/). However, the ongoing increased prevalence and ge-
netic diversity of H5N6 HPAIVs in China (Bi et al., 2016a; Du et al.,
2017; Yang et al., 2016) may increase the opportunity for human in-
fection with H5N6 isolates, as occurred with H5N1 HPAIVs.

In conclusion, we phylogenetically analyzed 206 AIVs, including
clade 2.3.4.4 H5 HPAIVs and AIVs isolated in Japan and Russia. Our
results show that at least 5 distinct genotypes of H5N6 HPAIVs si-
multaneously affected poultry and wild birds in Japan during the

Fig. 5. Schematic gene flow of the Japanese H5N6 HPAIVs. The
eight gene segments (PB2, PB1, PA, HA, NP, NA, M, and NS) are
indicated by horizontal bars, from the top to the bottom of the
virion. The colors of gene segments denote the genetic origins:
green and black, Chinese G1.1.9 genotypes; pink and orange,
Chinese G1.1-like genotypes; other colors, Eurasian avian influ-
enza lineages.
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winter of 2016–2017. Japanese H5N6 HPAIVs were generated from an
ancestral H5N6 virus, presumably an H5N6 HPAIV that circulated in
China, through several reassortment events with other H5N6 HPAIVs or

3 different lineages of AIVs (or both). The existence of 3 distinct AIV-
derived PA genes in H5N6 HPAIVs highlights the importance of AIV and
HPAIV surveillance to understand where and how novel HPAIVs that

Fig. 6. Visualization of the location-annotated maximum clade credibility trees including the PA-I (a), PA-II (b), PA-III (c), and PA-IV (d) clusters on the world map, and their merged map
(e). The lines between locations represent branches on the trees, and the color gradient of the lines indicates the height of the strains (i.e., dark red in Fig. 6a means a closer genetic
relationship). The radius of the circle in blue is proportional to the number of tree lineages maintained in that location, and the color gradient of the circles indicates the transitions of the
occurrences. Flyways are based on a previous report (Boere and Stroud, 2006).
The world map was generated using by SPreaD3 version 0.9.6 as licensed under the GNU Lesser GPL, and its source code is freely available from its repository: https://github.com/
phylogeography/SPreaD3 (Bielejec et al., 2016).

N. Takemae et al. Virology 512 (2017) 8–20

16

https://github.com/phylogeography/SPreaD3
https://github.com/phylogeography/SPreaD3


pose a substantial economic burden to the poultry industry are gener-
ated and dispersed in wild birds and domestic poultry.

4. Materials and methods

4.1. Viruses and virus isolation

Tracheal or cloacal swabs (or both) collected in November 2016
through March 2017 from chickens and Muscovy ducks with suspected
HPAIV infections were inoculated into embryonated chicken eggs for
virus isolation at the diagnostic laboratories of the municipal livestock
health centers that were managing each outbreak. Allantoic fluid that
showed HA activity against chicken red blood cells was submitted to the
National Institute of Animal Health of Japan for diagnosis. On
December 22, 2016, the deaths of 8 mute swans raised at a horse ra-
cetrack in Kyoto Prefecture, Japan, were reported; tracheal and cloacal
swabs collected from these 8 birds also were submitted to the National
Institute of Animal Health. The specimens were diluted 10-fold with
transport medium (MEM containing 1000 units/ML penicillin,
1000 μg/ML streptomycin, 25 μg/ML Fungizone [Thermo Fisher
Scientific, Waltham, MA, USA], 0.01 M HEPES, and 0.5% bovine serum
albumin), and then 200 μl of the diluted solution was inoculated into 9-
to 11-day-old embryonated chicken eggs and incubated for 24–48 h at
37 °C. If viruses could not be recovered after one passage, the allantoic
fluid collected was reinoculated into eggs. HA activity was tested by
using 0.55% chicken red blood cells. A total of 82 H5N6 HPAIVs iso-
lated from the 12 poultry outbreaks in Japan as well as 7 isolates from
the racetrack incident were analyzed in this study (Supplementary
Table S3).

In addition to the Japanese H5N6 HPAIVs, 15 Russian AIVs were
included in this study. The Russian viruses (listed in Supplementary
Table S3) were isolated in embryonated eggs from cloacal swabs or the
internal organs of hunted–harvested birds or from dead birds at the
Research Institute of Experimental and Clinical Medicine, Novosibirsk.

Furthermore, 79 Japanese AIVs were isolated from fecal samples
from migratory ducks or wild birds that were collected as part of the
periodic monitoring activities of the Ministry of the Environment of
Japan during the winter migrations of 2012–2016. Virus isolation from
the original specimens was conducted at the Animal Quarantine Service
at the Chubu Airport Branch of the Ministry of Agriculture, Forestry,
and Fisheries of Japan. The isolated viruses were then shipped to
Tottori University or the National Institute of Animal Health for ana-
lysis. Another 8 Japanese AIV isolates from Ibaraki and 4 from Gunma
Prefectures, obtained in 2016, were supplied to the National Institute of
Animal Health by the Ibaraki Prefectural Kenpoku Livestock Hygiene
Service Center and the Gunma Livestock Health Laboratory, respec-
tively. The remaining 11 Japanese AIVs were isolated before 2012 and
were obtained from the virus repository at the National Institute of
Animal Health. Further information regarding the viruses analyzed in
this study can be found in Supplementary Table S3.

4.2. Pathogenicity in chickens

Four Japanese H5N6 isolates—A/Muscovy duck/Aomori/1-3T/2016
(H5N6) (Aomori1-3T), A/chicken/Niigata/1-1T/2016 (H5N6) (Niigata1-
1T), A/chicken/Kumamoto/1-2C/2016 (H5N6) (Kumamoto1-2C), and A/
chicken/Miyazaki/2-2C/2017 (H5N6) (Miyazaki2-2C)—were used for ex-
perimental infections. According to the Manual of Diagnostic Tests and
Vaccines for Terrestrial Animals 2016 (World Organisation for Animal Health,
2016), we intravenously inoculated eight 4- to 8-week-old specific-pa-
thogen-free White Leghorn chickens (Nissei-Bio, Yamanashi, Japan) per
virus group with 200 ul of a 1:10 dilution of infectious allantoic fluid. All of
the infected chickens were monitored daily for clinical signs of disease.
Animal experiments were conducted in the Biosafety Level 3 facilities at the
National Institute of Animal Health, Japan, and were performed in ac-
cordance with the Guidelines for Animal Experiments of the National

Institute of Animal Health, NARO, Japan. In addition, the protocols for the
animal experiments were approved by the Animal Care and Use Committee
of the National Institute of Animal Health, NARO, Japan.

4.3. Whole-genome sequencing

The complete genomes of 191 Japanese strains were obtained
through next-generation sequencing (Miseq, Illumina, San Diego, CA,
USA). RNA was extracted from isolates by using an RNeasy Mini Kit
(Qiagen, Hilden, Germany). cDNA libraries for next-generation se-
quencing were prepared by using a NEBNext Ultra RNA Library Prep Kit
for Illumina (NEB, Ipswich, MA, USA) and sequenced by using a Miseq
Reagent Kit v2 (Illumina). The consensus sequences were generated by
using FLUGAS software (version 0.9.0, World Fusion, Tokyo, Japan) or
Genomics Workbench software (version 9.5.3, Qiagen, Hilden,
Germany) as previously described (Takemae et al., 2017). The nu-
cleotide sequences and isolation information for the viruses analyzed
were deposited in the GISAID EpiFlu database (http://www.gisaid.org);
isolate ID numbers and isolation information are listed in
Supplementary Table S3. The entire genomes of the Russian AIVs were
sequenced at the SB RAS Genomics Core Facility (ICBFM SB RAS, No-
vosibirsk, Russia) and WHO National Influenza Center (Saint Peters-
burg, Russia) by using MiSeq (Illumina), and segment-specific se-
quences were obtained by using a Genomic Sequencer SOLiD 5500xl
(Applied Biosystems).

4.4. Phylogenetic and phylogeographic analysis

On May 12, 2017, we downloaded all of the genomic sequences of
the influenza A viruses publicly available in the GenBank and GISAID
databases by using the GISAID EpiFlu database system (http://
platform.gisaid.org/epi3/frontend). The numbers of sequences for
each segment were: PB2 49,082; PB1 51,783; PA 51,521; H5 6296; NP
50,089; N6 2961; M 64,740; and NS 51,520. Sequences for each seg-
ment were aligned by using the online version of MAFFT (http://mafft.
cbrc.jp/alignment/software/). Each gene segment except for H5 and N6
genes was then classified according to its phylogenetically distinct
lineage, such as seasonal human and avian lineages; then all of the
Eurasian avian viruses, including all of the Asian-lineage H5 HPAIVs,
and avian-like viruses isolated from all of the hosts were collected. For
the H5 and N6 genes, all of the data available from Genbank were used.
The final nucleotide sequences for each segment, including the strains
sequenced in this study (PB2 9659; PB1 11,313; PA 9849; H5 6017; NP
9206; N6 2590; M 10,334; and NS 11,174 sequences), then were ob-
tained. Phylogenetic trees for each gene segment were constructed by
using the ML method in RAxML software version 8.2.4 (Stamatakis,
2014) to reveal the detailed genetic relationships between Japanese
H5N6 HPAIVs and other HPAIVs or AIVs.

Once the genetic relationship was clear according to each ML tree,
the 200 strains that were the most genetically related to the Japanese
H5N6 HPAIVs (Aomori1-1T for the H5, NA, PB2, PB1, NP, M, PA-I, and
NS-I trees; Kumamoto/1-2C for the PA-II tree; Kyoto/2T for the PA-III
tree; and Miyazaki2-1C for the PA-IV tree) were selected by using the
online version of MAFFT (http://mafft.cbrc.jp/alignment/software/)
for the construction of MCC trees for each segment. However, in the
case of the NS genes, 2 distinct Japanese H5N6 clusters were revealed
(see the Results section). Therefore, the number of NS gene sequences
collected for the ML phylogenetic analysis was reduced by clustering
together all of the NS sequences that were at least 99.6% identical ac-
cording to CD-HIT software (Fu et al., 2012) before selecting the closest
200 strains to realize the NS gene analysis on one MCC phylogeny. The
MCC trees for each segment were constructed according to the Bayesian
Markov chain Monte Carlo method in BEAST software package version
1.8.2 (Drummond et al., 2012). JModeltest (Posada, 2008) was used to
choose the most appropriate mutation models. Then the strict clock or
lognormal relaxed clock model with the UPGMA or random starting
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tree were applied to obtain a sufficient effective sample size (ESS). Each
chain was 96 × 106 to 500 × 106 steps in length, where the number of
steps was determined to obtain an ESS of more than 200 (as assessed by
Tracer version 1.6 [http://beast.bio.ed.ac.uk/Tracer]), and was then
sampled every 20,000 steps. The GMRF Bayesian Skyride coalescent
was set as tree prior. The first 10% of the states was discarded as burn-
in when the MCC trees were constructed. The time to the common
ancestor was estimated from the node height of the 95% highest pos-
terior density interval (HPD).

The location-annotated MCC trees for each PA cluster (see the
Results section) were constructed according to a discrete phylogenetic
model by using the BEAST software package version 1.8.2, as described
earlier. The 100 strains that were the most genetically related to each
Japanese PA cluster were selected from the sequences collected for the
ML phylogenetic trees; but to construct the location-annotated MCC PA
trees, the overlap between strains and collection sites and dates was
reduced. Then each PA tree was visualized by means of spatial phylo-
genetic reconstruction of their evolutionary dynamics by using data-
driven documents (SPreaD3) version 0.9.6 (Bielejec et al., 2016).

All of the analyses through RAxML, the BEAST software package,
and SPreaD3 were conducted by using the SGI Rackable Standard Depth
Server C2108-RP2 and the Large-scale Shared Memory System of
AFFRIT, MAFF, Japan.
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