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PREFACE

Avian influenza (Al) is caused by influenza A virus which are negative-sense RNA viruses
classified into the family Orthomyxoviridae. These viruses contain eight RNA segments, which encode
11 protein, namely, PB1, PB1-F2, PB2, PA, hemagglutinin (HA), NP, neuraminidase (NA), M1, M2,
NS1 and NS2 [13, 100]. Of these, the surface glycoproteins, HA (H1-H16) and NA (N1-N9), have 16
and 9 subtypes, respectively [22, 75, 100]. Influenza A viruses are categorized into subtypes based on
their HA and NA combination. Even among them, H5 or H7 viruses which have highly pathogenic
strains call “Highly Pathogenic Avian Influenza (HPAI)”. On the other hand, H5 or H7 viruses which
have low pathogenic properties call “Low Pathogenic Avian Influenza (LPAI)”.

Today infection of the AlVs have been reported in not only domestic and wild birds but also many
species of mammals including humans, pigs, horses, mink, stone marten, felids and marine mammals
and captive birds kept in zoos and aquariums [100]. Thus, the Al is thought that it is one of the most
important infectious disease for the public health. However, according to the Japanese government or
science community responsible for animal health, the Al has been regarded as one of typical and
nearly recent re-emerging infectious diseases of avian species since 2004 [2, 3, 30, 66]. There is only
correspondence manual when Al occurred. Adding to the changing of the avian fauna or ecosystems in
Japan, there are a large number (524 bird species belonging to 23 avian orders) of captive birds kept in
over 150 zoological gardens and/or aquariums throughout the country
(htttp://www.jaza.jp/z_map/z_seek00.html). If the outbreak of the diseases occurs, it will impact the
captive individuals as well.

The Al has been regarded as a highly contagious disease of birds, especially poultry, in world since
the late 19th century, but the AIVs are isolated from wild birds, particularly migratory waterfowl
belonging to the orders Anseriformes and Charadriiformes as natural reservoirs for the viruses in the
World [23]. Therefore, the objectives of the present study were to observe the temporal pattern of AlV
introduction into Japan and to determine which migratory birds play an important role in introducing
AIV (see CHAPTER 1).

In addition, there is limited information about AlV epidemiology of shorebirds (Charadriidae and
Scolopacidae families) in the East Asia/Australian Flyway. Thus, we investigated the prevalence of

AlVs in shorebirds flown to Hokkaido, Japan where is the stopover site of the flyway to understand
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the ecology of AlV translocation in the Flyway (see CHAPTER 2).

Furthermore, | provide a recent overview of the Al and/or their responsible agents recorded from the
free-ranging and captive species in world including Japan, and potential strategies of countermeasures
for an epidemic risk in facilities kept with captive birds of zoological collections are shown (see

CHAPTER 3).



CHAPTER 1
Characterizing the temporal patterns of avian influenza virus introduction into Japan by migratory

birds

1.1. Introduction

Influenza A viruses are negative-sense RNA viruses classified into the family Orthomyxoviridae.
The viruses contain eight RNA segments, which encode 11 proteins, namely, PB1, PB1-F2, PB2, PA,
hemagglutinin (HA), NP, neuraminidase (NA), M1, M2, NS1 and NS2 [13, 100]. Of these, the surface
glycoproteins, HA and NA, have 16 and 9 types, respectively [22, 75, 100]. Influenza A viruses are
categorized into subtypes based on their HA and NA combination (for example, HION7, H3N2 and
H4NGB). The hosts of these viruses include humans, horses, swine, cats, dogs, marine mammals,
poultry and wild birds [100, 104]. In addition, H17N10 has been isolated from Little yellow-
shouldered bats (Sturniara lilium) in southern Guatemala, and H18N11 has been isolated from the
Flat-faced fruit bat (Artibeus planirostris) in northern Peru [90, 91]. Influenza A virus infections have
been reported in over 100 wild bird species belonging to 13 avian orders [65, 83]. Of these,
Anseriformes (dabbling ducks, diving ducks, geese and swans) and Charadriiformes (gulls, terns and
shorebirds) constitute the most important reservoirs: however, these species do not exhibit any clinical
signs of influenza A virus infection. Viral replication occurs in the intestine, and the viruses are then
shed in the feces. The viruses are maintained by fecal/oral transmission, especially in breeding
grounds, such as Alaska, Canada and Siberia [29, 33, 64, 100, 104]. Influenza A virus of avian origin
is usually referred to as avian influenza virus (AlV).

AlVs can also be categorized based on their pathogenicity in chickens. The World Organization for
Animal Health (OIE) has adopted the following criteria for establishing high pathogenicity: any
influenza A virus that is lethal in six to eight of eight 4-to-8-week-old susceptible chickens within 10
days following intravenous inoculation with 0.2 ml of a 1/10 dilution of bacteria-free, infective
allantoic fluid [63] is deemed a highly pathogenic avian influenza virus (HPAIV). The primary
subtypes of HPAIV are H5 and H7 [104]. Although virus pathogenicity is determined by its
pathogenicity to chickens, HPAIVs show high pathogenicity for wild birds. For example, a mass
mortality event caused by HPAIV subtype H5N1 occurred at Qinghai Lake in Qinghai province,

China, in 2005. Over a thousand wild birds, including Bar-headed geese (Anser indicus), Great
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cormorants (Phalacrocorax carbo), Great black-headed gulls (Larus ichthyaetus) and Brown-headed
gulls (Larus brunnicephalus), were reported dead [43]. In Japan, HPAIV has been isolated from wild
birds, such as the Large-billed crow (Corvus macrorhynchos; nine individuals, H5SN1), in 2004 [86];
Mountain hawk-eagle (Nisaetus nipalensis; one individual, H5N1), in 2007 [80]; and Whooper swan
(Cygnus cygnus; five individuals, HSN1), in 2008 [94]. HPAIV subtype H5N1 was isolated from 63
wild birds during the 2010-2011 winter season [78], and subtype H5N8 was isolated from eight wild
birds in 2014-2015 [68]. These HPAIV-infected wild birds included species listed in the Red Data
Book of Japan including the Mountain hawk-eagle (Nisaetus nipalensis; Endangered [EN]), Peregrine
falcon (Falco peregrine; Vulnerable [VU]), White-naped crane (Grus vipio; VU) and Hooded crane
(Grus monacha; VU) [48]. HPAIVs may be increasing the extinction risk of endangered Japanese
species. Therefore, HPAIV is a threat not only to poultry farming but also to biodiversity in Japan.

Nationwide surveillance of AIV in migratory birds using fecal samples has been conducted in Japan
since 2008 as a precautionary measure against HPAIV introduction into Japan. The main target species
were dabbling ducks, because experimental HPAIV infection data using dabbling duck species have
demonstrated that although infection does not result in clinical signs in these species, HPAIV is shed.
For example, three Mallards and three Northern pintails were intranasally infected with A/\Whooper
Swan/Mongolia/244/05 (H5N1); whereas none of the birds showed clinical signs or mortality, viruses
were isolated from oral and cloacal swabs [10].

The results of the nationwide surveillance of AIV in migratory birds using fecal samples were
utilized for constructing a potential AIV risk map [56]. The potential risk map indicated high-risk areas
for isolation of AIV from wild birds. The risk map showed that the most effective predictor of high-
risk areas was the presence of populations of dabbling ducks. In addition, the potential risk map can be
used as an HPAIV precautionary measure, because the locations of HPAIV-positive cases in wild birds
and poultry coincided with the predicted high-risk areas of the potential risk map [56]. Thus, even AIV
positivity data from fecal samples can be used to indicate high-risk areas for HPAIV occurrence in
wild birds and poultry. However, the potential risk map could not identify the risk period for virus
introduction in each high-risk area or which dabbling duck species serves as the main viral reservoir. If
the host dabbling duck species for AlV-positive fecal samples were identified, it would be possible to
update the potential risk because nationwide annual census data for dabbling ducks are available [50],

and the census data can be used for obtaining detailed migration pattern of the identified host dabbling
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duck species.

Thus, the objective of the present study was to determine the temporal pattern of AlV introduction
by migratory birds and which migratory birds play an important role in introducing the virus into
Japan, with the purpose of gaining a better understanding of the ecology of AV in Japan. This
information may contribute to the present understanding of the introduction patterns of HPAIV into

Japan.

1.2. Materials and methods
Fecal sample collection

Migratory bird fecal samples, mainly from dabbling duck species, were collected at 52 sites (Fig.1)
determined by the Ministry of Environment, Japan [50]. The 52 sites were divided into two groups:
sampling group A (27 sites) and sampling group B (25 sites). Fecal sampling was conducted once
every two months during the migration season (October to May) in 2008-2015 following a sampling
schedule (Table 1) to obtain monthly nationwide fecal samples. No fecal samples were collected from
June to September. Up to five fecal material samples were pooled in 15 ml tube, which was then

counted as one fecal sample.

Total nucleic acid extraction

Feces were diluted with an equal amount of phosphate-buffered saline (PBS) to prepare a ~50%
fecal suspension. Total nucleic acids (including host genomic DNA and viral RNA) were extracted
from the fecal suspension, using the Ambion Mag MAX-96 AI/ND Viral RNA Isolation Kit (Life
Technologies, Carlsbad, CA, U.S.A.) or the EZ1 Virus Mini Kit v2.0 (Qiagen, Hilden, Germany). For
the Mag MAX-96 AI/ND Viral RNA Isolation Kit, following overnight stationary incubation to obtain
a supernatant, 50 ul of fecal suspension supernatant was used to extract total nucleic acids according to
the manufacturer’s instructions. For the EZ1 Virus Mini Kit v2.0, 250 ul of the fecal suspension was
mixed with 750 ul of QIAzol lysis reagent (Qiagen). The solution was then mixed with 200 ul of
chloroform by vortexing. Subsequent to centrifugation at 12,000 xg, 15 min, 4°C, 400 ul of the
supernatant was used to extract total nucleic acids according to the manufacturer’s instructions. DNA
concentration was measured using a Qubit 3.0 Fluorometer (Life Technologies) and the Qubit dSDNA

HS Assay Kit (Life Technologies) to confirm that the two types of total nucleic acid solutions were
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used as the DNA template for identification of host avian species. Concentrations of 0.5 ng/ul and 1.1
ng/ul were obtained using the Mag MAX-96 AI/ND Viral RNA Isolation Kit and EZ1 Virus Mini Kit

v2.0 solutions, respectively.

AlV gene detection by RT-LAMP
Total nucleic acid extracts were subjected to reverse transcription loop—mediated isothermal

amplification (RT-LAMP) (Eiken Chemical Co., Ltd., Tokyo, Japan) to detect viral RNA. RT-LAMP
has been previously applied to detect AIV in the fecal material of migratory birds [79, 105]; the
reported detection limit of RT-LAMP for fecal material is 102.5 copies [105]. For samples from 2008
and 2009, 5 ul of extracted total nucleic acids, the Loopamp RNA Amplification Kit (Eiken Chemical
Co., Ltd.) and the primer set provided by Eiken Chemical Co., Ltd. were used for the RT-LAMP
reaction following the manufacturer’s instructions. For samples from 2010 to 2015, 5 ul of extracted
total nucleic acid and the Loopamp AlV detection kit (Eiken Chemical Co., Ltd.) were used. ALA-
320C Loopamp Real-time turbidimeter (Eiken Chemical Co., Ltd.) was used for the RT-LAMP
reaction. The threshold value for viral RNA detection was set at 0.05. Virus isolation from RT-LAMP

positive samples was conducted at reference laboratories designated by the Ministry of Environment.

Comparison of AlV prevalence by annual migratory season

AIlV prevalence was defined as the ratio of RT-LAMP-positive samples to the total fecal samples,
expressed as a percentage. The prevalence was calculated for each of the seven annual migratory
seasons (October 2008—May 2009, October 2009—May 2010, October 2010-May 2011, October
2011-May 2012, October 2012—May 2013, October 2013-May 2014 and October 2014—May 2015).
The annual migratory season (October to May) was divided into three terms: October—November,
December—February and March—May, in accordance with migration patterns in Japan. October—
November is the period of autumn migration, December—February is the period of wintering, and
March—May is the period of spring migration. The prevalence was calculated for each of the three
terms. Autumn migration prevalence was calculated using the data from 2008-2014. Wintering and
spring migration prevalence was calculated using the data from 2008-2015. Chi-squared analyses with
pairwise comparisons with Bonferroni corrections were performed to evaluate differences in RT-

LAMP positive proportion according to annual migratory seasons and terms (significance was set at



P<0.05). R version 3.3.2 was used for analysis [73].

Comparison of AlV prevalence by geographic area

Fifty two sampling sites were divided into nine geographic areas using criteria adopted by the Japan
Meteorological Agency with minor modifications to detect differences in the temporal change of AlV
prevalence by geographic area. The nine geographic areas were as follows: Hokkaido, Tohoku,
Kanto/Koshin, Hokuriku, Tokai, Kinki, Chugoku, Shikoku and Kyushu (Fig. 1). The Kyushu area of
the present study was the combined area of Kyushu (North), Kyushu (South) and Okinawa used by the
Japan Meteorological Agency. AlV prevalence was defined as mentioned above. The prevalence in
each geographic area was calculated for each of the three terms (autumn migration, wintering and

spring migration).

DNA Barcoding for host-species identification

Identification of bird species with virus-positive feces was conducted using DNA barcodes based on
the mitochondrial DNA (mtDNA) COL1 gene sequence [27]. Nested PCR was performed to increase
sensitivity using two primer sets: BirdF1 5’-TTCTCCAACCACAAAGACATTGGCAC-3’ and
BirdR1 5’-ACGTGGGAGATAATTCCAAATCCTG-3" were used for the first round of PCR [27],
and Bird (HRM)-F 5’-CACGAATAAACAACATAAGCTTCTG-3’ and Bird (HRM)-R2 5’-
GAATGTGGTGTTTAGGTTTCGGTC-3’ were used for the second round of PCR. Bird (HRM)-F
and Bird (HRM)-R2 were designed based on the sequences of Mallard (Anas platyrhynchos), Eastern
spot-billed duck (Anas zonorhyncha), Teal (Anas crecca), Northern pintail (Anas acuta), Eurasian
wigeon (Anas Penelope), Gadwall (Anas strepera), Tufted duck (Aythya fuligula) and Common
pochard (Aythya ferina), species commonly observed at the sampling sites. The nested PCR resulted in
a product of approximately 400 bp. For the first round of PCR, 50 ul of PCR reaction mixture was
prepared using the AccuPrime Taq DNA Polymerase System (Invitrogen, Waltham, MA, U.S.A.)
containing: 5 I of 10x AccuPrime PCR Buffer 2 (200 mM Tris-HCI [pH 8.4], 500 mM KClI, 15 mM
MgCly, 2 mM dGTP, 2 mM dATP, 2 mM dTTP, 2 mM dCTP, thermostable AccuPrime protein and
10% glycerol), 1 ul of BirdF1 primer (10 umol), 1 ul of BirdR1 primer (10 gmol), 0.5 ul of AccuPrime
Taq DNA Polymerase and 1 ul of the extracted total nucleic acid solution. PCR amplification was

conducted using the following conditions with the Gene Amp PCR System 9700 (Applied Biosystems,
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Waltham, MA, U.S.A.): 94°C for 2 min; 35 cycles of 94°C for 30 sec, 54°C for 30 sec and 68°C for 1
min; and a hold at 4°C. The same protocol was used for the second round of PCR with 1 ul of the first
round PCR reaction mixture as the PCR template. Following the second round of PCR, the PCR
product size was verified by electrophoresis on 2% agarose gel stained with Midori Green (Nippon
Genetics, Tokyo, Japan). The resulting PCR products were purified with the QIAquick PCR
Purification Kit (Qiagen) and sequenced using the BigDye Terminator v3.1 cycle sequencing kit
(Applied Biosystems) and the 3130 Genetic Analyzer (Applied Biosystems) following the
manufacturer’s instructions. The sequences were analyzed by Nucleotide BLAST
(https://blast.ncbi.nIm.nih.gov/Blast.cgi) for species identification. However, it should be noted that
the Mallard and Eastern Spot-billed duck cannot be differentiated based on mtDNA COIl gene
sequence because the two species share the same sequence [36, 76]. Hence, if the BLAST search
results indicated that the most similar sequence was derived from Mallard or Eastern Spot-billed duck,

the result was categorized as “Mallard/Eastern Spot-billed duck group”.

1.3. Results
Fecal sampling and AlV prevalence

A total of 1,223 fecal sampling events were conducted throughout the present study period; 19,407
fecal samples were collected, and the total number of RT-LAMP positive samples was 352 (the
prevalence of the research period was 1.8% [352/19,407]). The overall results by each annual
migratory season are shown in Table 2. The AIV prevalence range was 1.4-2.2%, and there were no
significant differences in AlV prevalence by annual migratory season (P=0.4108). Virus isolation from
RT-LAMP positive samples by egg inoculation was conducted in reference laboratories. Virus
isolation was successful in 153 positive samples (43.4%, 153/352), and no HPAIVs were isolated [47,
49, 51]. In addition, cDNA was synthesized from the total nucleic acid extracts of the RT-LAMP
positive samples. The isolated AIV and cDNA were cryopreserved for further research.

Fig. 2 shows the overall temporal change in AlV prevalence by term from October 2008 to May
2015. The highest prevalence was observed in October—November (autumn migration, 2.8-4.3%)
every annual migratory season, followed by a sharp decrease. A similar temporal change pattern was
repeated throughout the study period (from October 2008 to May 2015).

The overall results for each term are shown in Table 3. AIV prevalence was 3.5% (204/5,816), 1.3%
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(121/9,066) and 0.6% (27/4,525) during autumn migration, wintering and spring migration,
respectively. Significant differences in AlV prevalence were observed between autumn migration and
wintering, autumn migration and spring migration, and wintering and spring migration (P<0.01).

The overall results for each geographic area are shown in Table 3. During autumn migration, the
Tokai, Hokuriku, Chugoku and Kyushu areas had a higher prevalence than the overall prevalence in
autumn migration (3.5%). During wintering, the Hokuriku, Kanto/Koshin, Hokkaido and Kyushu
areas had a prevalence equal to or a higher than the overall prevalence in wintering (1.3%). During
spring migration, the Tokai, Hokuriku, Tohoku and Kyusyu areas had a prevalence higher than the

overall prevalence in spring migration (0.6%).

Species identification by DNA barcoding
DNA barcoding was applied to the RT-LAMP positive samples. Species identification was

successful in 221 samples, but failed in 131 samples because of the lack of available sample for
species identification, no PCR amplification or unclear sequence data. The breakdown of the identified
avian species is as follows: Mallard/Eastern Spot-billed duck group, 115 samples (52.0%); Northern
pintail, 61 samples (27.6%); Teal, 26 samples (11.8%); Eurasian wigeon, 15 samples (6.8%), and
other species, 4 samples (1.8%, Commons shoveler (Anas clypeata) one sample; Common pochard
(Aythya ferina), one sample; Large-billed crow (Corvus macrorhynchos), one sample; and Carrion

crow (C. corone), one sample) (Table 2).

1.4. Discussion

The present study illustrates the nationwide prevalence of AlV in migratory birds during wintering
in Japan. The results of the present study show 1.4-2.2% AIlV prevalence depending on annual
migratory season and that the overall prevalence during the research period (from 2008 to 2015) was
1.8%. AIV prevalence was highest in October—December (the period of autumn migration) and then
decreased significantly. The same pattern of temporal change in AlV prevalence was observed every
year, although HPAIVs were isolated from wild birds in the annual migratory season of October
2010-May 2011 and October 2014—May 2015 [68, 78]. A similar phenomenon was observed in the
Pacific Flyway, the migration route from breeding grounds in Alaska to wintering grounds in

California and Mexico [28]. This phenomenon in the Pacific Flyway can be explained by immune
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system development and limited transmission in the wintering ground [28, 65, 100]; the
underdeveloped immune system of hatch-year birds is not able to limit AIV infection. Thus, hatch-
year birds are infected with the virus at the breeding grounds and then carry the virus to the wintering
grounds. The bird immune system then develops and becomes resistant to infection during wintering
[28]. The sharp decrease in AIV prevalence in Japan may be caused by a similar reason. To confirm
this, it will be necessary to conduct live-bird trapping or sampling of hunted birds to evaluate AlV
prevalence in hatch-year birds. Age estimation can be conducted during live bird trapping or sampling

of hunted birds.

There are four main migratory routes into Japan

Through the Kamchatka Peninsula-Kuril Islands, through Sakhalin, crossing the Sea of Japan and
through the Korean Peninsula (Fig. 1) [103]. However, the AlV introduction route and whether a
single route or multiple routes are used are unknown. The results of the present study suggest that AlV
is introduced into Japan through all four routes because the highest prevalence was observed in
autumn migration in most of the geographic areas and then the prevalence decreased. During autumn
migration, the geographic areas showing a prevalence equal to or higher than 3.5% (the overall
prevalence of autumn migration) were located in the central to southern parts of Japan, i.e., Hokuriku
(6.3%), Tokai (6.8%), Chugoku (4.2%) and Kyushu (4.1%). The reasons for this finding are unclear.
One possible reason is that dabbling ducks, which have been reported as the most effective predictor
for areas at high risk for AlV, could mainly migrate into Japan by crossing the Sea of Japan and
through the Korean Peninsula. The geographic areas showing a prevalence equal to or higher than the
overall prevalence appear to change from southern Japan to northern Japan. This could be related to
the movement of dabbling ducks prior to spring migration. According to satellite-tracking data on
Mallards, the ducks from southern Japan travel northward and cross the Sea of Japan [102]. Thus, it
might be possible that AIV also moves from south to north with the ducks. However, further data
accumulation from satellite tracking and bird banding and data exchange with neighboring countries

are necessary to understand AlV entry into Japan and AV movement in Japan.

Surveillance using fecal samples has a number of advantages

Handling and capture of birds is not required, a large number of samples can be collected rapidly
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and easily, and virus isolation techniques from fecal samples are well-established [95]. However, fresh
samples (1-4 days following evacuation) are necessary to isolate viruses, if egg inoculation is used
[95]. In the present study, AlV isolation by egg inoculation and subtyping was successful in 153 out of
352 RT-LAMP-positive fecal samples. In contrast, AlV isolation by egg inoculation and subtyping
failed in 199 RT-LAMP-positive fecal samples. It might be possible to subtype the remaining 199 RT-
LAMP-positive fecal samples by molecular-based methods (RT-PCR and DNA sequencing).
Therefore, we recommend adding molecular-based methods in the future for subtyping in fecal
samples in which AlV isolation fails, to increase the efficacy of the present surveillance system (Fig.
3), as it might be possible to detect HPAIV sequences from fecal samples in which AlIV isolation
failed. In fact, another research group reported the isolation of HPAIV (H5N1) from duck fecal
samples in 2010 in Japan [78].

A previously reported potential AlV risk map showed that the most effective predictor of AlV high-
risk areas was the presence of populations of dabbling ducks [56]. There are five common dabbling
duck species wintering in Japan, namely, Mallard, Eastern spotbilled duck, Northern pintail, Teal and
Eurasian wigeon [49]. The DNA barcoding results of the present study showed that CO1 gene
sequences of six types of dabbling duck species were present in the RT-LAMP-positive fecal samples,
including two major CO1 gene sequences: the Mallard/Eastern Spot-billed duck group (52.0%,
115/221) and the Northern pintail (27.6%, 61/221). Considering the reported common dabbling duck
species wintering in Japan, the Mallard, Eastern spot-billed duck and Northern pintail might play an
important role in introducing AlV into Japan and could be priority species for fecal sampling.
However, further studies are necessary to decide the priority species for fecal sampling. The DNA
barcoding method applied in the present study cannot distinguish between Mallard and Eastern Spot-
billed duck, because the two species have the same CO1 gene sequence; therefore, these 115
sequences were categorized as the Mallard/Eastern Spot-billed duck group. We were unable to
estimate the prevalence of each dabbling duck species in the present study, because host species
information was not available for all collected fecal samples. Several sampling options exist for
evaluating the prevalence according to species, such as live bird trapping or sampling of hunted birds
[28, 87]. Although it might be difficult to conduct live-bird trapping on a regular basis (ideally a
monthly basis) throughout Japan during the winter, sampling of hunted birds for surveillance might be

relatively applicable for greater coverage of Japan.
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1.5. Conclusion

We demonstrate that AV prevalence decreases significantly from the autumn migration period to the
spring migration period and that the same temporal change pattern of AlV prevalence is reported
every year in Japan. Multiple AlV introduction routes were confirmed, and crossing of the Sea of
Japan and entry through the Korean Peninsula might be the main routes. In addition, Mallards, Eastern
Spot-billed ducks and Northern Pintails might play an important role in introducing AlV into Japan;

these three species could be the main target species for AIV surveillance in Japan.
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Japan.
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Table 1. Sampling schedule of nationwide surveillance of avian influenza viruses in migratory birds

using fecal samples from 52 sampling sites.

Nov.  Dec. Jan. Feb. Mar. Apr, May  Jun-Sep.

Oct. 2008-May 2011 — — ——
autumn migration wintering spring migration
Sampling group A (27 sites) o 0 0 0 ,
- . No sampling
Sampling group B (25 sites) 0 0 0 0
Oct Nov.  Dec. Jan, Feb. Mar. Apr, May  Jun-Sep.
Oct. 2011-May 2015 — — ——
autumn migration wintering spring migration
Sampling group A (27 sites) o 0 0 0 0 |
. : No sampling
Sampling gowp B (25 sites) o 0 0 0 0f

a) Fecal samples were collected only in Hokkaido.
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Table 2.

Prevalence of avian influenza virus and avian species identification based on DNA barcoding by annual migratory season.

Oct. 2008 Oct. 2009 Oct. 2010 Oct. 2011 Oct. 2012 Oct. 2013 Oct. 2014 Total
- May 2009 - May 2010 - May 2011 - May 2012 - May 2013 - May 2014 - May 2015
No. sampling events® 182 171 166 175 179 174 176 1,223
No. fecal samples 3,149 2,917 2,806 2,717 2,728 2,470 2,620 19,407
No. RT-LAMP positive 69 42 47 44 50 46 54 352
samples
Prevalence (%)” 22 14 17 16 18 19 2.1 2
No. successtul virus i1solation
0 19 14 12 27 27 27 27 153
events
No. successful 26 17 27 3% 28 38 50 21
DNA Barcoding results
Species
Mallard/Eurasian Spot-hilled 9
duck group d ! 16 18 19 25 25 115 (52.0 %)
Northan Pingtail 12 7 4 11 4 8 15 61 (27.6%")
Teal 6 1 3 4 2 3 7 26 (11.8 %°)
Eurasian Wigeon 3 1 4 2 3 1 1 15 (6.8 %)
Others 0 1 0 0 0 1 2 4(1.8%%
(Carrion crow) (Jungle crow)  (Commons shoveler,
Common pochard)

a) Total number of fecal sampling events conducted in the 52 sampling sites. b) (No. RT-LAMP positive/ No. fecal samples) x 100. c) Press release

from the Ministry of Environment. d) (No. identified species/ No. successful DNA Barcoding results) x 100
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Table 3. Prevalence of avian virus by terms

Term

Autim migration®
(Oct. - Nov.)

)

Winte ringb)
(Dec. - Feb.)

Spring migrationb
(Mar. - May.)

)

Overall

Prevalence of each term (20)
(No. RT- LAMP positive/ No. Fecal samples)

Prevalence of each area (260)
(No. RT- LAMP positive/ No. Fecal samples)

Hokkaido

Tohoku

Kanto/Koshin

Hokuriku

Tokai

Kinki

Chugoku

Shikoku

Kyushu

3.5
(204/5,816)

2.5
(15/592)

2.8
(16/564)

1.7
(14/845)

6.3
(29/460)

6.8
(33/482)

1.5
(11/710)

4.2
(26/619)

3.4
(16/477)

4.1
(44/1,067)

1.3
(121/9,066)

13
(8/594)

1.1
(9/821)

1.9
(27/1,432)

2.2
(17/758)

1.0
(7/699)

1.0
(13/1,248)

0.8
(6/784)

1.0
(8/791)

1.3

(26/1,939)

0.6
(27/4,525)

0.3
(2/636)

1.0
(3/301)

0.3
(2/578)

1.2
(4/324)

15
(5/333)

0.2
(1/494)

0.4
(2/1474)

0.2
(1/489)

0.8
(7/896)

1.8

(352/19,407)

1.4
(25/1,822)

1.7
(28/1,686)

1.5
(43/2,855)

3.2
(50/1,542)

3.0
(45/1,514)

1.0
(25/2,452)

18
(34/1,877)

1.4
(25/1,757)

2.0
(77/3,902)

a) The data of 2008, 2009, 2010, 2011, 2012, 2013 and 2014 were convined. b) The data of 2008, 2009, 2010, 2011, 2012, 2013, 2014 and 2015 were

convined. Bold and underline: The prevalence equal to or higher than overall prevalence of each term.



CHAPTER 2

Epidemiological survey of avian influenza virus infection in shorebirds captured in Hokkaido, Japan

2.1. Introduction

Avian influenza virus (AlV) of the Orthomyxoviridae family has been detected in over 100 bird
species belonging to 13 avian orders, and the Anseriformes and Charadriiformes orders constitute the
most important reservoirs of AlV [65, 82, 83]. In particular, shorebirds (the family Scolopacidae and
Charadriidae) could play an important role in global AlV translocation because they breed in the
Northern Hemisphere during summer and migrate to the Southern Hemisphere during winter. There
are eight recognized flyways of shorebird species [9], and while various epidemiological surveys have
been performed on the East Atlantic, Mediterranean/Black Sea, West Asia/Africa, and Atlantic
America flyways [24, 26, 37, 45, 46, 69, 82, 101], there is limited information about virus
epidemiology in the East Asia/Australasia flyway, and although AIV prevalence data have been
collected in Alaska, which is a part of the flyway and breeding ground of shorebirds, no data are
available on AlIV prevalence at the stopover sites in the flyway. Hokkaido is one of the stopover sites
in this flyway. In summer to autumn, shorebirds migrate to Hokkaido from Siberia and Alaska on their
way to wintering grounds, mainly Oceania (autumn migration) (Fig. 4). Moreover, they migrate to
Hokkaido from the wintering ground in Spring on their way to breeding grounds (spring migration).
Sampling during autumn migration could show the highest prevalence of AlV because they migrate
from Siberia and Alaska where there are various kinds of AlV strains in the environment. Hence, we
explored the prevalence of these viruses in shorebirds flown to Hokkaido, Japan to gain a better

understanding of AIV translocation in this flyaway.

2.2. Materials and methods

Between July and September (during autumn migration) of 2006 to 2010, 1,698 shorebirds
belonging to 26 species were captured and released in two sites of Hokkaido (1,332 individuals in
Lake Komuke and 366 individuals in Lake Furen, Table 4. and Fig. 4) using mist nets. The two
locations are major monitoring sites for nationwide shorebird populations.

All procedures were conducted by licensed bird banders and were authorized by the Ministry of

Environment, Japan and the Yamashina Institute for Ornithology, Japan. and all operations were
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permitted by the Ministry of Education, Culture, Sports, Science and Technology, Japan for academic
research purposes.

Cloacal and tracheal swabs were collected from the captured birds. The swabs were preserved in the
BD™ Universal Viral Transport medium (Becton Dickinson, Franklin Lakes, NJ), transported to the
National Institute for Environmental Studies, and stored at -80 °C until total nucleic acid extraction.
Total nucleic acid was extracted from the viral transport medium using the EZ1 Virus Mini Kit v2.0
(Qiagen, Hilden, Germany) following previously reported procedures [66] and subjected to reverse
transcription loop-mediated isothermal amplification (RT-LAMP) (Eiken Chemical Co., Ltd., Tokyo,
Japan), which is used as the standard method for nationwide AlV survey in Japan. RT-LAMP primer
set was designed for the M gene [105]. The reported sensitivity of RT-LAMP for fecal materials in
1025 copies of viral RNA and that for infectious allantoic fluid of embryonated chicken eggs is 10%°
copies of viral RNA [105].

Full-lengths of hemagglutinin gene (HA) and neuraminidase gene (NA) were amplified in RT-
LAMP positive samples for virus subtyping. One-step RT-PCR was performed to prepare the
templates for HA and NA gene amplification using the primers Unil2 and Unil3 [15, 31, 74, 81]. A
One-step RT-PCR reaction mixture was prepared using a Takara PrimeScript High Fidelity RT-PCR
Kit (TAKARA BIO INC., Shiga, Japan). One-step RT-PCR was conducted with a Gene Amp PCR
System 9700 (Applied Biosystems, Waltham, MA, USA) using the following conditions: one cycle of
42°C for 30 min and 94 °C for 2 min.; 40 cycles of 98°C 10 sec, 30 °C 30 sec, 72 °C 7 min; one cycle
of 72 °C for 7 min, and a hold step at 4 °C. The reaction mixtures were diluted 1:50 in TE buffer, and
the diluted PCR reaction mixtures (prepared using KOD-Plus-Ver.2 [TOYOBO LIFE SCIENCE,
Tokyo, Japan]) were used for PCR amplifications of HA and NA using the reported primer sets [93].
PCR amplifications were conducted with a Gene Amp PCR System 9700 using the following
conditions: 94 °C for 2 min; 35 cycles of 98 °C for 10 sec, 50 °C for 30 sec, and 68 °C for 2 min,
followed by hold step at 4 °C. The PCR products were purified with the QlAquick PCR Purification
Kit (Qiagen) and direct sequencing was performed using the BigDye Terminator v3.1 cycle
sequencing kit (Applied Biosystems) and the 3130 Genetic Analyzer (Applied Biosystems). The
sequences were analyzed by Nucleotide BLAST (https://blast.ncbi.nIm.nih.gov/Blast.cgi) for virus

subtyping.
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2.3. Results and Discussion

Among the 1,698 swab samples collected between July and September of 2006-2010, one AlV-
positive sample was detected from a lesser sand plover (C. mongolus) captured in Lake Komuke in
September 2010. Full-lengths of HA and NA genes, as well as PA, NP, MP, and NS genes, were
successfully amplified from the AlV-positive sample (Table 6). However, PB1 and PB2 genes could
not be amplified. Information on the highest homology of each gene is presented in Table 5. All the
sequences showing the highest homology were isolated from Anseriformes species. Shorebirds
migrate to Japan one month earlier than Anseriformes. Therefore, the lesser sand plover could have
been infected by virus from Anseriformes species at the breeding ground and not in Japan.

HA gene sequence showed the highest identity with H10 sequence, and NA gene sequence exhibited
the highest identity with N7 sequence. According to the Influenza Research Database
(https://www.fludb.org/brc/home.spg?decorator=influenza), there were 17 complete genome
information of subtype H1ON7 isolated in Asia during the study period. The phylogenic trees for the
HA and NA genes were constructed using the 17 sequences obtained in Asia and 15 sequences
obtained in North America using the neighbor-joining method [77] with a bootstrap test of 12000
replicates [21] (Figs. 5 and 6). MEGA X [40] was used to construct the trees. Moreover, phylogenetic
trees for PA, NP, MP, and NS genes were constructed using 50 sequences with high homology (Figs.
7-10). The phylogenic analysis results showed that HA and NA detected in the present study were
related to H10N7 isolated in Bangladesh and China in 2009. Moreover, sequences of the other four
genes, PA, NP, MP, and NS, detected from the lesser sand plover, had high homology with sequences
found in Asia. Thus, the subtype H10N7 detected in the present study belongs to the Eurasian lineage
and the related virus strain existed in Asia in 2009.

The H4N8 subtype of avian influenza virus was reportedly isolated from red-necked stint (Calidris
ruficollis) captured in Lake Komuke [11], Hokkaido. Our result showed that lesser sand plover is the
second shorebird to have tested positive for AlV in Japan. Other possible hosts are found in Table 4
such as ruddy turnstone (Arenaria interpres) and red knot (C. canutus). However, the capture number
of these species was relatively low in the present study. Thus, further evaluation of AIV prevalence in

these species is essential to understand AlV translocation in the East Asia/Australasia flyway.
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Fig. 4. Location map of capture sites in Hokkaido, Japan, from 2006 to 2010. The number in
parentheses indicate the captured bird number in each site. Arrows indicate the direction of

autumn migration of shorebirds.
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Fig. 5. Phylogenic tree of subtype H10N7 sequences using the HA gene sequence obtained from the
lesser sand plover captured in Lake Komuke, Hokkaido, Japan in 2010 and the sequences of the
H10N7 isolated during the study period in Asia and North America. The sequence of the present study

is indicted by a black arrow.
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Fig. 6. Phylogenic tree of subtype H10N7 sequences using the NA gene sequence obtained
from the lesser sand plover captured in Lake Komuke, Hokkaido, Japan in 2010 and the
sequences of the H10N7 isolated during the study period in Asia and North America. The

sequence of the present study is indicted by a black arrow.
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Table 4. List of shorebird species captured in Hokkaido, Japan, from 2006 to 2010.

AIV detection 2006 2007 2008 2009 2010 TOTAL
Aug., Sep. Aug. Jul., Aug.  Aug., Sep. Jul., Aug., Sep. Aug. Aug., Sep. Aug., Sep.
*Reported Present study Furen Komuke Furen Komuke Furen Komuke Furen Komuke Furen Komuke Furen  Komuke All

Scolopacidae
Ruddy Turnstone (Arenaria interpres) sabedf 2 4 1 1 1 2 7 4 1
Dunlin (Calidris alpina) af 4 21 7 12 10 54 54
Red Knot (C. canutus) yabdh 1 1 2 1 3 4
Curlew Sandpiper (C. ferruginea) 1 1 1
Red-necked Stint (C. ruficollis) +¢ 18 91 7 88 14 104 9 212 422 48 917 965
Long-toed Stint (C. subminuta) 2 5 1 4 3 6 37 3 55 58
Temminick’s Stint (C. temminckii) 1 1 1
Great Knot (C. tenuirostris) 2 2 2
Common Snipe (Gallinago gallinago) 4 1 1 1 4 1 1
Latham’s Snipe (G. hardwickii) 14 3 2 6 3 2 25
Broad-billed Sandpiper (Limicola falcinellus) 1 7 8 1 9 12 1 37 38
Bar-tailed Godwit (Limosa lapponica) +9 3 1 3 1 6 7
Black-tailed Godwit (L. limosa) 1 4 5 5
Whimbrel (Numenius phaeopus) 1 1 2 2
Red-necked Phalarope (Phalaropus lobatus) 1 13 2 16 16
Ruff (Philomachus pugnax) 6 1 7 7
Grey-tailed Tattler (Tringa brevipes) 9% 6 127 31 6 2 19 15 294 46 340
Wood Sandpiper (T. glareola) 2 1 2 5 5
Common Sandpiper (T. hypoleucos) 8 3 7 18 18
Greenshank (T. nebularia) 15 3 2 1 5 26 26
Marsh Sandpiper (Tringa stagnatilis) 1 2 4 7 7
Terek Sandpiper (Xenus cinereus) 1 1 3 2 1 1 5 5 9 14
Charadriidae
Little ringed Plover (Charadrius dubius) 1 1 2 4 4
Great Sand Plover (C. leschenaultii) 1 1 1
Lesser Sand Plover (C. mongolus) + 1 1 6 7 1 38 1 73 74
Grey Plover (Pluvialis squatarola) 1 1 2 2

TOTAL 118 170 147 141 210 53 280 579 366 1332 1698

*a: Gaidet et al. 2012, b: Stallknecht et al. 2012, c: Maxted et al. 2016, d: Maxted et al. 2012, e: Bui et al. 2012, f: Pearce et al. 2012, g: Ip et al. 2008, h: Johnson et al. 2014
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Table 5. The result of homology search with BLAST in HA, NA, PA, NP, MP, and NS genes obtained from the lesser sand plover captured

in Lake Komuke in September 3rd, 2010

Max Score Total Query Evalue Per. Ident Accession
Score Cover
HA A/mallard/Korea/1242/2010(H10N6) 3040 3040 1 0 0.9917 JN817576.1
NA AJ/common teal/lHong Kong/MPM1740/2011(H7N7) 2604 2604 1 0 0.9986 KF259638.1
AJ/common teal/lHong Kong/MPM1670/2011(H7N7) 2604 2604 1 0 0.9986 KF259636.1
PA A/duck/Guizhou/888/2006(HEN5) 3890 3890 1 0 0.9935 CY109281.1
NP Alwild waterfowl/Hong Kong/MPM2121/2011(H7N7) 2748 2748 1 0 0.998 KF259824.1
AJ/common teal/lHong Kong/MPM1645/2011(H7N1) 2748 2748 1 0 0.998 KF259819.1
MP Alwild bird/Korea/A344-2/2009(H5N1) 1797 1797 1 0 0.9969 JX236015.1
Alwild duck/Korea/SNU50-5/2009(H5N 1) 1797 1797 1 0 0.9969 IJX497771.1
NS A/muscovy duck/Vietnam/LBM348/2013(H3N8) 1537 1537 1 0 0.9976 LC028124.1
A/duck/Zhejiang/D486/2013(HIN2) 1537 1537 1 0 0.9976 KF357835.1

29



Table 6. The primer sequences for amplifying PA, NP, MP, and NS genes and PCR condition.

Foreward Reverse
PA ATGGAAGACTTTGTGCGACAATGCTTCA TTTCAGTGCATGTGTGAGGAAGGAGTTG
NP ATGGCGTCTCAAGGCACCAAACGATCT TTAATTGTCATACTCCTCTGCATTGTC
MP ATGAGTCTTCTAACCGAGGTCGAAACG TACTCCAGCTCTATGTTGACAAAATGACC
NS ATGGAYTCCAACACTGTGTCAAGCTTTC TTTATCATTAAATAAGCTGAAACGAGA

The PCR reaction mixtures were prepared using KOD-Plus-Ver.2 (TOYOBO LIFE SCIENCE, Tokyo, Japan).
The PCR amplifications were conducted with a Gene Amp PCR System 9700 (Applied Biosystems).

The PCR conditions were as follows: 94 °C for 2 min; 35 cycles of 98 °C for 10 sec, 50 °C for 30 sec, and 68 °C for 2 min,
followed by hold step at 4 °C.
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JX307157.1:1-2109 Influenza A virus (A/duck/Thailand/CU-LM7280C/2010(H7N6)) segment 3 polymerase PA (PA) gene partial cds
JX307221.1:1-2092 Influenza A virus (A/duck/Thailand/CU-LM7283C/2010(H7N6)) segment 3 polymerase PA (PA) gene partial cds
€4 1X307173.1:1-2112 Influenza A virus (lduck/Thailand/CU-LM7279T/2010(HTN6)) segment 3 polymerase PA (PA) gene partial cds
JX307253.1:1-2124 Influenza A virus (A/duck/Thailand/CU-LM7288T/2010(H7N6)) segment 3 polymerase PA (PA) gene partial cds
JX307199.1:1-2112 Influenza A virus (A/duck/Thailand/CU-LM7283T/2010(H7NG)) segment 3 polymerase PA (PA) gene partial cds
JX307145.1:1-2124 Influenza A virus (A/duck/Thailand/CU-LM7284C/2010(HTNG)) segment 3 polymerase PA (PA) gene partial cds
JX523346.1:1-2148 Influenza A virus (A/quail Thailand/CU-J2882/2009(H7N1)) segment 3 polymerase PA (PA) gene complete cds
JN029572.1:8-2155 Influenza A virus (A/whooper swan/Mongolia/1-23/2007(H3N8)) segment 3 polymerase PA (PA) gene partial cds
KF454793.1:1-2139 Influenza A virus (A'ruddy shelduck/Mongolia/921C2/2009(H7N1)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes partial cds
KF454788.1:1-2139 Influenza A virus (Afruddy shelduck/Mongolia/598C2/2009(H7N3)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes partial cds
8 g, CY109289.1:1-2148 Influenza A virus (A/duck/Guizhou/1084/2006(HEN2)) polymerase PA (PA) gene complete cds
L CY109297.1:1-2148 Influenza A virus (A/duck/Guizhow/1426/2006(HEN1)) polymerase PA (PA) gene complete cds
4 CY109281.1:1-2148 Influenza A virus (A/duck/Guizhow/888/2006(HENS)) polymerase PA (PA) gene complete cds
LC339872.1:23-2170 Influenza A virus (A/duck/Mongolia/144/2005(H3N8)) viral cRNA segment 3 complete sequence
MH130169.1:1-2148 Influenza A virus (Aimallard/Korea/M219/2014(HBN2)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
KF260247.1:1-2148 Influenza A virus (Awild duck/Jiangxi/19615/2009(H7NS)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
JN029622.1:9-2154 Influenza A virus (A/pintailMongolia/2-65/2007(H3N8)) segment 3 polymerase PA (PA) gene partial cds
JN029641.1:7-2154 Influenza A virus (A/ruddy shelduck/Mongolia/2-79/2007(H3N8)) segment 3 polymerase PA (PA) gene partial cds
100 | LC132927.1:21-2168 Influenza A virus (Alduck/Mongolia/572/2015(H3N8)) viral cRNA segment: 3 complete sequence
LC121363.1:23-2170 Influenza A virus (A/duck/Mongolia/405/2015(H3NG)) viral cRNA segment: 3 complete sequence
is_[ KF454833.1:1-2148 Influenza A virus (Alnorthern shoveler/Mongolia/957/2009(H3N8)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
KF454823.1:1-2148 Influenza A virus (A/ruddy shelduck/Mongolia/961V/2009(H3N8)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
v 4 LCI6485.1:16:2165 huenza Avis (N ucklangoa462010(NG) val cRA segen 3 complet seuence
—‘ LC367433.1:19-2166 Influenza A virus (A/duck/Mongolia/593/2010(H3N8)) viral cRNA segment 3 complete sequence
LC367489.1:19-2166 Influenza A virus (A/duck/Mongolia/872/2010(H3N8)) viral cRNA segment 3 complete sequence
KF454784.1:1-2134 Influenza A virus (A/northern shoveler/ Mongolia/973/2009(H3N8)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes partial cds
KF454794.1:1-2148 Influenza A virus (A/norther shoveler/Mongolia/992V/2009(H3N8)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
LC367537.1:20-2167 Influenza A virus (A/duck/Mongolia/689/2010(H4NG)) viral cRNA segment 3 complete sequence
LC367513.1:19-2166 Influenza A virus (A/duck/Mongolia/684/2010(H4N6)) viral cRNA segment 3 complete sequence
100 ' LC367473.1:19-2166 Influenza A virus (A/duck/Mongolia/664/2010(H4NG)) viral CRNA segment 3 complete sequence
KX297832.1:1-2148 Influenza A virus (Alenvironment/Korea/W437/2012(H7NT7)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds

TJF KR010394.1:1-2148 Influenza A virus (A/spot-billed duck/Shanghai/SH12/2014(H4N6)) segment 3 polymerase PA (PA) gene complete cds
u ) K335 P~

_::Viwm] :1-2148 Influenza A virus (A/duck/Guangxi/3333/2006(HEN1)) polymerase PA (PA) gene complete cds
k] CY109249.1:1-2148 Influenza A virus (A/duck/Guangxi/2140/2006(HEN2)) polymerase PA (PA) gene complete cds

100 KF260296.1:1-2148 Influenza A virus (A/duck/Jiangyi/1775/2003(HTNT)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
# KF260294.1:1-2148 Influenza A virus (A/duck/Jiangxi/1717/2003(H7NT)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
]

)

15

5

57|

|2

£

MK978879.1:19-2166 Influenza A virus (A/duck/Hokkaido/W34/2004(H7N7)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
100" MK592524.1:18-2165 Influenza A virus (A/duck/Hokkaido/W106/2004(H7NT)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
HM145324.1:1-2148 Influenza A virus (A/mallard/Jiangxi/7376/2003(HEN2)) segment 3 polymerase PA (PA) gene complete cds
KX978077.1:25-2172 Influenza A virus (A/greater white-fronted goose/Netherlands/1/2006(HBN2)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
MK978863.1:22-2169 Influenza A virus (A/duck/Hokkaido/18/2000(H10N4)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
93, KF695192.1:9-2156 Influenza A virus (Awhitefronted goose/Netherlands/22/1999(H2N2)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
e L) CY121984.1:13-2160 Influenza A virus (Atwhite fronted g 12211999(H2N2)) p PA (PA) gene complete cds
CY060240.1:19-2166 Influenza A virus (Amallard/Netherlands/1/1999(H4NG)) segment 3 sequence
AB300435.1:1-2148 Influenza A virus (A/duck/Hokkaido/84/2002(H5N3)) PA gene for polymerase acidic protein complete cds
] MK978927.1:19-2166 Influenza A virus (Alduck/Mongolia/3/2001(H10N3)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds
A — HQO14743 1:1-2148 nflenza A virus (Aid duckKorealCSH38I2004(H1N)) segment 3 polymerase PA (PA) gene complete cds
KJ847702.1:25-2172 Influenza A virus (A/Caspian sealRussia/T1/2012(H4N6)) segment 3 polymerase PA (PA) and PA-X protein (PA-X) genes complete cds

23
5 JINB41341.1:25-2172 Influenza A virus (A/avian/israel/320/2001(HBN2)) segment 3 polymerase PA (PA) gene complete cds
100 JN641339.1:25-2172 Influenza A virus (A/avian/israel/289/2001(HEN2)) segment 3 polymerase PA (PA) gene complete cds
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Fig. 7. Phylogenic tree of the PA gene sequence obtained from the lesser sand plover captured in

Lake Komuke, Hokkaido, Japan in 2010 using 50 sequences with high homology. The sequence of the

present study is indicted by a black arrow.
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LC108129.1:46-1542 Influenza A virus (A/duck/Mongoka/83/2015(H3N8)) viral cRNA segment: 5 complete sequence
LC108113.1:40-1536 Influenza A virus (A/duck/Mongoka/20/2015(H3N8)) viral cRNA segment: 5 complete sequence
LC121293.1:40-1536 Influenza A virus (A/duck/Mongoka/167/2015(H3N8)) viral cCRNA segment: 5 complete sequence
LC121333.1:43-1539 Influenza A virus (A/duck/Mongoka/208/2015(H3N8)) viral cCRNA segment: 5 complete sequence
LC121341.1:44-1540 Influenza A virus (A/duck/Mongoka/211/2015(H3N8)) viral cCRNA segment: 5 complete sequence
MF987896.1:1-1497 Influenza A virus (A/aquatic bird/South Korea/sw001/2015(H7N1)) segment 5 nucleocapsid protein (NP) gene complete cds
KX066872.1:1-1497 Influenza A virus (A'wild bird/Korea/SK14/2014(H1N1)) segment 5 nucleocapsid protein (NP) gene complete cds
KU143380.1:1-1497 Influenza A virus (Awild birdWuhan'WHHN16/2014(H1N1)) segment 5 nucleocapsid protein (NP) gene complete cds
75 KU143381.1:1-1497 Influenza A virus (Awild bird/ Wuhan/WHHNS8/2014(H1N1)) segment 5 nucleocapsid protein (NP) gene complete cds
KY415768.1:43-1539 Infl Awvirus (Alduc GZ5/2015(H4NG)) segment 5 nucleocapsid protein (NP) gene complete cds
KP658056.1:1-1496 Influenza A virus (A/duck/Fupan/JF47/2014(H1N1)) segment 5 nucleocapsid protein (NP) gene complete cds
ABB807873.1:31-1527 Influenza A virus (A/duck/Vietnam/LBM300/2012(H10N2)) viral cRNA segment 5 complete sequence
MH130131.1:1-1497 Infi Avirus (Abean g 54.8/2017(H6N1)) segment 5 nucleocapsid protein (NP) gene complete cds
KF259781.1:1-1497 Influenza A virus (Awild waterfowbHong Kong/MPP1311/2013(H2N9)) segment 5 nucleocapsid protein (NP) gene complete cds
© _:0028384 1:38-1534 Influenza A virus (A/duck/Quang Ninh/14/2013(H3N6)) viral cCRNA segment: 5 complete sequence
] KJ907512.1:1-1497 Influenza A virus (Abaikal teal/Shanghai/SH-101/2013(H3N2)) segment 5 nucleocapsid protein (NP) gene complete cds

KP287024.1:1-1497 Influenza A virus (A/duck/Jiangx/5576/2013(mixed)) segment 5 nucleocapsid protein (NP) gene complete cds

94— KP286903.1:1-1497 Influenza A virus (A/duck/Jiangxv285/2013(mixed)) clone a segment 5 nucleocapsid protein (NP) gene complete cds
KM267821.1:1-1497 Infi Avirus (£ 14VIR1121-102013(H4N86)) segment 5 nucleocapsid protein (NP) gene complete cds
CY185452.1:1-1497 Influenza A virus (Aldomestic duck/Republic of Georgia/1/2010(H10N7)) nucleocapsid protein (NP) gene complete cds
CY185436.1:34-1530 Infi Awvirus (£ public of Georgia/3/2010(H7N3)) nucleocapsid protein (NP) gene complete cds
99 | KF113549.1:1-1497 Infi Avirus (AX C-28842/2011(H4NG)) segment 5 nucleocapsid protein (NP) gene complete cds
JNT14472.1:1-1497 Influenza A virus (AKhaki Campbell duck/KarachVNARC-23963/2010(H4NG)) segment 5 nucleocapsid protein (NP) gene complete cds
MK779134.1:46-1542 Influenza A virus (A/swan/Mangystaw3/2006(H5N1)) segment 5 nucleocapsid protein (NP) gene complete cds
) CY185420.1:1-1497 Infi Avirus (/ public of Georgia/1/2010(H10N7)) nucleocapsid protein (NP) gene complete cds
_{— KJ526008.1:1-1497 Influenza A virus (A/duck/Thailand/CU-11836C/2011(H1N3)) segment 5 nucleocapsid protein (NP) gene complete cds

n MK943465.1:31-1527 Influenza A virus (Amuscovy duck/Viet Nam/QN-2529/2015(H3N2)) segment 5 nucleocapsid protein (NP) gene complete cds
KF259819.1:1-1497 Influenza A virus (A/common tealHong Kong/MPM1645/2011(H7N1)) segment 5 nucleocapsid protein (NP) gene complete cds
KF259822.1:1-1497 Influenza A virus (A/common tealHong Kong/MPM17402011(H7N7)) segment 5 nucleocapsid protein (NP) gene complete cds
KF259814.1:1-1497 Influenza A virus (Awild waterfowlHong Kong/MPLE96/2011(H2N9)) segment 5 nucleocapsid protein (NP) gene complete cds
KF259824.1:1-1497 Awvirus (Awid fle g Kong/MPM2121/2011(H7NT)) segment 5 nucleocapsid protein (NP) gene complete cds
KF259820.1:1-1497 Influenza A virus (A/common tealHong Kong/MPM1670/2011(H7N7)) segment 5 nucleocapsid protein (NP) gene complete cds

KF259825.1:1-1497 Infl Avirus (Awild rfowVHong Kong/MPL1006/2011(H7N7)) segment 5 nucleocapsid protein (NP) gene complete cds
K335 Np il
— MK978905.1:39-1535 Influenza A virus (A/duck/Hokkaido/X9/2016(H8N4)) segment 5 nucleocapsid protein (NP) gene complete cds
MK592606.1:39-1535 Infl Awirus (£ 109/2017(H4NG)) segment 5 nucleocapsid protein (NP) gene complete cds
n MK592598.1:39-1535 Infl Awvirus (A 81107/2017(H4NG)) segment 5 nucleocapsid protein (NP) gene complete cds
99 | MK592590.1:39-1535 Infl Awvirus (£ 103/2017(H4N6)) segment 5 nucleocapsid protein (NP) gene complete cds

MK592582.1:39-1535 Infl Awirus (£ 102/2017(H4NG)) segment 5 nucleocapsid protein (NP) gene complete cds
sn[ KF259760.1:1-1497 Influenza A virus (Awild duck/Jiangxi/19831/2009(H7NT)) segment 5 nucleocapsid protein (NP) gene complete cds
L KF259761.1:1-1497 Influenza A virus (A/duck/Jiangxv21669/2009(H7N7)) segment 5 nucleocapsid protein (NP) gene complete cds
s‘n " KF259763.1:1-1497 Influenza A virus (A/duck/Jiangxi’23008/2009(H7N7)) segment 5 nucleocapsid protein (NP) gene complete cds
JN244162.1:1-1497 Influenza A virus (A/pintailKorea/1 173/2009(H7NT)) segment 5 nucleocapsid protein (NP) gene complete cds
KF259794.1:1-1497 Infi Avirus (A Hong Kong/MPK276/2009(H11N9)) segment 5 nucleocapsid protein (NP) gene complete cds

n KF259826.1:1-1497 Infi Avirus (Awild fong Kong/MPM3375/2011(H7N6)) segment 5 nucleocapsid protein (NP) gene complete cds
9 AB916676.1:31-1527 Influenza A virus (A/duck/VietnamVLBM533/2013(H3NG)) viral CRNA segment 5 complete sequence
®° MK979265.1:40-1536 Influenza A virus (A/duck/Viet NanmvHU1-842/2014(HENG)) segment 5 nucleocapsid protein (NP) gene complete cds
KJ907552.1:1-1497 Influenza A virus (Abaikal teal/XianghaiXH-15F/2012(H3N8)) segment 5 nucleocapsid protein (NP) gene complete cds
KJ907496.1:1-1497 Influenza A virus (Abaikal teal/XianghavXH-28C/2012(H3N1)) segment 5 nucleocapsid protein (NP) gene complete cds
JNB17558.1:1-1497 Influenza A virus (A'wild bird/Korea/A02/2011(H10N4)) segment 5 nucleocapsid protein (NP) gene complete cds
£ JNB17559.1:1-1497 Infie Avirus (Awid 12011(H10N4)) segment 5 nucleocapsid protein (NP) gene complete cds
Il
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Fig. 8. Phylogenic tree of the NP gene sequence obtained from the lesser sand plover captured in

Lake Komuke, Hokkaido, Japan in 2010 using 50 sequences with high homology. The sequence of the

present study is indicted by a black arrow.
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HQ336725.1:1-981 Influenza A virus (A/duck/Nanjing/2072010(H1N3)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
12 JX236011.1:1-982 Influenza A virus (Awild bird/Korea/A01/2010(H1N3)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
Ccmi1-%2MaAmWMWMNI7W))mm2M)wamI(m)gemcomle(ecos
3 \— KC871464.1:1.969 Influenza A virus (Amallard/Mongolia'851/2010(H2N3)) segment 7 matrix protemn 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
— AB830631.1:11-992 Influenza A virus (Atundra swan/Shimane/3211A001/2011(HSN2)) viral cRNA segment 7 complete sequence
KC162239.1:26-1007 Influenza A virus (Abaikal tealXianghai/421/2011(HIN2)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds

19 7 JF510042 2:1.982 Influenza A virus (Awild duck/Korea/CSM4-12/2009(H5N1)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds

_SL—Kcmm126»1007Muwakvms(Nd\:w:wnmw(mm)wwﬂmwmumwmm1(m)ge'\escovmlelecds
34| JN982514.1:26-994 Influenza A virus (Alesser whistling-duck/Thailand/CU-W3941/2010(H12N1)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds

JNGB2522.1:23-990 Influenza A virus (Aflesser whisting-duck/Thailand/CU-W3946/2010(H12N1)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete ¢ds
1| e JX307195.1:1-967 Influenza A virus (A'duck/Thaiand/CU-LM7283T/2010(HTNG)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
JX307183.1:13-979 Influenza A virus (Alduck/Thailand/CU-LM7285C/2010(HTNG)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
JX307153.1:13-974 Influenza A virus (A/duck/Thadand/CU-LM7280C/2010(H7NG)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
JX236001.1:1-973 Influenza A virus (A/duck/Korea/A42/2008(H12N5)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
JX236002.1:1-982 Influenza A virus (Alduck/Korea/A57/2008(H4NG)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
KF259295.1:1-982 Influenza A virus (Awid waterfowlHong Kong/MPLE96/2011(H2N9)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
KF259296.1:1-982 Influenza A virus (Alnorthen shoveler/Hong Kong/MPLI61/2011(H2N9)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
KC871453.1:1-969 Influenza A virus (A'ruddy shelduckMongolia/593/2010(H8N4)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
MH130181.1:1-982 Influenza A virus (Awikd waterfowlKorea/8/2011(H4NG)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
83 JX235987.1:1-982 Influenza A virus (Awild birdKorea/A1572011(H4NG)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
JF965224 1:1.982 Influenza A virus (Alduck/Eastern China/1/2008(HBN1)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
97 KF259227.1:1-982 Influenza A virus (A/duck/Fupan/5408/2008(HTNT)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
KF269229.1:1-982 Influenza A virus (Alduck/Fupan/5728/2008(HTNT)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds

r—— (GU361280.1:1-967 Influenza A virus (A/aquatic birdKoreaiw193/2007(HSN2)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
10| KU366363.1:4-985 Influenza A virus (A/duck/Jiangxi/7554/2007(HIN2)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
1§ KU921409.1:26-1007 Influenza A virus (A'duck/Shanghai80272009(H10N8)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
"’ AB546187.1:1-982 Influenza A virus (A/pintai/Aomori/1192/2008(H5N9)) M gene for matrix protein 1 complete cds
P JX454738.1:5-986 Influenza A virus (Awild duck/Korea/PSCB-1/2009(H4NG)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
JX497779.1:26-1007 Influenza A virus (A'wild duck/Korea/SNUS0-5/2009(HSN1)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds

69 ¢ HQ336717.1:1-981 Influenza A virus (A'duck/Nanjing/19/2010(H1N3)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
8 [_

|=

JINB17535.1:1-976 Influenza A virus (Awikd bird/Korea/A01/2009(H10NG)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
JINB17537.1:1-981 Influenza A virus (Awild bird/Korea/L 110-22008(H10N4)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
JNB17538.1:1-981 Influenza A virus (Awild bird/Korea/L110-32008(H10Nd)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
JNB17639.1:1965 Influenza A virus (AlpintaiKorea/188/2000(H10N4)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
JINB175636.1:1-959 Influenza A virus (Awild bird/Korea/A43/2009(H10N4)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
KP287969.1:1-982 Influenza A virus (Alduck/Jiangx/26141/72009(H10N7)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
67 GQ325640.1:26-1007 Influenza A virus (Alenvironment/Dongting Lake/Hunan/3-9/2007(H10N8)) mouse adapted-P2 segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
n'—_

(GQ325656.1:26-1007 Influenza A virus (Alenvironment/Dongting Lake/Hunan/3-972007(H10N8)) mouse adapted-P6 segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
® GQ290470.1:26-1007 Influenza A virus (Alenvironment/Dongting Lake/Hunan/3-9/72007(H10N8)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
E KX297764.1:1-982 Influenza A virus (Alenvironment/Korea/W169/2007(H7NT)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
L& CY080585.1:7-988 Influenza A virus (Alcommon guivUst-limsk/121/2008) matrix protein 2 (M2) and matrix protein 1 (M1) genes complete ¢ds
KY584078.1:1.982 Influenza A virus (A/aquatic bird/Korea/CN2/2009(HSN2)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
9 [: KF462271.1:1-982 Influenza A virus (Ateal/Chany/736/2008(H3N8)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
KF462270.1:1-982 Influenza A virus (A/shoveler/Chany/724/2008(H3N8)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
MF147055.1:26-1007 Influenza A virus (A'mallard duck/Netherlands/53/2006(H4N2)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
JF789621.1:11-991 Influenza A virus (A/mallard/Czech Republic/13579-84K/2010(H4NG)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds
MF422103.1:1-982 Influenza A virus (A/duck/Moscow/374072009(H4NG)) segment 7 matrix protein 2 (M2) and matrix protein 1 (M1) genes complete cds
L] JF789613.1:11.991 Influenza A virus (Amallard/Czech Republic/13577-24K/2010(H3NS)) segment 7 matrix protein 2 (M2) gene partial cds and matrix protein 1 (M1) gene complete cds

|
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Fig. 9. Phylogenic tree of the MP gene sequence obtained from the lesser sand plover captured in
Lake Komuke, Hokkaido, Japan in 2010 using 50 sequences with high homology. The sequence of the

present study is indicted by a black arrow.
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98 CY183633.1:15-852 Influenza A virus (A/mallard/Sweden/948/2002(H10N9)) nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
CY060362.1:18-855 Influenza A virus (A/mallard/Sweden/'85/2002(H10N9)) segment 8 sequence

HM144896.1:1-838 Influenza A virus (A/mallard/Jiangxi/227/2003(HEN1)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
MK192309.1:27-864 Influenza A virus (Amallard/Netherlands/25/2013(mixed)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
AY586442 1:1-838 Influenza A virus (A/mallard/taly/33/01(H7N3)) NS1 gene complete cds

CY122224.1:15-852 Influenza A virus (A/mallard/Sweden/103/2005(H2N9)) nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
CY165024.1:7-844 Influenza A virus

/58359/2006,

nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
CY041382 1:12-849 Influenza A virus (Ablack-headed gullNetherlands/1/2005(HENS)) segment 8 complete sequence

JXB878679.1:27-864 Influenza A virus (A/swine/HuBei06/2009(H4N1)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
KP288026.1:1-838 Influenza A virus (A/migratory duck/Jiangxi/7231/2003(H10N5S)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
8 ' EF597391.1:1-838 Influenza A virus (Afmigratory duck/Jiang Xu7231/2004(H10N5)) nonstructural protein 2 (NS2) and nonstructural protein 1 (NS1) genes complete cds
DQ376795.1:27-864 Influenza A virus (A/duck/T;

(HBNS))

protein 2 (NS2) and nonstructural protein 1 (NS1) genes complete cds
LC339877.1:20-857 Influenza A virus (A/duck/Mongolia/144/2005(H3N8)) viral CRNA segment 8 complete sequence
EF597393.1:1-838 Influenza A virus (A/migratory duck/siang Xv8624/2004(HEN2)) nonstructural protein 2 (NS2) and nonstructural protein 1 (NS1) genes complete cds
5 | EF597371.1:1-838 Influenza A virus (Aimigratory duck/Hong Kong/MP206/2004(HSN2)) nonstructural protein 2 (NS2) and nonstructural protein 1 (NS1) genes complete cds
@ AB355933.1:12-849 Influenza A virus (A/duck/Hokkaido/Vac-3/2007(HSN1)) genomic RNA segment 8 complete sequence

CY098250.1:27-864 Influenza A virus (Amallard/Jiangxi/1-152010(H3N2)) nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
88 | KU143423 1:21-858 Influenza A virus (A'wild bird/ Wuhan/WHHN16/2014(H1N1)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds

L] KU143424.1:21-858 Influenza A virus (Awild bird/ Wuhan/WHHN58/2014(H1N1)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
KU143431.1:27-862 Influenza A virus (Awild birdWuhan/COHN15/2015(HEN2)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
AB981446.1:12-849 Influenza A virus (A/duck/Vietnam/LBM545/2013(HENS)) viral CRNA segment 8 complete sequence
40, KCB09975.1:12-849 Influenza A virus (A'wild duck/Korea/SH41-33/2011(H7N7)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
KT717310.1:1-838 Influenza A virus (A/Anser fabalis/China/AnhuvL256/2014(HEN1)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
KJ439897.1:1-838 Influenza A virus (A/duck/Zhejiang/D 18/2013(H3N3)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds.
MH130158.1:1-838 Influenza A virus (Awild waterfowKoreaM129/2014(HEN1)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
LC349315.1:19-856 Influenza A virus (A/duck/Mongoha/235/2014(H3N3)) viral cRNA segment 8 complete sequence
MH130166.1:1-838 Influenza A virus (Awild waterfowl/Korea/M130/2014(HEN2)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
64 | KX066875.1:1-838 Influenza A virus (A'wild bird/Korea/SK14/2014(H1N1)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
P KT717262.1:1-838 Influenza A virus (A/Anser fabalis/China/AnhuiL9/2014(HEN2)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
KT717270.1:1-838 Influenza A virus (AV/Anser fabalis/China/AnhuiL63/2014(HEN2)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds

KT717286.1:1-838 Influenza A virus (AVAnser fabalis/China/AnhuvL 144/2014(HEN1)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
KR010399.1:1-838 Influenza A virus (A/spot-billed duck/Shanghai’SH12/2014(H4NG)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
KI5 NS il

AB981478.1:12-849 Influenza A virus (Amuscovy duck/Vietnam/LBM596/2014(H4NG)) viral CRNA segment 8 complete sequence

KY971227.1:1-838 Influenza A virus (A/duck/Zhegang/D1/2013(H1N2)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
MF399061.1:27-864 Influenza A virus (A/duck/Guangxy/149D24/2013(H4NG)) segment 8 nonstructural protein 2 (NEP) and nonstructural protein 1 (NS1) genes complete cds
LC041331.1:1-838 Influenza A virus (A/environment/VietnamVHU1-1439/2014(H3N2)) viral cRNA segment 8 complete sequence
73[LC070027.1:1-839 Influenza A virus (A/duck/VietnamVHU1-1044/2014(H3N2)) viral cRNA segment 8 complete sequence
g || LCO70017.1:1-838 Influenza A virus (A/duck/VietnanvHU1-1128/2014(H3N2)) viral CRNA segment 8 complete sequence

LC070038.1:1-838 Influenza A virus (A/duck/VietnanvHU1-1501/2014(H3N2)) viral cRNA segment 8 complete sequence

LC070029.1:1-838 Influenza A virus (A/duck/VietnanvHU1-140/2014(H4NG)) viral cCRNA segment 8 complete sequence
KF357835.1:1-838 Influenza A virus (A/duck/Zhejiang/D486/2013(HIN2)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
65 KJ907555.1:1-838 Influenza A virus (Abaikal tealXianghai/XH-15F/2012(H3N8)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds

JX570869.1:21-858 Influenza A virus (A/green-winged tealXianghai/430/2011(H5N2)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
LC028124.1:20-857 Influenza A virus (Amuscovy duck/VietnanvLBM348/2013(H3N8)) viral cRNA segment: 8 complete sequence

KU143456.1:27-864 Influenza A virus (A/duck/Wuhan/WHYF05/2014(HIN2)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
I KJ907507.1:1-838 Influenza A virus (Abaikal teal'Shanghai/SH-89/2013(H3N2)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
p———— KU160919.1:1-838 Influenza A virus (A/duck/Guangxi/S2090/2012(H4N6)) segment 8 nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
t—— AB830632.1:13-850 Influenza A virus (Atundra swan/Shimane/3211A001/2011(H5N2)) viral cRNA segment 8 complete sequence
CY146552 1:1-838 Influenza A virus (A/duck/Hunan/S11090/2012(H4N6)) nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds
* CY146560.1:1-838 Influenza A virus (A/duck/Hunan/S11200/2012(H4NG)) nuclear export protein (NEP) and nonstructural protein 1 (NS1) genes complete cds

00050

Fig. 10. Phylogenic tree of the NS gene sequence obtained from the lesser sand plover captured in

Lake Komuke, Hokkaido, Japan in 2010 using 50 sequences with high homology. The sequence of the
present study is indicted by a black arrow.
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CHAPTER 3
Countermeasures for avian influenza outbreaks among captive avian collections at zoological gardens

and aquariums in Japan

3.1. Background

Despite considerable environmental changes over the last 160 years [2, 3], Japan is an important
transit country for a wide range of migratory avian species. It is situated on the East Asian Flyway, a
principal migratory route connecting Northeast Asia with Southeast Asia. Major branches pass through
the Nansei-Shoto Islands, Kyushu, Honshu and Hokkaido into Northeast Russia, and via Kyushu and
the Korean Peninsula into Eastern China [67]. So far, Japan has escaped the outbreaks of infectious
disease that have significantly impacted bird populations in other parts of the world [2, 3, 30]. During
these outbreaks, tens of thousands of birds become sick and, in extreme cases, even die [23]. In
addition to the changing avian fauna and ecosystems in Japan, a large number of captive birds are kept
in over 150 zoological gardens and/or aguariums throughout the country
(http://www.jaza.jp/z_map/z_seek00.html). It is therefore likely that these captive birds would also be
affected if a disease outbreak should occur.

Although there are numerous infectious diseases that affect both free-ranging and captive avian
species, this review contains a brief overview of the situation regarding avian influenza (Al) in Japan,
as well as suggestions for the implementation of countermeasures for the prevention and management
of potential Al outbreaks.

First described in the late 19th century, Al is a highly contagious viral disease affecting birds,
especially poultry, worldwide. Al viruses are generally isolated from wild birds, particularly migratory
waterfowl belonging to the orders Anseriformes and Charadriiformes, which are considered natural
reservoirs of the viruses [23]. However, since 2004, highly pathogenic (HP) Al has been classified as a
typical and re-emerging infectious disease of avian species by the Japanese government and the
science community responsible for animal health [2, 3, 30, 66].

Therefore, the current review provides an overview of recent changes in Al and its causative agents
in both free-ranging and captive avian species worldwide, including Japan, and provides potential

strategies to manage epidemic risk in facilities with captive birds or zoological collections.
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3.2. General characteristic of Avian Influenza and its causative agents

Al is caused by influenza type A viruses, a group of negative-sense, single-stranded RNA viruses
belonging to the family Orthomyxoviridae. Influenza A virus genomes contain eight segments
encoding 11 proteins. Segments one to six encode PB2, PB1, PB1-F2, PA, hemagglutinin (HA),
nucleoprotein NP, and neuraminidase (NA) in decreasing order in size. The seventh and eighth
segments encode M1, M2, NS1, and NS2. The viruses are further categorized into various subtypes
based on the combination of HA (H1-H16) and NA (N1-N9) antigens. Various influenza A virus
subtypes occur in wild birds, especially aquatic species, and may also infect mammals such as humans
and pigs [2, 66, 83].

Al viruses are globally distributed and are likely found everywhere that potential host species are
present [66]. Al or its causative viruses have been reported in over 100 free-ranging bird species
belonging to 13 avian orders [66, 83]. Among these, birds belonging to the orders Anseriformes,
including dabbling ducks, diving ducks, geese, and swans, and the order Charadriiformes, including
gulls, terns, and shorebirds, constitute the most important viral reservoirs [83]. However, most reports
of Al have been in birds from the family Anatidae (Anseriformes), with Al viruses having been
isolated from over 30 duck and goose species worldwide [83].

The pathogenicity of Al viruses varies significantly according to the subtype. The viruses are
deemed highly pathogenic (HP) or low pathogenic based on several factors: i) the outcome of
intravenous pathogenic index assays in chickens, ii) the amino acid sequence at the hemagglutinin
cleavage site, or iii) the ability of the virus to cause cytopathic effects in cell culture in the absence of
trypsin. To date, highly pathogenic strains have been restricted to the H5 and H7 subtypes, although
most H5 and H7 viruses display low pathogenic properties. Cleavage of the hemagglutinin protein is
of paramount importance in determining virulence, but the combination of genes, including the
nucleoprotein and polymerase genes, is also a consideration. The HPAI viruses contain alterations in
their cleavage sites that allow the precursor hemagglutinin to be processed by a variety of ubiquitous
intracellular proteases found in many body tissues, resulting in the potential for systemic, multi-organ

infections [16, 55, 63].

3.3. Recent outbreak of Highly Pathogenic Avian Influenza

Since 2017, outbreaks of HPAI in poultry have occurred in 19 countries in Asia, two countries in
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North America, 28 countries in Europe, seven countries in Africa, and in Russia and Serbia (Table 7)
[44]. As a result of several HPAI outbreaks in Japan since 2004, the Ministry of Agriculture, Forestry,
and Fisheries (MAFF) carries out an annual review of all outbreaks (Table 8).

The most common pathogenic HPAI virus subtypes are H5N1, H5N6, and H7N7. However, there
are slight differences in the predominant subtypes for each continent. For example, subtype H5NL1 is
frequently found in Asian countries, while subtype H5N8 is more common in Europe. In comparison,
H5N1 and H5N8 are the predominant subtypes in most African countries. Differences in the frequency
of the various subtypes among countries and/or continents appear to be associated with proximity to
the different migratory bird flyways. The major migratory routes include the East Asian/Australasian,
the Central Asian, and the Black Sea/Mediterranean flyways [89, 98]. Because all three flyways share
common northern destinations, there is potential for Al viruses to spread from locations in Siberia and
Alaska to other parts of the world, including Japan [85].

HPAI infections, most of which were caused subtype H5N8 viruses, were recorded in 33 zoological
gardens across 15 countries in Europe and Asia between October 2016 and March 2017 [20]. In Asia,
most of these infections occurred in local water fowl species in India, including rosy pelican
(Pelecanus onocrotalus), bar-headed goose (Anser indicus), greylag goose (Anser anser), and painted
stork (Mycteria leucocephala), housed at Gwailor Zoo, the National Zoological Park, Tata Zoo,
Mysore Zoo, and Nandankanann Zoological Park [44]. In Europe, however, the HPALI infections
occurred in various bird species from zoological collections in several different countries, including
emu (Dromaius novaehollandiae) at Ueckermiinde Zoo in Germany, swans at Liberec Zoo in the
Czech Republic, and a Dalmatian pelican (Pelecanus crispus) at Schénbrunn Zoo in Austria. Within
the zoological collections, the HPAI outbreaks were not restricted to avian species, with tigers
(Panthera tigiris), leopards (Panthera pardus), and lions (Panthera leo) also affected in Thailand and
China. The feeding of infected chickens to these large carnivores was likely responsible for the
secondary infections [13, 32, 39, 88]. On both continents, the possibility of infection being contracted
from wild birds was considered likely.

Several fatal or severe cases of HPAI infection (subtypes HSN1 or HSNG) have been recorded in
Japanese zoological collections between 2010 and 2016. These included a mute swan (Cygnus olor) at
Takaoka Kojo Park in Toyama, three black swans (C. atratus) and three snowy owls (Bubo

scandiacus) at Omoriyama Zoo in Akita Prefecture, and three black swans, four cackling geese
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(Branta hutchinsii), two mallard ducks (Anas platyrhynchos), and a Eurasian wigeon (Anas penelope)
at Higashiyama Zoo in Aichi Prefecture [1, 58, 59, 60, 61, 92].

In comparison, there have been very few reported cases of HPAI infection in free-ranging birds in
Japan, with only three whooper swans (Cygnus cygnus) affected between 2007 and 2009 [2].
However, after the introduction of a nationwide surveillance program for detection of Al virus in birds,
a total of 60 individuals belonging to 15 wild bird species, including both migratory and resident

species, were found to have contracted HPAI virus infections between 2010 and 2011 (Table 7) [30].

3.4. Nationwide surveillance of Avian Influenza viruses in Japan

Because of the role of free-ranging birds in Al virus epidemics in Japan, a nationwide surveillance
program to detect the viruses in fecal or blood samples from wild birds was introduced by the Ministry
of Environment in 2008 [66]. According to the survey results, including unpublished data, the general
Al virus prevalence ranged from 1.4%-2.2% in the 10-year period between 2008 and 2018. The
highest prevalence rates were recorded between October and December each year, just after the
autumn migration. Onuma et al. [66] showed that three routes were likely responsible for the
introduction of the Al viruses to Japan, with the direct crossing of the Sea of Japan and entry through
the Korean Peninsula identified as the two main routes. In addition, the study showed that the so-
called mallards-eastern spot-billed duck group (Anas platyrhynchos and/or Anas zonorhyncha) and
Northern pintails (Anas acuta) were the species most likely to have carried the Al viruses into Japan.

However, as mentioned above, the viruses have also been isolated from species belonging to the
order Charadriiformes [23]. Thus, an investigation into the prevalence of Al viruses in
Charadriiformes shorebirds from Hokkaido, the stopover site along the flyway, was performed [38].
Blood samples were collected from 1749 individual birds; however, Al virus was only detected in one
individual identified as a lesser sand plover (Charadrius mongolus), corresponding to an overall
prevalence of 0.06%. Hence, shorebirds are unlikely to be vehicles of Al virus transmission in Japan

[38].

3.5. Countermeasures for management of Avian Influenza virus infection in zoological
collections in Japan

As per the Domestic Animal Infectious Disease Control Law of Japan, if an Al outbreak occurs in
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poultry such as chickens or ducks, the affected facilities come under the control of regional livestock
hygiene service centers. In comparison, in the case of infections in other birds, including wild birds
and those housed in zoological collections, the Technical Manual for Highly Pathogenic Avian
Influenza in Wild Birds (translated title) [55] is applied as a general countermeasure against infection.
In addition, for zoos and aquariums, the Guidelines of Countermeasures for Highly Pathogenic Avian
Influenza Infection for Captive Breeding Birds (translated title) [54] should be referenced. The
Guidelines suggest that each step of the countermeasures should be followed for the three outbreak
situation levels. These levels are: level 1, outbreak has not yet occurred; level 2, poultry outbreak;
level 3, outbreak in a zoological collection. Unfortunately, there is no clear guideline on whether to
preserve by treatment or to euthanize birds from zoos and aquariums in the event of Al virus infection
in birds included on the International Union for Conservation of Nature Red List of Threatened
Species or mentioned in the Convention on International Trade in Endangered Species. Hence, clear
guidelines should be published in the near future.

Furthermore, we recommend that the Japanese government should consider implementing an Al
vaccination program for endangered avian species, such as that recommended by the World
Organisation for Animal Health (OIE) [7, 18, 42, 62, 84, 96, 97]. According to the Manual of
Diagnostic Tests and Vaccines for Terrestrial Animals published by the OIE [63], most North
American and European zoos adopt the program using the water-in-oil adjuvanted H5N2 vaccine
(Nobilis®) or H5N9 vaccine (Poulvac®). Captive birds were vaccinated twice via subcutaneous or
intramuscular injection with a 3—6 weeks interval. In general, a “high” or “good” titer was obtained in
>60% of vaccinated birds [5, 8, 17, 41, 70]. However, a similar vaccination program has not been

permitted in Japan.

3.6. Conclusion

In conclusion, there are several suitable countermeasures for the prevention and management of Al
outbreaks in zoological gardens and aquariums in Japan. Based on the systematic and nationwide
surveys conducted in Japan since 2008, the prevalence of Al virus appears to be highest during the
autumn migration period. In addition, mallard ducks, eastern spot-billed ducks, and northern pintails
play an important role in introducing Al virus into Japan. Hence, zoos and aquariums should attempt

to prevent duck species, especially the three species mentioned above, from gaining access to their
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facilities during the autumn migration period. Further, depending on population numbers, a control of
these duck species may need to be carried out at affected facilities. Because there are also resident
populations of mallard and eastern spot-billed ducks in Japan, it would be preferable to prevent these
species from entering zoos and aquariums at any time, especially during the autumn migration and
wintering periods. Finally, in addition to general sanitary and quarantine procedures mentioned above,

an Al virus vaccination program is needed in Japan.
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Table 7. Recent outbreaks of the HPAI in the world since 2017.

Country Subtype of HPAI
Asia
Japan H5N6
Korea H5N6 H5N8
China H5N1 H5N6 H5N8 H7N9
Taiwan H5N2 H5N6 HS5N8
Hong Kong H5N6
Malaysia H5N1
Vietnam H5N1 H5N6
Laos H5N1
Philippines H5N6
Cambodia H5N1 H5N6
Myanmar H5  H5N1
Nepal H5N1 H5N8
Indonesia H5N1
India H5N1 H5N8
Bangladesh H5"  H5N1
Iran H5N1 H5N8
Bhutan H5N1
Iraq H5N8
Israel H5N8
North America
America H5
Mexico H7N3
Europe
Italy H5N8
Netherland H5N5 H5N6
United Kingdom H5N8
Portugal H5N8
Spain H5N8
Bulgaria H5  H5N8
Sweden H5N6
Poland H5N5
Croatia H5N5
Czech Republic H5N5 H5N8
Ireland H5N6
Macedonia H5"  H5N8
Belgium H5N8
Germany H5N5 H5N6 HS5NS8
Denmark H5N6
Montenegro H5N5
Switzerland H5N8
Finland H5" H5N6 H5N8
Ukraine H5N8
Serbia H5N5
Greece H5N5 H5N6
Luxembourg H5N8
Cyprus H5N8

Bosnia and Her Chegovina H5N8

Slovakia H5N8
Lithuania H5N8
Slovenia H5N5 H5N8
Africa
South Africa H5N8
Niger H5N8
Cameroon H5N8
Togo H5N1
Uganda H5N8
Congo H5"
Zimbabwe H5N8
Russia and NIS coutries
Russia H5" H5N2 H5N8
Kazakhstan H5N8

*: Subtype of the Al viruses are unknown.
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Table 8. Outbreaks of the HPAI in Japan between 2005 and 2018.

2005- 2006- 2007- 2008- 2009- 2010- 2011- 2012- 2013- 2014- 2015- 2016- 2017-

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Poulty 41(9%) 4 0 7 0 24 23 0 0 5 0 12 1
Wild birds 0 0 3 0 0 60 0 0 0 13** 0 200 46
TOTAL 41(9%) 4 3 7 0 84 23 0 0 18 0 212 47

*: Number of antibody-positive cases.

**: Number of positive cases partly derived from the materials of feces and environmental samples (eg., water, soil etc).
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CONCLUSION

According to the systematic and nationwide surveys since 2008, the Al virus prevalence shows
highest at the autumn migration period. In addition, Mallards, Eastern Spot-billed ducks, and Northern
Pintails play an important role in introducing AIV into Japan. Hence, zoo and aquarium managers
should avoid approaching to the facilities by duck species, especially, the 3 avian species mentioned
above, at the autumn period. Depending on aggregation state, they do not hesitate to control such
ducks as soon as possible. Among the 3 species, because there are also resident populations of
Mallards and Eastern Spot-billed in Japan, it is recommended that the managers had better block check
invasion of the both ducks to their facilities all seasons, especially, during the autumn migration period
and wintering periods. Adding to general sanitary and quarantine procedures mentioned above, an

emergent vaccination program is needed.
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ABSTRACT

| provide an epidemiological data of the avian influenza (Al) and/or their responsible agents
recorded from the free-ranging and captive species in world including Japan, and potential strategies
of countermeasures for an epidemic risk in facilities kept with captive birds of zoological collections
are shown.

At first, the objectives of the first study were to observe the temporal pattern of the AlV
introduction into Japan and to determine which migratory birds play an important role in introducing
AIlV. In total, 19,407 fecal samples from migratory birds were collected at 52 sites between October
2008 and May 2015. Total nucleic acids extracted from the fecal samples were subjected to reverse
transcription loop-mediated isothermal amplification to detect viral RNA. Species identification of
host migratory birds was conducted by DNA barcoding for positive fecal samples. The total number of
positive samples was 352 (prevalence, 1.8%). The highest prevalence was observed in autumn
migration, central to southern Japan showed a prevalence higher than the overall prevalence. Thus, the
main AlV entry routes may involve crossing the Sea of Japan and entry through the Korean Peninsula.
Species identification was successful in 221 of the 352 positive samples. Two major species sequences
were identified: the Mallard/Eastern Spot-billed duck group (115 samples;52.0%) and the Northern
pintail (61 samples; 27.6%). To gain a better understanding of ecology of AIV in Japan and the
introduction pattern of highly pathogenic avian influenza viruses, information regarding AIV
prevalence by species, the prevalence of hatch-year migratory birds, migration patterns and viral
subtypes in fecal samples using egg inoculation and molecular-based methods in combination is
required (CHAPTER 1).

There is limited information about virus epidemiology of shorebirds (family Charadriidae and
Scolopacidae) in the East Asia/Australasia flyway. Thus, we investigated the prevalence of AlVs in
shorebirds flown to Hokkaido, Japan, the stopover site of the flyway, to understand the ecology of AlV
translocation in the flyway from 2006 to 2010. In total, 1,749 shorebirds belonging to 27 species were
captured and released into two different sites using mist nets. Tracheal and cloacal swabs were
collected using cotton swabs. The RNA of influenza A viruses was detected using reverse transcription
loop-mediated isothermal amplification. One AlV-positive sample was obtained from a lesser sand

plover (Charadrius mongolus) captured in September 2010 in Lake Komuke. Full-lengths of HA, NA,
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PA, NP, MP, and NS genes were successfully amplified from the AlV-positive sample. All sequences
showed the highest identity with sequences obtained from virus strains of Anseriformes species.
Shorebirds migrated to Japan one month earlier than Anseriformes species. Therefore, the lesser sand
plover could have been infected by the virus from Anseriformes species in the breeding ground. HA
sequence showed the highest identity with H10 sequence, whereas NA sequence exhibited the highest
identity with N7 sequence. Phylogenic analysis showed that the detected subtype H1ON7 belongs to
the Eurasia lineage and the related strain might have widely spread in Asia in 2009 (CHAPTER 2).
Japan is situated along the East Asian Flyway, which is an important migratory route. Outbreaks of
infectious disease could impact bird populations along this route, and is expected to have a negative
influence on captive bird populations. Here, we provide a brief overview of situation regarding Al in
both free-ranging and captive avian species in Japan. We also suggest suitable countermeasures for the
prevention and management of Al outbreaks in zoological gardens and aquariums, with special
reference to the control of free-ranging duck population and/or individuals and the nationwide
surveillance of Al viruses. Furthermore, we have disclosed the prominence of vaccination program for

zoological collections in Japan (CHAPTER 3).
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