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Abstract

Highly pathogenic avian influenza viruses (HPAIVS) have spread in both poultry and wild

birds. Determining transmission routes of these viruses during an outbreak is essential for the

control of avian influenza. It has been widely postulated that migratory ducks play crucial

roles in the widespread dissemination of HPAIVs in poultry by carrying viruses along with their

migrations; however close contacts between wild migratory ducks and poultry are less likely in

modern industrial poultry farming settings. Therefore, we conducted experimental infections

of HPAIVs and low pathogenic avian influenza viruses (LPAIVS) to chickens, domestic ducks,

tree sparrows, jungle crows, and black rats to evaluate their roles in virus transmission. The

results showed that chickens, ducks, sparrows, and crows were highly susceptible to HPAIV

infection.  Significant titers of virus were recovered from the sparrows and crows infected with

HPAIVs, which suggests that they potentially play roles of transmission of HPAIVS to poultry.

In contrast, the growth of LPAIVs was limited in each of the animals tested compared with that

of HPAIVs. The present results indicate that these common synanthropes play some roles in

influenza virus transmission from wild birds to poultry.

Keywords: influenza virus; sparrows; crows; black rats; pathogenicity
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1. Introduction

Influenza A viruses are widely distributed in mammals and birds. Influenza A viruses of

each of the known subtypes (H1-16 and N1-9) have been isolated from water birds, particularly

from migratory ducks (Kida et al., 1979; Fouchier et al., 2005). Therefore, migratory ducks

are the natural hosts for influenza A viruses (Webster et al., 1992; Kida, 2008).  Since late 2003,

H5N1 highly pathogenic avian influenza viruses (HPAIVs) have seriously affected poultry in

Eurasia and Africa (OIE website,

http://www.oie.int/animal-health-in-the-world/web-portal-on-avian-influenza/). ~ HPAIVs are

generated when non-pathogenic viruses circulating among water birds are transmitted to

chickens via domestic water and terrestrial birds, where they acquire pathogenicity in chickens

via multiple infection and replication in the chicken population (Ito et al., 2001). After 2005,

H5N1 HPAIVs were isolated from dead migratory water birds on the way back to their nesting

lakes in Siberia in May (Liu et al., 2005; Okamatsu et al., 2010; Sakoda et al., 2010). The

pathogenicity of HPAIVs to migratory ducks varies depending on the virus strain

(Sturm-Ramirez et al., 2003; Sakoda et al., 2010; Kajihara et al., 2013); in general, HPAIVs are

less pathogenic to ducks compared with chickens (Kishida et al., 2005). Indeed, infected

ducks shed viruses without showing any clinical signs (Kida et al., 1980). Thus, it has been

widely postulated that migratory ducks play crucial roles in the widespread dissemination of

HPAIVs in poultry by carrying viruses along with their migrations.
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Recently, HPAIVs of various genetic clades derived from A/goose/Guangdong/1/1996

(H5N1) have been circulating in Asian countries (Donis et al., 2015). These HPAIVs have

evolved to be genetically and antigenically divergent (Shichinohe et al., 2013; Hiono et al.,

2015). HPAIVs of clade 1.1.1 have been detected in Mekong River Delta, 2.1.3 in Indonesia,

and 2.2.1 in Egypt. In addition, HPAIVs of clades 2.3.2.1 and 2.3.4 have widely spread mainly

in East and Southeast Asia. Moreover, HPAIVs of clade 2.3.4.4 have spread to North

American and European continents along with migration of wild ducks (Hall et al., 2015). It is

therefore imperative to prepare for the future outbreaks caused by HPAIVs of various clades.

In 2010, two H5N1 HPAIVs of clade 2.3.2.1 were isolated from fecal samples of ducks on

the migration flyway from Siberia to the south in Hokkaido, which was followed by 63 cases of

HPAIV infections in wild birds and 24 sporadic cases in poultry (Kajihara et al., 2011; Sakoda

et al., 2012). Monitoring avian influenza viruses in wild bird populations is highly beneficial

to prepare for outbreaks of highly pathogenic avian influenza (HPAI). On the other hand, close

contacts between wild migratory ducks and poultry are less likely in modern industrial poultry

farming settings. Accordingly, there should be some other factors involved in the transmission

of HPAIVs from wild migratory ducks to poultry.

Unveiling the routes of virus transmission that cause outbreaks is essential for controlling

avian influenza in poultry. Viruses might invade poultry houses via newly introduced birds,

feed, equipment, and wild animals. Tree sparrows (Passer montanus), jungle crows (Corvus

macrorhynchos), and black rats (Rattus rattus) are characterized as synanthropes, and they are
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found commonly around poultry houses in Japan. In the present study, we selected seven

influenza viruses, which comprised of five HPAIVs isolated recently in Asia, and two low

pathogenic avian influenza viruses (LPAIVS) including an H7N9 influenza virus isolated in

China, and a non-pathogenic H5N1 strain. We investigated their pathogenicity to these wild

animals to evaluate their potential risk for carrying viruses into poultry houses.

2. Materials and methods

2.1. Viruses

A/muscovy duck/Vietnam/OIE-559/2011 (H5N1) (VN/559) was isolated from a muscovy

duck in a live bird market of Vietham in our previous study (Okamatsu et al., 2013).

Alwhooper swan/Hokkaido/4/2011 (H5N1) (Hok/4) was isolated from dead whooper swan in

2011 (Sakoda et al., 2012). A/peregrine falcon/Hong Kong/810/2009 (H5N1) (HK/810) was

kindly provided by Dr. Luk S.M. Geraldine of the Tai Lung Veterinary Laboratory, Hong Kong

SAR. A/chicken/Kumamoto/1-7/2014 (H5N8) (Km/1-7) was kindly provided by Dr. Takehiko

Saito of the National Institute of Animal Health, Japan (Kanehira et al., 2015).

Alchicken/Taiwan/0502/2012 (H5N2) (Tw/0502), which is a classical Taiwanese HPAIV, was

kindly provided by Animal Health Institute, Taiwan. A/Anhui/1/2013 (H7N9) (Ah/1) was

kindly provided by Dr. Masato Tashiro of the National Institute of Infectious Diseases, Japan

(Gao et al., 2013). A/duck/Hokkaido/Vac-1/2004 (H5N1) (Hok/Vacl), which is a reassortant

virus from non-pathogenic H5N2 and H7N1 viruses was previously established in our



102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

laboratory and used as a representative strain of non-pathogenic avian influenza viruses
circulating in wild migratory ducks. (Soda et al., 2008). The viruses were propagated in
10-day-old embryonated chicken eggs at 35°C for 36—48 h, and the infectious allantoic fluids

were used as virus stocks (Table 1).

2.2. Animal experiments

Four-week-old chickens (Gallus gallus, Julia) were obtained from Hokkai Starchick,
Hokkaido, Japan. Four-week-old domestic ducks (Anas platyrhynchos var. domesticus, Cherry
Valley) were obtained from Takikawa Shinseien, Hokkaido, Japan. Tree sparrows (Passer
montanus) were captured in Azumino, Nagano, Japan. Jungle crows (Corvus macrorhynchos)
were captured in Yubari, Hokkaido, Japan. Black rats (Rattus rattus) were bred and raised at
IKARI Institute of Technology, Chiba, Japan. The sera of chickens, ducks, and crows were
collected before the challenge. The absence of specific antibodies against the challenge virus
was confirmed by hemagglutination-inhibition (HI) test with 25 ul of collected sera according to
the standard protocol. Because of technical problem, serological status of sparrows and black
rats were not able to be monitored before the challenge. Eight of each animal were used in the
present study and they were randomly divided into two groups. All chickens, ducks, and
crows were intranassally inoculated with 100 pl of virus solution containing 10°° 50% egg
infectious dose (EIDsy) of either VN/559, Hok/4, HK/810, Km/1-7, Tw/0502, Ah/1, or

Hok/Vacl. Sparrows were intranassally inoculated with 30 pl of virus solution containing 10°°
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EIDs, of each virus. Black rats were intranasally inoculated with 30 ul of virus solution
containing 10%° EIDx, of each virus in anesthetized conditions. At 3 dpi, four individuals of
each type of inoculated animals were euthanized, and oral and cloacal swabs (chickens, ducks,
sparrows, and crows), blood samples (ducks, sparrows, crows, and black rats), as well as brain
(all animals), lung (all animals), kidney (chickens, ducks, crows, and black rats), colon
(chickens, ducks, and crows), large intestine (sparrows and black rats), and feces (black rats)
were collected. Since all of chickens inoculated with VN/559 or HK/810 died at 2 dpi, swabs
and tissue samples were collected from the dead birds. To prepare a 10% suspension with
Minimum Essential Medium (MEM; Nissui Pharmaceutical, Tokyo, Japan), tissue samples and
feces were homogenized using a Multi-Beads Shocker (Yasui Kikai, Osaka, Japan). The
infectivity titers for swabs, blood samples, tissue samples, and feces were calculated by plaque
assays or TCIDs,. The other four animals were observed clinically for 14 days after
inoculation. The Kaplan—Meier method with log-rank test was applied to compare survival
curves. For the evaluation of immune response, specific antibodies against each of challenge
viruses were detected using the HI test with 25 pl of collected sera according to the standard
protocol. All of the infected animals were kept in self-contained isolator units (Tokiwa
Kagaku, Tokyo, Japan) at a BSL3 biosafety facility at the Graduate School of Veterinary

Medicine, Hokkaido University, Japan.

2.3. Virus titration
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Madin-Darby canine kidney (MDCK) cells were maintained in MEM supplemented with
0.3 mg/ml L-glutamine, 100 U/ml penicillin G, 0.1 mg/ml streptomycin, 8 pg/ml gentamicin and
10% calf serum. Tenfold dilutions of viruses were inoculated onto confluent monolayers of
MDCK cells and incubated at 35 °C for 1 h. Unbound viruses were removed, and the cells
were then washed with phosphate-buffered saline (PBS). The cells were then overlaid with
MEM containing 1% Bacto-agar (Life Technologies, Carlsbad, CA, USA) in the presence of
5 ug/ml trypsin acetylated (Sigma Aldrich, St. Louis, MO, USA) both in assays with HPAIVs
and LPAIVs. After 48 h of incubation at 35 °C, the cells were stained with 0.005% neutral red.
After 24 h, visible plaques were counted. Since Tw/0502 did not form visible plaque in
MDCK cells, virus titer of Tw/0502 was measured based on the 50% tissue culture infectious
dose (TCIDsp) using MDCK cells. In brief, tenfold dilutions of viruses were inoculated onto
confluent monolayers of MDCK cells and incubated at 35 °C for 1 h. Unbound viruses were
removed, and the cells were then washed with PBS. Then MEM containing 5 pg/ml trypsin
acetylated was added to each well. After 72 h of incubation at 35 °C, the cytopathic effects of
cells were observed. Titers were calculated by the method of Reed and Muench (1938).
Considering a Poisson distribution, 1 TCIDs, of virus would be expected to be equivalent to
0.69 PFU of virus. Thereby, the theoretical value for PFU titer of Tw/0502 was calculated by

multiplying the measured TCIDx titer by 0.69.

2.4. Ethics statements
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All of the animal experiments were authorized by the Institutional Animal Care and Use

Committee of the Graduate School of Veterinary Medicine, Hokkaido University (approval

numbers: 11-0152, 13-0109). All of the experiments were performed according to the

guidelines of the committee.

3. Results

3.1. Pathogenicity of HPAIVs and LPAIVs to chickens

To examine the pathogenicity of HPAIVs and an H7N9 influenza virus recently isolated

in Asia to chickens, five HPAIVs, namely VN/559 of clade 1.1, Hok/4 of clade 2.3.2.1, HK/810

of clade 2.3.4, Km/1-7 of clade 2.3.4.4, and Tw/0502 of a classical Taiwanese HPAIV, as well as

a Chinese H7N9 influenza virus isolated from a diseased woman, Ah/1 and non-pathogenic

H5N1 strain Hok/Vacl were intranasally inoculated into 4 chickens (Fig. 1a). All of the

chickens inoculated with VN/559, Hok/4, HK/810, or Tw/0502 died within 4 days post

inoculation (dpi). Three out of four chickens inoculated with Km/1-7 died within 4 dpi;

however one chicken survived for 14 days without exhibiting any clinical signs. It was notable

that this surviving chicken did not seroconvert after 14 dpi (Table 2). All of the chickens

inoculated with Ah/1 or Hok/Vacl survived for 14 days. Other 4 chickens inoculated with

each of viruses were euthanized at 3 dpi, and virus titers in tissue samples were determined

(Table 3). Virus was recovered from each of the samples infected with VN/559, Hok/4,

HK/810, and Tw/0502, indicating that these viruses caused systemic infection. Virus recovery

10
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was positive for 3 out of 4 chickens inoculated with Km/1-7 but the virus was not recovered

from the remaining chicken. Low titers of virus were recovered from the respiratory tracts of

chickens inoculated with Ah/1. No virus was recovered from the chickens inoculated with

Hok/Vacl.

3.2. Pathogenicity of HPAIVs and LPAIVs to domestic ducks

To examine the pathogenicity of these HPAIVs and LPAIVs to water fowls, the viruses

were intranasally inoculated into 4 domestic ducks (Fig. 1b). One out of four ducks inoculated

with VN/559 died at 5 dpi. One duck survived for 14 days and it exhibited depression from 5

to 8 dpi. The remaining two ducks did not exhibit any clinical signs. Two out of four ducks

inoculated with Hok/4 died at 5 dpi. One duck, which survived for 14 days, showed

depression from 5to 7 dpi. The remaining one did not exhibit any clinical signs. One out of

four ducks inoculated with HK/810 died at 4 dpi. One duck that survived showed significant

neurological signs from 6 dpi until the end. The remaining two ducks survived without

showing any clinical signs. Ducks inoculated with the other viruses survived for 14 days

without showing any clinical signs. Interestingly, all of the ducks inoculated with Km/1-7

seroconverted after 14 dpi, whereas none of the ducks inoculated with Tw/0502 seroconverted

(Table 2). Other 4 ducks inoculated with each of the viruses were euthanized at 3 dpi, and

virus titers in tissue samples were determined (Table 4). Viruses were recovered from each of

the ducks inoculated with VN/559, Hok/4, or Km/1-7. Viruses were also recovered from the

11
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brain samples of some ducks inoculated with these viruses. Viruses were recovered from only

one duck inoculated with HK/810; however viruses were recovered from all of the swabs and

tissue samples from this bird. Low titers of virus were recovered from the trachea of the ducks

infected with Ah/1. No virus was recovered from the ducks inoculated with Tw/0502 or

Hok/Vacl.

3.3. Pathogenicity of HPAIVs and LPAIVs to tree sparrows

All of the sparrows inoculated with VN/559, Hok/4, HK/810, or Km/1-7 died within 10

dpi (Fig. 1c). Notably, the sparrows died suddenly without exhibiting detectable clinical signs

until 1 or 0.5 days before death. Immediately before death, these sparrows exhibited

depression and astasia.  Only one sparrow inoculated with Tw/0502 died at 12 dpi; whereas the

remaining sparrows survived throughout observation period without any clinical signs. All of

the sparrows inoculated with Ah/1 or Hok/Vacl survived for 14 days and some of them

seroconverted at 14 dpi, thereby suggesting that the sparrows were infected with these virus

strains (Table 2). Viruses were recovered from the blood or brain samples of all the sparrows

infected with VN/559, Hok/4, or HK/810 at 3 dpi (Table 5). However, viruses were recovered

from the blood or brain samples of 2 out of 4 sparrows inoculated with Km/1-7 although viruses

were recovered from each of the four sparrows inoculated. Growth of the Tw/0502 was

limited in the respiratory and intestinal tracts, which are the primary replication sites of

influenza viruses, suggesting that these cases were not systemic infections. No virus was

12
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recovered from sparrows inoculated with Ah/1 or Hok/Vacl.

3.4. Pathogenicity of HPAIVs and LPAIVs to jungle crows

All of the jungle crows inoculated with HK/810 died within 7 days (Fig. 1d).

Remarkably, these crows did not exhibit clear clinical signs 2 days before death, and they

started to show clear clinical signs such as depression, anorexia, and neurological signs up to 1

or 0.5 days before death. Half of the crows inoculated with VN/559 or Km/1-7 died. Crows

inoculated with VVN/559 exhibited depression.  On the other hand, crows infected with Km/1-7

died without showing detectable clinical signs. One crow infected with Hok/4 exhibited slight

clinical signs of anorexia from 5 to 8 dpi. Crows inoculated with Tw/0502 and Ah/1 survived

for 14 days without showing any clinical signs; however all of the surviving crows

seroconverted at 14 dpi (Table 2). No crow was seroconverted after inoculation with

Hok/Vacl at 14 dpi, which suggests that this virus did not infect the crows. Viruses were

recovered from the brains of crows infected with HK/810 or Km/1-7 (Table 6). In contrast,

only low titers of viruses were recovered from the lungs of the crows infected with VVN/559.

Viruses were recovered from only 1 out of 4 crows inoculated with Hok/4. Low titers of virus

were recovered from the oral swabs of 2 out of 4 crows infected with Ah/1. No virus was

recovered from crows inoculated with Tw/0502 or Hok/Vacl.

3.5. Pathogenicity of HPAIVs and an H7N9 influenza virus to black rats

13
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All of the black rats inoculated with VN/559, Hok/4, HK/810, Km/1-7, Tw/0502, Ah/1, or
Hok/Vacl survived throughout the 14 day observation period without showing any visible
clinical signs (Fig. 1e). Black rats inoculated with these viruses seroconverted at 14 dpi,
except those with Km/1-7 and Hok/Vacl (Table 2). Only low titers of virus were recovered
from the kidney and colon of one of four black rats inoculated with Hok/4 (Table 7). No virus
was recovered from the other black rats inoculated with VN559, HK/810, Km/1-7, Tw/0502,

Ah/1, or Hok/Vacl.

4. Discussion

In the present study, we analyzed the susceptibility of chickens and ducks, as well as
common synanthropes, namely tree sparrows, jungle crows, and black rats, to infection with
influenza viruses to assess the potential roles of these animals in influenza virus transmission
from wild migratory ducks to domestic poultry.  VN/559, Hok/4, HK/810, and Tw/0502 caused
lethal infections to all chickens inoculated with 10%° EIDs, of each virus (Fig. 1a). In contrast,
1 out of 4 chickens survived for 14 days after the inoculation with Km/1-7. The lack of any
detectable antibody response in this chicken suggests that the infectivity of Km/1-7 to chickens
is relatively low compared with other HPAIVs (Table 2).  This finding is well consistent with a
previous report by Kanehira et al. (2015). A previous study demonstrated that 50% lethal dose
of Km/1-7 to chickens was 10°® EIDs,, which is comparable to challenge dose in the present

study (Gamoh et al., 2015). Thus the chicken survived without detectable antibody response.

14
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On the other hand, the remaining 3 chickens died by 4 dpi, thereby indicating that chickens are

going to die in case where virus infection occurs. In contrast, ducks were highly susceptible to

infection with Km/1-7 (Table 4), which suggests that this virus strain is readapted to water fowls,

and thus it has decreased infectivity to chickens. Notably, none of the ducks infected with

Km/1-7 exhibited clinical signs. These findings suggest that ducks infected with this virus

strain can transfer viruses during their migration, resulting in the widespread dissemination of

clade 2.3.4.4 viruses (Hall et al., 2015). None of the ducks seroconverted after infection with

Tw/0502, which suggests that ducks were not infected with this virus strain (Table 2).

Classical Taiwanese HPAIVs, where the HA and NA genes belong to the North American

lineage, are endemic in Taiwan, whereas no HPAI outbreaks caused by this strain have been

reported outside Taiwan (Lee et al., 2014). In contrast to the viruses of clade 2.3.4.4, the low

susceptibility of water fowls to this strain might help to explain the limited dissemination of

classical Taiwanese HPAIVS.

Tree sparrows were highly susceptible to infection with VN/559, Hok/4, HK/810, and

Km/1-7 (Fig. 1c, Table 5). The natural infections of tree sparrows with HSN1 HPAIVs have

been previously reported. For example, an HS5N1 HPAIV was isolated from a dead sparrow

found in a park within the quarantine area during an HPAI outbreak in Hong Kong in 2002

(Ellis et al., 2004). In addition, H5N1 HPAIVs were isolated from sparrows found near

traditional duck farms in Indonesia during 2010 (Poetranto et al., 2011). These findings

suggest that tree sparrows are susceptible to HPAIV infections in natural settings. A previous

15
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study also demonstrated that sparrows infected with 10°° EIDs, of HPAIVs of clade 2.2 or 2.3.2
shed 10%°-10%° EID<,/ml of viruses from oral swabs, which is sufficient to transmit viruses to
contact chickens (Yamamoto et al., 2013). It is noteworthy that the majority of the dead
sparrows had not shown any detectable clinical signs until they died. In addition, sparrows
inoculated with VN/559, Hok/4, HK/810, or Tw/0502 survived for significantly longer period
than chickens (p < 0.05; Fig. 1a, ¢). Considering that high titer of viruses were recovered from
the dead birds, it is possible that sparrows infected with HPAIVS may shed viruses without
showing clinical signs during their slightly longer incubation period. This suggests that
sparrows infected with HPAIVs may play a role as a vector in virus transmission from wild
migratory ducks to chickens. Interestingly, virus growth of Tw/0502 in sparrows was limited
in the respiratory and intestinal tracts, which is common in avian influenza virus infections
(Table 5). This was also the case even in the dead sparrow at 12 dpi when infected with
Tw/0502, where viruses were recovered from oral and cloacal swabs as well as the colon (data
not shown). The virus and host factors involved in systemic infection in these small birds are
not known. On the other hand, evidence of systemic infections in small birds such as tree
sparrows is a risk factor for virus invasion into poultry houses via these birds. Thus, further
studies should determine the factors related to virus pathogenicity to these birds.

The pathogenicity of HPAIVs to jungle crows depended on the virus strains (Fig. 1d). In
general, virus growth in crows was less drastic than that in sparrows (Table 5, 6); however virus

titers in tissue samples of dead crows infected with HK/810 reached at most 10"° plaque
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forming units (PFU)/g in the brain (data not shown). In 2004, HPAIVs belonging to clade 2.5

were isolated from dead crows in Japan (Tanimura et al., 2006). The crows were found at 30

km distant from the outbreak site and approximately 1 month later than the last outbreak. In

addition, a crow die-off in crow roosts was reported in 2011 during an HPAI outbreak caused by

clade 2.3.2.1 viruses in Bangladesh (Khan et al., 2014). These facts suggest that HPAIVs

continued to circulate among crow population for a certain period. Similar to sparrows, crows

infected with VN/559, Hok/4, HK/810, or Tw/0502 survived for significantly longer period than

chickens (p < 0.05; Fig. 1a, d). Accordingly, preventing direct contact between these birds and

poultry is important for reducing the risk of HPAIV invasions in poultry houses.

Compared with sparrows and crows, black rats were less susceptible to HPAIV infections

(Fig. 1e, Table 7). In Japan, three species of rodents are recognized as synanthropes: house

mice (Mus musculus), brown rats (Rattus norvegicus), and black rats (Rattus rattus). Among

them, black rats are found most commonly in poultry houses. Although a previous study

demonstrated that HI antibodies against H5 influenza virus was detected rom wild rats collected

in swage system in Egypt (El-Sayed et al., 2013), there is no report, to our knowledge, on the

isolation of HPAIVs from black rats. In addition, experimental infection of HPAIVs in

laboratory rats, which originated from brown rats, demonstrated that virus growth is limited

(Shortridge et al., 1998). These facts suggest that Rattus species, which is the most common

small animal observed in poultry houses, are resistant to HPAIV infections.

Growth of Ah/1, which is designated as an LPAIV, was highly limited in each animal
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337

338

339

340

341

compared with that of the HPAIVs (Tables 3-7).  Previously, a natural infection with a Chinese
H7N9 viruses in a tree sparrow was reported; however, the dissemination of these viruses in
wild birds is limited (Zhao et al., 2014). This may be related to the fact that the distribution of
this virus strain is limited to the southeast part of mainland China (Lam et al., 2015).
Nevertheless, multiple replication and the transmission of H5 and H7 LPAIVs in chicken
populations may result in generation of HPAIVs. Thus, the continued monitoring of H5 and
H7 LPAIVs in wild and domestic animals is recommended for the control of avian influenza.

Hok/Vac1, which is an H5N1 vaccine strain licensed in Japan is a reassortant virus between
non-pathogenic H5N2 and H7N1 viruses isolated from fecal samples of migratory ducks (Soda
et al., 2008). Although Hok/Vacl is expected to have similar character to viruses circulating
among migratory ducks, no virus was recovered from ducks inoculated with Hok/Vacl (Table 4).
On the other hand, ducks inoculated with this virus seroconverted at 14 dpi (Table 2). This
indicates that Hok/Vacl infected the ducks and might slightly replicate; however, virus growth
of Hok/Vacl was not brisk in these ducks, progeny viruses were not recovered from the tissue
samples.

In the present study, animals were inoculated with 10°° EIDs, of each virus. Serological
analyses indicates that 50% infectious doses of each HPAIV for each animal are 10°° EIDx, or
less except those of Tw/0502 for ducks and Km/1-7 for black rats. Chickens infected with
VN/559 shed up to 10°* PFU/mI of viruses from swabs and ducks infected with Hok/4 shed up

to 10°° PFU/mI of viruses at 3 dpi (data not shown). Considering that these titers are
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comparable to 50% infectious doses of each HPAIV for each animal, HPAIVs may transmit
from chickens and ducks to sparrows, crows, and black rats in natural settings. On the other
hand, although animals were seroconverted after the infection with 10%° EIDs, of Ah/1 or
Hok/Vacl, none of animals inoculated with Hok/Vacl shed virus (Table 3-7) and virus shedding
from animals infected with Ah/1 was at most 10"’ PFU/mI in an oral swab sample of a crow
(data not shown). Accordingly it cannot be assumed that these LPAIVs are successfully
transmitted from a flock to another via sparrows, crows, and black rats.

The present results illustrate the importance of wild synanthropes for virus invasion into
poultry houses in HPAIV transmission from wild migratory ducks to chickens. The infectivity
of HPAIVs to chickens varies depending on the strains; generally 10°~10* EIDs; is estimated as
the 50% lethal dose in chickens (Shichinohe et al., 2013). In sparrows and crows, higher titers
of virus were recovered when compared with the lethal dose in chickens. On the other hand,
virus growth was less drastic in black rats.  Accordingly, avian synanthropes have a higher risk
of introducing viruses into poultry houses.  Although these birds play a role in the transmission
of HPAIVs, the biosecurity system which protects poultry houses from virus invasion along
with human activities is fundamental for the prevention of HPAI outbreaks. Also, the early
detection of outbreaks and a stamping out policy will reduce the possibility that viruses spill out
into wild animals, which leads secondary outbreaks. Thus, these golden standard
countermeasures for the prevention of HPAI outbreaks must be essential for the successful

eradication of HPAIVS.

19



362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

Conflict of interest statement

None.

Acknowledgments

We gratefully acknowledge technical support from R. Sawayama and M. Sasada. We

thank Mr. M. Hagihara of Nansei Youkei Co., Ltd., Japan for his valuable suggestions for the

present study. We thank Dr. Takehiko Saito of the National Institute of Animal Health, Japan

for kindly providing A/chicken/Kumamoto/1-7/2014 (H5N8). We thank Dr. Luk S.M.

Geraldine of the Tai Lung Veterinary Laboratory, Hong Kong SAR, China for providing

AJperegrine falcon/Hong Kong/810/2009 (H5N1). We thank Animal Health Institute, Taiwan

for providing A/chicken/Taiwan/0502/2012 (H5N2). We thank Dr. Masato Tashiro of the

National Institute of Infectious Diseases, Japan for providing A/Anhui/1/2013 (H7N9). This

work was supported by Strategic Funds for the Promotion of Science and Technology, Japan.

This work was supported by the Japan Initiative for Global Research Network on Infectious

Disease (J-GRID) and Japan Science and Technology Agency Basic Research Programs. The

present work was supported in part by Program for Leading Graduate Schools (FO1) from Japan

Society for the Promotion of Science (JSPS). The present work was supported in part by the

Global Centers of Excellence Program from JSPS. T. H. is supported by JSPS Research

Fellowships for young scientists.

20



382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

References

Donis, R.O., Smith, G.J., World Health Organization/World Organisation for Animal
Health/Food and Agriculture Organization (WHO/OIE/FAO) H5N1 Evolution Working
Group, 2015. Nomenclature updates resulting from the evolution of avian
influenza A(H5) virus clades 2.1.3.2a, 2.2.1, and 2.3.4 during 2013-2014.
Influenza Other Respir Viruses 9(5), 271-276.

El-Sayed, A., Prince, A., Fawzy, A., Nadra-Elwgoud, Abdou, M.1., Omar, L., Fayed, A.,
Salem, M., 2013. Sero-prevalence of avian influenza in animals and human in
Egypt. Pak J Biol Sci 16, 524-529.

Ellis, T.M., Bousfield, R.B., Bissett, L.A., Dyrting, K.C., Luk, G.S., Tsim, S.T.,
Sturm-Ramirez, K., Webster, R.G., Guan, Y., Malik Peiris, J.S., 2004.
Investigation of outbreaks of highly pathogenic H5N1 avian influenza in
waterfowl and wild birds in Hong Kong in late 2002. Avian Pathol 33, 492-505.

Fouchier, R.A., Munster, V., Wallensten, A., Bestebroer, T.M., Herfst, S., Smith, D.,
Rimmelzwaan, G.F., Olsen, B., Osterhaus, A.D., 2005. Characterization of a
novel influenza A virus hemagglutinin subtype (H16) obtained from
black-headed gulls. J Virol 79, 2814-2822.

Gamoh, K., Nakamizo, M., Okamatsu, M., Sakoda, Y., Kida, H., Suzuki, S., 2015.

Protective efficacy of stockpiled vaccine against HSN8 highly pathogenic avian

21



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

influenza virus isolated from a chicken in Kumamoto Prefecture, Japan in 2014.

J Vet Med Sci.

Gao, R., Cao, B., Hu, Y., Feng, Z., Wang, D., Hu, W., Chen, J., Jie, Z., Qiu, H., Xu, K.,

Xu, X,, Lu, H., Zhu, W., Gao, Z., Xiang, N., Shen, Y., He, Z., Gu, Y., Zhang, Z.,
Yang, Y., Zhao, X., Zhou, L., Li, X., Zou, S., Zhang, Y., Yang, L., Guo, J.,
Dong, J., Li, Q., Dong, L., Zhu, Y., Bai, T., Wang, S., Hao, P., Yang, W., Han,
J., Yu, H, Li, D., Gao, G.F., Wu, G., Wang, Y., Yuan, Z., Shu, Y., 2013. Human
infection with a novel avian-origin influenza A (H7N9) virus. N Engl J Med 368,

1888-1897.

Hall, J.S., Dusek, R.J., Spackman, E., 2015. Rapidly Expanding Range of Highly

Pathogenic Avian Influenza Viruses. Emerg Infect Dis 21, 1251-1252.

Hiono, T., Ohkawara, A., Ogasawara, K., Okamatsu, M., Tamura, T., Chu, D.H., Suzuki,

M., Kuribayashi, S., Shichinohe, S., Takada, A., Ogawa, H., Yoshida, R.,
Miyamoto, H., Nao, N., Furuyama, W., Maruyama, J., Eguchi, N., Ulziibat, G.,
Enkhbold, B., Shatar, M., Jargalsaikhan, T., Byambadorj, S., Damdinjav, B.,
Sakoda, Y., Kida, H., 2015. Genetic and antigenic characterization of H5 and H7
influenza viruses isolated from migratory water birds in Hokkaido, Japan and

Mongolia from 2010 to 2014. Virus Genes 51, 57-68.

Ito, T., Goto, H., Yamamoto, E., Tanaka, H., Takeuchi, M., Kuwayama, M., Kawaoka,

Y., Otsuki, K., 2001. Generation of a highly pathogenic avian influenza A virus

22



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

from an avirulent field isolate by passaging in chickens. J Virol 75, 4439-4443.

Kajihara, M., Matsuno, K., Simulundu, E., Muramatsu, M., Noyori, O., Manzoor, R.,
Nakayama, E., lgarashi, M., Tomabechi, D., Yoshida, R., Okamatsu, M., Sakoda,
Y., Ito, K., Kida, H., Takada, A., 2011. An H5N1 highly pathogenic avian
influenza virus that invaded Japan through waterfowl migration. Jpn J Vet Res
59, 89-100.

Kanehira, K., Uchida, Y., Takemae, N., Hikono, H., Tsunekuni, R., Saito, T., 2015.
Characterization of an H5N8 influenza A virus isolated from chickens during an
outbreak of severe avian influenza in Japan in April 2014. Arch Virol 160,
1629-1643.

Khan, S.U., Berman, L., Haider, N., Gerloff, N., Rahman, M.Z., Shu, B., Rahman, M.,
Dey, T.K,, Davis, T.C., Das, B.C., Balish, A., Islam, A., Teifke, J.P., Zeidner, N.,
Lindstrom, S., Klimov, A., Donis, R.O., Luby, S.P., Shivaprasad, H.L., Mikolon,
A.B., 2014. Investigating a crow die-off in January-February 2011 during the
introduction of a new clade of highly pathogenic avian influenza virus H5N1
into Bangladesh. Arch Virol 159, 509-518.

Kida, H., 2008. Ecology of influenza viruses in nature, birds, and humans. Global
Environmental Research 12, 9-14.

Kida, H., Yanagawa, R., 1979. Isolation and characterization of influenza a viruses from

wild free-flying ducks in Hokkaido, Japan. Zentralbl Bakteriol Orig A 244,

23



442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

135-143.

Kida, H., Yanagawa, R., Matsuoka, Y., 1980. Duck influenza lacking evidence of
disease signs and immune response. Infect Immun 30, 547-553.

Kishida, N., Sakoda, Y., Isoda, N., Matsuda, K., Eto, M., Sunaga, Y., Umemura, T.,
Kida, H., 2005. Pathogenicity of H5 influenza viruses for ducks. Arch Virol 150,
1383-1392.

Lee, C.C., Zhu, H., Huang, P.Y., Peng, L., Chang, Y.C., Yip, C.H., Li, Y.T., Cheung,
C.L., Compans, R., Yang, C., Smith, D.K., Lam, T.T., King, C.C., Guan, Y.,
2014. Emergence and evolution of avian H5N2 influenza viruses in chickens in
Taiwan. J Virol 88, 5677-5686.

Liu, J., Xiao, H., Lei, F., Zhu, Q., Qin, K., Zhang, X.W., Zhang, X.L., Zhao, D., Wang,
G., Feng, Y., Ma, J., Liu, W., Wang, J., Gao, G.F., 2005. Highly pathogenic
H5N1 influenza virus infection in migratory birds. Science 309, 1206.

Okamatsu, M., Nishi, T., Nomura, N., Yamamoto, N., Sakoda, Y., Sakurai, K., Chu,
H.D., Thanh, L.P., Van Nguyen, L., Van Hoang, N., Tien, T.N., Yoshida, R.,
Takada, A., Kida, H., 2013. The genetic and antigenic diversity of avian
influenza viruses isolated from domestic ducks, muscovy ducks, and chickens in
northern and southern Vietnam, 2010-2012. Virus Genes 47, 317-329.

Okamatsu, M., Tanaka, T., Yamamoto, N., Sakoda, Y., Sasaki, T., Tsuda, Y., Isoda, N.,

Kokumai, N., Takada, A., Umemura, T., Kida, H., 2010. Antigenic, genetic, and

24



462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

pathogenic characterization of H5N1 highly pathogenic avian influenza viruses
isolated from dead whooper swans (Cygnus cygnus) found in northern Japan in
2008. Virus Genes 41, 351-357.

Poetranto, E.D., Yamaoka, M., Nastri, A.M., Krisna, L.A., Rahman, M.H., Wulandari,
L., Yudhawati, R., Ginting, T.E., Makino, A., Shinya, K., Kawaoka, Y., 2011.
An H5N1 highly pathogenic avian influenza virus isolated from a local tree
sparrow in Indonesia. Microbiol Immunol 55, 666-672.

Read, L., Muench, H., 1938. A simple method of estimating fifty per cent endpoints.
Am. J. Hyg. (Lond.) 27, 493-497.

Sakoda, Y., Ito, H., Uchida, Y., Okamatsu, M., Yamamoto, N., Soda, K., Nomura, N.,
Kuribayashi, S., Shichinohe, S., Sunden, Y., Umemura, T., Usui, T., Ozaki, H.,
Yamaguchi, T., Murase, T., Ito, T., Saito, T., Takada, A., Kida, H., 2012.
Reintroduction of H5N1 highly pathogenic avian influenza virus by migratory
water birds, causing poultry outbreaks in the 2010-2011 winter season in Japan.
J Gen Virol 93, 541-550.

Sakoda, Y., Sugar, S., Batchluun, D., Erdene-Ochir, T.O., Okamatsu, M., Isoda, N.,
Soda, K., Takakuwa, H., Tsuda, Y., Yamamoto, N., Kishida, N., Matsuno, K.,
Nakayama, E., Kajihara, M., Yokoyama, A., Takada, A., Sodnomdarjaa, R.,
Kida, H., 2010. Characterization of H5N1 highly pathogenic avian influenza

virus strains isolated from migratory waterfowl in Mongolia on the way back

25



482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

from the southern Asia to their northern territory. Virology 406, 88-94.

Shichinohe, S., Okamatsu, M., Yamamoto, N., Noda, Y., Nomoto, Y., Honda, T.,
Takikawa, N., Sakoda, Y., Kida, H., 2013. Potency of an inactivated influenza
vaccine prepared from a non-pathogenic H5N1 virus against a challenge with
antigenically drifted highly pathogenic avian influenza viruses in chickens. Vet
Microbiol 164, 39-45.

Shortridge, K.F., Zhou, N.N., Guan, Y., Gao, P., Ito, T., Kawaoka, Y., Kodihalli, S.,
Krauss, S., Markwell, D., Murti, K.G., Norwood, M., Senne, D., Sims, L.,
Takada, A., Webster, R.G., 1998. Characterization of avian H5N1 influenza
viruses from poultry in Hong Kong. Virology 252, 331-342.

Soda, K., Sakoda, Y., Isoda, N., Kajihara, M., Haraguchi, Y., Shibuya, H., Yoshida, H.,
Sasaki, T., Sakamoto, R., Saijo, K., Hagiwara, J., Kida, H., 2008. Development
of vaccine strains of H5 and H7 influenza viruses. Jpn J Vet Res 55, 93-98.

Sturm-Ramirez, K.M., Ellis, T., Bousfield, B., Bissett, L., Dyrting, K., Rehg, J.E., Poon,
L., Guan, Y., Peiris, M., Webster, R.G., 2004. Reemerging H5N1 influenza
viruses in Hong Kong in 2002 are highly pathogenic to ducks. J Virol 78,
4892-4901.

Tanimura, N., Tsukamoto, K., Okamatsu, M., Mase, M., Imada, T., Nakamura, K.,
Kubo, M., Yamaguchi, S., Irishio, W., Hayashi, M., Nakai, T., Yamauchi, A.,

Nishimura, M., Imai, K., 2006. Pathology of fatal highly pathogenic HSN1 avian

26



502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

influenza virus infection in large-billed crows (Corvus macrorhynchos) during
the 2004 outbreak in Japan. Vet Pathol 43, 500-509.

World Organisation for Animal Health. Update on highly pathogenic avian influenza in
animals (Type H5 and H7).
http://www.oie.int/animal-health-in-the-world/web-portal-on-avian-influenza/.
Accessed 18 August 2015

Webster, R.G., Bean, W.J.,, Gorman, O.T., Chambers, T.M., Kawaoka, Y., 1992.
Evolution and ecology of influenza A viruses. Microbiol Rev 56, 152-179.

Yamamoto, Y., Nakamura, K., Yamada, M., Mase, M., 2013. Pathogenesis in Eurasian
tree sparrows inoculated with H5N1 highly pathogenic avian influenza virus and
experimental virus transmission from tree sparrows to chickens. Avian Dis 57,
205-213.

Zhao, B., Zhang, X., Zhu, W., Teng, Z., Yu, X., Gao, Y., Wu, D., Pei, E., Yuan, Z,,
Yang, L., Wang, D., Shu, Y., Wu, F., 2014. Novel avian influenza A(H7N9)

virus in tree sparrow, Shanghai, China, 2013. Emerg Infect Dis 20, 850-853.

27



518 Tables

519  Table 1. Influenza viruses used in the present study

Genetic

Viruses Abbreviations References
clades

A/muscovy duck/Vietnam/OIE-559/2011 (H5N1) VN/559 1.1 Okamatsu et al., 2013
Alwhooper swan/Hokkaido/4/2011 (H5N1) Hok/4 2321 Sakoda et al., 2012
Alperegrine falcon/Hong Kong/810/2009 (H5N1) HK/810 2.3.4 Shichinohe et al., 2013
Alchicken/Kumamoto/1-7/2014 (H5N8) Km/1-7 2.3.4.4 Kanehira et al., 2015
Alchicken/Taiwan/0502/2012 (H5N2) Tw/0502 NA -
A/ANnhui/1/2013 (H7N9) Ah/1 NA Gao et al., 2013
Alduck/Hokkaido/Vac-1/2004 (H5N1) Hok/Vacl NA Soda et al., 2008

NA: clade definition is not applicable.

-: references are not available. DDBJ/EMBL/GenBank accession numbers are KJ720208- KJ720215.
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522  Table 2. HI titers in serum of animals inoculated with each virus at 14 dpi

523 . Animals
Viruses .
Chickens Ducks  Sparrows  Crows  Black rats

594 VN/559 - 128 - 512 64

- 64 - 256 32

- 32 - - 16

- - - - 16

Hok/4 - 64 - 1,024 64

- <2 - 512 32

- - - 16 16

- - - 4 16

HK/810 - 64 - - 32

- <2 - - 32

- <2 - - 16

- - - - 16

Km/1-7 <2 64 - 64 <2

- 32 - <2 <2

- 32 - - <2

- 16 - - <2

Tw/0502 - <2 16 128 32

- <2 4 128 16

- <2 <2 32 16

- <2 - 8 16

Ah/1 8 <2 16 512 64

2 <2 8 64 64

<2 <2 4 64 64

<2 <2 <2 32 32

Hok/Vacl <2 128 16 <2 <2

<2 128 2 <2 <2

<2 64 <2 <2 <2

<2 64 <2 <2 <2

-: the animal died before 14 dpi.
Each of four animals were inoculated with each virus strain.
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526

527

528

529

Table 3. Virus recovery from chickens inoculated with each virus at 3 dpi

No. of animals from which each virus was recovered

[GM value of the virus titer (log 10)]

Viruses Swabs (log PFU/mI) Tissue samples (log PFU/q)
Oral Cloacal Brain Trachea Lung Kidney Colon
VN/559* 4 (6.7) 4 (6.8) 4 (7.6) 4 (7.5) 4 (7.6) 4 (8.0) 4 (7.7)
Hok/4 4 (6.9) 4 (6.1) 4(7.7) 4 (8.4) 4 (8.9) 4 (8.7) 4 (6.9)
HK/810* 4 (6.0) 4 (5.2) 4 (8.6) 4 (8.9) 4 (8.6) 4(8.2) 4 (6.9)
Km/1-7 1(2.4) 1(2.0) 3(4.2) 3(4.7) 3(4.9) 3(4.9) 3(5.4)
Tw/0502 4 (3.6) 4(1.2) 4 (5.9) 4 (5.7) 4 (5.6) 4(7.3) 4 (4.6)
Ah/1 4 (1.3) 0 0 2 (2.5) 0 0 0
Hok/Vacl O 0 0 0 0 0 0

Virus titers are represented as the geometric mean (GM) value based on positive samples.
Each of four animals was inoculated with each virus strain.
#Swabs and tissue samples were collected from dead birds at 2 dpi.

Table 4. Virus recovery from domestic ducks inoculated with each virus at 3 dpi

No. of animals from which each virus was recovered

[GM value of the virus titer (log 10)]

Viruses Swabs (log PFU/mI) Blood Tissue samples (log PFU/q)

Oral Cloacal (log PFU/mI) Brain Trachea Lung Kidney Colon
VN/559  1(21) 1(1.0) 0 3(39) 3(25) 4(45 441 4(@45)
Hok/4 4(5.7) 1(33) 1(2.5) 2(5.00 4(5.3) 3(6.3) 4(53) 4(6.4
HK/810 1(5.6) 1(3.7) 1(6.1) 1(74) 1(74) 1(75 1(98) 1(7.4)
Km/1-7 4(3.00 2(25) 3(3.9) 3(5.0) 4051 444 435 4(25)
Tw/0502 O 0 0 0 0 0 0 0
Ah/1 0 0 0 0 3(24) O 0 0
Hok/Vacl 0 0 0 0 0 0 0 0

Virus titers are represented as the GM value based on positive samples.
Each of four animals was inoculated with each virus strain.
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534

Table 5. Virus recovery from tree sparrows inoculated with each virus at 3 dpi

No. of animals from which each virus was recovered
[GM value of the virus titer (log 10)]

Viruses Swabs (log PFU/mI) Blood Tissue samples (log PFU/q)
Oral Cloacal (log PFU/mI) Brain Lung Intestine
VN/559 0 0 4(1.9) 4(5.0) 4(48) 4(358)
Hok/4 2(38) 0 3(5.3) 439 452 4.9
HK/810 112 0 4 (3.0) 3(43) 247 4]
Km/1-7 2(1.8) 0 2 (2.6) 1(29) 3(36) 1(23)
Tw/0502 4(1.6) 4(1.4) 0 0 2(24) 3(27)
Ah/1 0 0 0 0 0 0
Hok/Vacl 0 0 0 0 0 0

Virus titers are represented as the GM value based on positive samples.
Each of four animals was inoculated with each virus strain.

Table 6. Virus recovery from jungle crows inoculated with each virus at 3 dpi

No. of animals from which each virus was recovered
[GM value of the virus titer (log 10)]

Viruses

Swabs (log PFU/ml) Blood Tissue samples (log PFU/Q)

Oral Cloacal (log PFU/mI) Brain Trachea Lung Kidney Colon
VN/559 0 0 0 0 0 2(27) O 0
Hok/4 0 0 0 0 0 145 129 1(3.1)
HK/810 2(1.8) 1(3.6) 0 3(42) 4(40) 4054 3049 443
Km/1-7 3(24) 4(1.8 2(1.4) 2(31) 1(226) 2(@26) 0 0
Tw/0502 O 0 0 0 0 0 0 0
Ah/1 2(16) O 0 0 0 0 0 0
Hok/Vacl 0 0 0 0 0 0 0 0

Virus titers are represented as the GM value based on positive samples.
Each of four animals was inoculated with each virus strain.
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535  Table 7. Virus recovery from black rats inoculated with each virus at 3 dpi

No. of animals from which each virus was recovered
[GM value of the virus titer (log 10)]

Viruses

Blood Tissue samples (log PFU/g) Feces
(log PFU/mI) Brain Lung Kidney Intestine (log PFU/qg)
VN/559 0 0 0 0 0 0
Hok/4 0 0 0 1(3.00 1(3.0 0
HK/810 O 0 0 0 0 0
Km/1-7 0 0 0 0 0 0
Tw/0502 O 0 0 0 0 0
Ah/1 0 0 0 0 0 0
Hok/Vacl O 0 0 0 0 0

Virus titers are represented as the GM value based on positive samples.
Each of four animals was inoculated with each virus strain.
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Figure legends

Figure 1. Survival of animals inoculated with each virus. Chickens (a), ducks (b), tree
sparrows (c), jungle crows (d), and black rats (e) were inoculated with 10°° EIDs, of VN/559
(white circle with solid line), Hok/4 (black circle with solid line), HK/810 (white triangle with
solid line), Km/1-7 (black triangle with solid line), Tw/0502 (white diamond with solid line),
Ah/1 (black circle with dashed line), or Hok/Vacl (white circle with dashed line). Inoculated

animals were observed to detect clinical signs for 14 days after the challenge.
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