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Abbreviation

aa amino acid

AlV avian influenza virus
APMV avian paramyxovirus
BSA bovine serum albumin
cDNA complementary DNA
CEFs chick embryo fibroblasts
CPE cytopathic effect

DNA deoxyribonucleic acid
dpi day post infection

EAA East Asian-Australasian

ELISA enzyme-linked immunosorbent assay

EM electron microscopy

F fusion

GE gene-end

GS gene-start

HA hemagglutination activity

HI hemagglutination-inhibition

HN haemagglutinin-neuraminidase
IBD infectious bursal disease

ICPI intracerebral pathogenicity index
L RNA-dependent RNA polymerase

M Matrix



mAb
MDBK
MDCK
MEM
ND
NDV
NP

nt

oD

PBS
PBS-T
PCR
RNA
RT-PCR
SH

SPF
TCIDso
TMB
Vero

VN

monoclonal antibody

Madin-Darby bovine kidney

Madin-Darby canine kidney

minimum essential medium

Newcastle disease

Newcastle disease virus

nucleocapsid protein

nucleotide

optical density

phosphoprotein

phosphate buffered saline

phosphate buffered saline containing Tween 20
polymerase chain reaction

ribonucleic acid

reverse transcription polymerase chain reaction
small hydrophobic protein

specific pathogen free

50% tissue culture infective dose
3,3",5,5'-Tetramethylbenzidine

African green monkey kidney

virus neutralization



General Introduction

Historical background

Avian paramyxoviruses (APMVs) are one of the important virus impacting birds around
the world. In 1926, the first APMV was discovered from the outbreak of virulent APMV-1 or
Newcastle disease (ND) in Java, Indonesia (Kraneveld, 1926) followed by the case in
Newcastle-upon-Tyne in England in the same year (Doyle, 1927). However, there was a report
showing evidence that the disease might occur before this date. Macpherson (1956) described
that an epizootic among poultry in the Western Isles of Scotland in 1898 was the case of ND.
The second serotype of APMV, designated APMV-2 was isolated in 1956, and then other
serotypes of APMV have been reported. Among all APMVs, APMV-1 or called ND virus has
been well characterized because the virulent APMV-1 strain causes severe diseases in poultry
industry worldwide. Besides high morbidity and mortality, the preventive strategies such as
surveillance program, and intensive vaccination program also result in significant economic
cost. ND is included in OIE-Listed diseases which notification of an outbreak is required by
OIE (OIE, 2016). With concern of the severity of ND, many countries invoke the highly strict
statutory control measures to control the disease (Council of the Economic Community, 1992).
Consequently, the outbreak of the disease affects the international trading of poultry industry
immensely. Nine serotypes of APMV (serotype 1-9) had been isolated until 1978, while most
of research on APMVs have been focused on APMV-1, very little is known about virological
properties of serotypes of APMV, which are usually isolated from various species of wild birds.
Although APMV-2 to APMV-9 were low virulent to chickens, some serotypes were reported
to cause respiratory disease and egg production loss in other poultry, such as ducks and turkeys

(Kim et al., 2012; Samal, 2011).



Taxonomy

APMVs belong to the family Paramyoxviridae, order Mononegavirales. All viruses in this
order are single-stranded, nonsegmented, negative-sense, enveloped RNA viruses. The family
Paramyxoviridae contains many infectious viruses found in humans and animals, such as
measles virus, human parainfluenza virus, mumps virus, bovine respiratory syncytial virus
(Wang et al., 2012). In the past, it consisted of 2 subfamilies; Paramyxovirinae and
Pneumovirinae, but due to the expanding of new viruses in this family over the last five years,
Pneumoviruses have been split to the new genus named Orthopneumovirus of the new family
Pneumoviridae recently (Afonso et al., 2016). The family Paramyxoviridae contains seven
genera. All APMVs belong to the genus Avulavirus which includes different serotypes of
APMV. All APMVs were isolated from avian species and have been classified into 13 serotypes
(APMV-1 to APMV-13) antigenically and/or genetically, so far (Afonso et al., 2015;

Yamamoto et al., 2015).

Virus structure, genome, and protein

APMV viral particles are pleomorphic with spike-like projections surrounding viral
envelope but mostly spherical, with ranging from 100-500 nm in diameter. Variable length of
filamentous form also can be observed (Suarez et al., 2013). The viral envelope is derived from
the plasma membrane of the host cell. The envelope comprises of two transmembrane
glycoproteins, namely fusion (F) and hemagglutinin-neuraminidase (HN) proteins. The
nucleocapsid protein possesses a herringbone type pattern with a diameter 15-20 nm (Catroxo
etal., 2012).

The genome of APMV is a non-segmented negative-sense single-stranded RNA. The

complete genome is 15,500 nucleotides (nt) long in average, while the shortest is APMV-2



genome with the length of 14,904 nt and the longest is APMV-5 genome with the length of
17,262 nt (Samuel et al., 2010). The genome length of APMVs always follows the rule of six,
which is necessary for virus replication (Kolakofsky et al., 1998). All APMV genomes encode
six proteins from 5’ to 3’ as follows: nucleocapsid protein (NP), phosphoprotein (P), matrix
protein (M), F, HN and RNA-dependent RNA polymerase (L), except APMV-6 which has
additional coding sequence between the F and HN protein called small hydrophobic protein
(SH) (Suarez et al., 2013). In paramyxovirus, V and W proteins can be encoded by RNA-editing
of P gene with the addition of one or two G nucleotides at this site, respectively (Steward et al.,
1993). The both 3’ and 5’ ends of the genomic RNA contain extracistronic regions known as
the leader and the trailer, respectively. The viral RNA polymerase starts transcription at the 3’
end and proceeds downstream in a sequential manner generating each mRNAS by terminating

and reinitiating at gene-end (GE) and gene-start (GS) of each gene (Lamb and Parks, 2013).

Virus replication

F and HN proteins play key roles for APMV to enter host cells. HN protein recognizes and
binds to sialic acid receptors on the host cell surface. This process triggers the fusion activity
of the F protein to cell surface leading to the fusion between viral envelope and host cell
membrane (McGinnes et al., 2002). Then, the assembly of RNA, NP, P, and L proteins, termed
ribonucleoprotein complex can enter the cytoplasm of host cells where the negative-sense viral
RNA is transcribed into the structural mRNAs and translated to viral proteins. In the host
cytoplasm, transcription and replication of the viral genome occurs by the action of L. The
synthesized viral components are transported and assembled to the plasma membrane by the
action of the M protein. Finally, the new virus particles are released from cell by budding

process (El Najjar et al., 2014).



Host range and pathogenicity

APMV-1 is known to infect more than 250 avian species in 27 orders. In poultry, chickens
are the most highly susceptible to virulent strains and usually develop severe clinical signs,
while the susceptibility among other poultry is variable (Wakamatsu et al., 2006). For example,
the clinical signs in turkeys was less severe than in chickens, and turkeys could possibly be a
subclinical carrier for some of the isolates (Piacenti et al., 2006). The severity of APMV-1
clinical signs depends on the age of the host, the immunity of the host, the species of the bird,
the virus strain, and the amount of virus obtained. Low virulent or lentogenic strains usually
cause mild respiratory disease only in younger chickens. Intermediate virulent or mesogenic
strains can cause respiratory signs along with mild neurological signs and egg production loss.
Highly virulent or velogenic strains cause severe disease in chickens with up to 100% mortality
and infected chickens show watery diarrhea and respiratory signs such as cyanosis, head and
neck tissue swelling. Neurological signs, such as paralysis, torticollis, circling are also
commonly seen (The Center for Food Security & Public Health, 2016). Wild birds, particularly
waterfowl are reservoir hosts of low virulent strains. However, cormorants were found to carry
and shed virulent APMV-1 in Canada and the US (Diel et al., 2012b; Kuiken, 1999).

APMV-2 to APMV-13 were isolated from various kinds of birds. Most of them were found
in wild birds, except APMV-3 in turkeys and APMV-5 in budgerigar (Suarez et al., 2013).
Experimental infection of APMV-1 to APMV-9 does not produce any clinical signs in chickens
and duck (Kim et al., 2012). Similarly, hamsters, mice, and Rhesus Macaques also exhibit the
same results in the experimental infection except some of APMV-9 that cause mild clinical
signs (weak, weight loss, rough skin coat) in hamsters (Khattar et al., 2011; Khattar et al., 2013;

Samuel et al., 2011).



Transmission
Among all APMVs, virulent strains of APMV-1 are the most highly contagious virus. The
infected birds can shed viruses via feces and respiratory secretions. Hence, it can be transmitted
to susceptible birds via inhaling aerosolized virus, or ingesting feces or contaminated feed and
water. Infectivity of APMV-1 can remain in the bird carcasses and persist for month at cold
temperature (Beard and Hanson, 1984). Contaminated fomites also have potential to transmit
the virus. The spread of virus from farm to farm can be caused by the movement of APMV-1-
contaminateed equipment, vaccine, or litters (Burridge et al., 1975; Jorgensen et al., 2000).
As aresults from infection experiments of other APMVs in avian and mammal species, oro-
fecal and respiratory seem to be the main route of transmission the same as that of APMV-1
(Khattar et al., 2011; Kim et al., 2012; Samuel et al., 2011). However, the possible carrier or

vector is still required a further study.

APMVs identification and diagnosis

To diagnose APMYV infection, isolation and characterization of virus isolates are essential
because the clinical signs and gross lesions are not specific sufficiently. APMVs can be isolated
from feces, tracheal, oropharyngeal, and/or cloacal swabs in live infected birds, and from tissue
sample (lung, brain, liver, spleen, kidney) of dead birds. Twenty % (w/v) homogenated
suspension of sample is usually inoculated into the allantoic cavity of nine- to eleven-day-old
embryonated chicken egg. The eggs are incubated at 37°C for 4—7 days and are candled twice
daily. The dead eggs or eggs after the end of incubation, are chilled at 4°C, and allantoic fluids
are collected to be tested for haemagglutination activity (HA). HA-positive samples are tested
with specific antiserum against each serotype of APMVs in haemagglutination-inhibition (HI)

tests. However, the limitation of this method is due to available antisera against each serotype,



especially those to against novel serotypes (10-13) are not available. In addition, APMV-5 is
difficult to isolate because the inability to grow in allantoic activity and lack in HA activity
(Nerome et al., 1978).

Molecular-based techniques, such as reverse transcription polymerase chain reaction (RT-
PCR) and real-time RT-PCR are usually used to detect viral RNA directly in case of APMV-1
infection. With NDV vaccination used in commercial poultry, nucleotide sequencing of the F
gene is helpful to distinguish vaccine strains from field strains (Aldous and Alexander, 2001).
For other APMVs, the increase of their full genome sequence data may lead to the establishment
of RT-PCR assays for APMV serotyping in the near future.

Serological assay may not be an optimal tool to diagnose APMV-1 infections because it
cannot distinguish antibodies developed by natural infection or from vaccination. Instead, it is
usually applied for monitoring vaccination efficiency in commercial poultry flocks. The
commonly used serological assays are HI assays and enzyme-linked immunosorbent assays
(ELISAs). Other tests, such as virus neutralization (VN) assay, immunoflourescent,
immunohistochemistry, or immunocytochemistry, are also available, but may be applied

occasionally (Cattoli et al., 2011).

Prevention and control

A high level of biosecurity and good hygiene in poultry farms is the effective strategy to
prevent an introduction of virus from other infected poultry farm and/or from wild birds. In
some countries, the stamping-out policy along with the quarantine and movement control is
shown to succeed in controlling the disease (Animal Health Australia, 2014). In most countries,
APMV-1 vaccination program is commonly used in commercial poultry. On the contrary, the

vaccine for other APMVs is still not established because they do not cause serious disease in



poultry, except APMV-3 that causes disease in turkeys (Awang and Russell, 1990).
Commercial inactivated oil-emulsion vaccines against APMV-3 are available for using in
turkey breeder flocks in the US and Europe (Eskelund, 1988). In addition, The vaccine

candidates for parakeets were evaluated to be safe and efficient by Beck et al. (2003).

Distribution of APMVs

Epizootics of virulent APMV-1 regularly occurs in Asia, Africa, Middle east but
occasionally in Europe (Alexander et al., 2004; Ashraf and Shah, 2014; Gardner and Alders,
2014; Wang et al., 2015). Migratory wild birds are considered as a reservoir of many pathogens
including virus, such as avian influenza virus (AlV), APMVs, alphavirus, flavivirus, nairovirus,
etc. (Jourdain et al., 2007; Reed et al., 2003). With the ability to travel over long distance
between intercontinental regions, wild birds potentially disperse viruses during their migration
and may harbor virulent APMV-1 into poultry. In North America, highly virulent APMV-1 has
been circulated in some cormorant population (Diel et al., 2012b; Kuiken, 1999; White et al.,
2015). Low virulent APMV-1 from wild birds was evidenced to have a potential to become
virulent. The virulent APMV-1 causing outbreak in Australia during 1998-2000 originally
evolved from low virulent APMV-1 of wild birds (Gould et al., 2001). Shengqging et al. (2002)
also demonstrated that low virulent APMV-1 can become virulent after multiple passaging in
experimental chickens. These facts raise awareness that backyard chickens have high risk to be
exposed to virus from wild birds. Traditional backyard poultry systems or small scale poultry
farming is still important in the developing countries, in which the farmers may lack of financial
resources and chances to get veterinary service. In Nigeria, Oman, and Uganda the presence of

wild birds has been reported as one of a risk factors associated with the sporadic outbreaks of



ND and infectious bursal disease among free-roaming village chickens (Oluwayelu et al., 2014;
Otim et al., 2007; Shekaili et al., 2015).

Other APMVs were reported from a variety species of birds around the world. Many of
them were isolated as a part of AIV surveillance programs which have been extensively
conducted in the last decade. The incidence of other APMVs circulating in wild birds
population was reported in some countries; however, its incidence is still limited (Goekjian et
al., 2011; Lindh et al., 2008). The distribution of APMVs in wild bird population and the genetic

diversity among them are not well understood.

Scope of this thesis

Although many research works of APMVs have been conducted, the majority was on
virulent APMV-1 in chickens. The information of other APMVs is still lacking in knowledge.
According to the aforementioned information, virulent APMV-1 strains can be isolated from
some wild birds and low virulent strains from them may turn into highly virulent and cause
disease. Moreover, novel serotypes of APMV have been reported in the last few years which
may imply the genetic diversity among these viruses. Therefore, to control and prevent APMV
infections in poultry, understanding of the epidemiology of APMVs circulating in wild birds is
still need to be conducted. To fulfill this proposal, in chapter I, the distribution of APMVs in
wild birds in Eastern Hokkaido during 2009—-2013 was described. Chapter 1I, APMV-1 isolated
from wild birds were genetically and antigenically characterized and compared with virulent
APMV-1 from chickens. In chapter 11, a discovery of a novel serotype of APMV designated
APMV serotype 14 during the surveillance was described. Here, then, the virological,
serological, and genetic characterization of this virus were described.

Finally, this thesis is completed with a general discussion.



Chapter |
Surveillance of avian paramyxovirus in wild bird population

in eastern Hokkaido in 2009-2013

1.1 Introduction

APMVs belongs to the genus Avulavirus within the family Paramyxoviridae. They have
been classified into 9 serotypes defined by HI tests so far (Wang et al., 2012). However, cross-
reactivity between different serotypes can occur (Alexander et al., 1983; Lipkind and
Shihmanter, 1986; Tumova et al., 1979). Recently, the presence of four novel APMV serotypes
were reported: APMV-10 from the rockhopper penguins (Miller et al., 2010), APMV-11 from
the common snipe (Briand et al., 2012), APMV-12 from the Eurasian wigeon (Terregino et al.,
2013), and APMV-13 from goose feces (Yamamoto et al., 2015).

The F protein of APMV-1 plays a key role of virus to enter host cells which is therefore
associated with pathogenicity. The cleavage of the F protein into F1 and F2 by cellular protease
is required to initiate the fusion of the viral envelope and host cell membrane (Lamb and Parks,
2013). Based on the phylogenetic analysis of the partial or complete nucleotide sequences of
the F gene, the lineage or genotype classification systems were established to classify APMV-
1 isolates (Aldous et al., 2003; Czegledi et al., 2006; Diel et al., 2012a). The amino acid (aa)
motif of the F protein cleavage site is also used to determine virus virulence to chickens.
Velogenic (highly virulent) APMV-1 strains have a multibasic aa motif (consensus sequence:

H2ZK/R-R-X-K/R-R [ F!'!") " at this site, while APMV-1 strains with monobasic aa motif



(consensus sequence: '2G/E-K/R-Q-G/E-R | L!''7) are defined as lentogenic (low virulent) virus

(OIE, 2012).

Migratory wild birds were considered as a natural reservoir for AIVs and APMVs (Deibel
etal., 1985; FAO., 2007). The movement of them during seasonal migration plays an important
role in the carrying and spread of virus. Migratory routes of birds are grouped together as
“flyways”. As shown in Fig. 1.1, Japan is located in the East Asian-Australasian (EAA) flyway
which is one of the world’s major flyways for migratory birds (EAAFP Secretariat, 2010). The
breeding range of birds in EAA flyway overlaps with the Central Asian flyway and Pacific
flyways covering the intercontinental area in North America and Europe (Bamford et al., 2008).
Hokkaido is one of the important stopover sites in Japan for migratory birds including
shorebirds and Anatidae species (ducks, geese and swans). The common migratory route for
these birds are the Sakhalin-Kurile route, the Kamchatka route, and the Crossing of the Sea of
Japan route which cover the area from Eastern Siberia to Japan (Fig. 1.2) (Food Safety and
Consumer Affairs Bureau, 2007). Moreover, they also use the Korean Peninsula route to move
from eastern and northeastern Asia to Hokkaido (Hoshino et al., 2012).

The infections of APMVs in both domestic and wild birds have been reported in many
countries (Fornells et al., 2013; Goekjian et al., 2011; Hanson et al., 2005; Lindh et al., 2008).
Some surveillances studies of APMV in wild birds have been conducted in the two districted
areas of Japan (Fujimoto et al., 2010; Mikami et al., 1982; Umali et al., 2014), except one study
performed by Mase and Kanehira (2015). However, this study was aimed to APMV-1 only. In
Hokkaido, surveillance studies in wild birds have not been reported since Mikami et al. (1982)

conducted the small-scale surveys for isolation of APMV from migratory ducks in Betsukai-

10



cho, Hokkaido during 1978 to 1981. Thus, the distribution of other APMVs including APMV-
1 circulating in wild birds flying in Japan is poorly understood.

Besides APMV-1, the genetic diversity within serotype has been found to exist in APMV-
2, APMV-3, and APMV-6 (Bui et al., 2014; Karamendin et al., 2015; Kumar et al., 2010;
Subbiah et al., 2010; Xiao et al., 2010). Therefore, the surveillance is required to monitor the
status and the alteration of APMVs in wild bird populations.

In this chapter, a surveillance for APMVs conducted in wild bird population in eastern

Hokkaido from 2009 to 2013 was described.

1.2 Materials and methods
Sample collection

A total of 10,606 samples, either cloacal swab or fecal samples (droppings), were collected
from wild birds in eastern Hokkaido, Japan, during 2009 through 2013. The samples were
collected from a variety of water bird species at lakefront, seashore, pond and riverside in the
Abashiri, Hidaka, Kushiro, Nemuro, and Tokachi districts. Licensed bird banders identified
bird species captured using mist, and collected cloacal swab samples. The cloacal samples were
placed in sterile tubes containing a virus transport medium (M4RT; Remel, Inc., Lenexa, KS)
and stored at -80°C until use. Fresh fecal samples were collected near the birds’ habitats, and
suspended in the minimum essential medium (MEM, pH 7.4; Nissui Pharmaceutical co., Ltd.,
Tokyo, Japan) supplemented with 0.5% bovine serum albumin (BSA), kanamycin (a final
concentration: 1 mg/ml), gentamycin (100 pg/ml) and amphotericin B (10 pg/ml) to prepare 20%

homogenates and stored at -80°C.

Virus isolation and identification

11



The samples mentioned above were centrifuged at a low speed, and the supernatants were
used for virus isolation. Virus isolation was carried out as previously described (Bui et al.,
2011) . Briefly, the samples were treated with antibiotics and 0.1 ml of the sample supernatant
was inoculated into the allantoic cavity of ten-day-old embryonated chicken egg. The
inoculated eggs were incubated for 4 days at 37°C. The dead eggs or the living eggs at the end
of incubation were chilled overnight at 4°C. The allantoic fluids collected from the eggs (E1)
were tested for HA activity using 0.5% chicken red blood cells according to Manual for the laboratory
diagnosis and virological surveillance of influenza (WHO, 2011). HA-negative E1 samples were
forwarded to the second egg inoculation, and the obtained allantoic fluids (E2) were tested for
HA activity. HA-positive (E1 or E2) samples that were negative for AIV were subjected to
further characterization for APMVs. The presence of AIV was examined using a real-time RT-
PCR for the M gene of the influenza A virus as previously described (Bui et al., 2011) (data not

shown).

HI test

To identify APMVs, HI tests were conducted according to the guidelines of the OIE (OIE,
2012). Antigens of APMV-1 to APMV-9 and an antiserum against each serotype described
below were used as references except for APMV-5 (not available in our laboratory). APMV-
2/chicken/California/Yucaipa/56, APMV-3/turkey/Wisconsin/68, APMV-4/duck/Hong Kong/
D3/75, APMV-6/Dk/HK/77, APMV-7/dove/Tennessee/4/75, APMV8/goose/Delaware/1053
/76 and APMV-9/duck/New York/22/78 and specific chicken antiserum against each virus
strain used as reference antigens were purchased from National Veterinary Service Labs (Ames,

IA) while APMV-1/chicken/Japan/Ibaraki/85 was provided by National Institute of Animal

12



Heath, Japan, and antiserum against APMV-1 was obtained from the Chemo-Sero-Therapeutic

Research Institute (Kumamoto, Japan).

RT-PCR

Total RNA was extracted from the HA-positive allantoic fluids using ISOGEN-LS
(Nippon Gene, Tokyo, Japan) according to the manufacturer’s instruction. First-strand cDNA
was produced using 2.0 pl of random hexamer primers (0.5 pg/ul) (Invitrogen, Carlsbad, CA),
1. ul of 10 mM dNTP, 4.0 pul of RNA, 6 ul of DEPC-water, 4.0 ul of 5X first-strand buffer, 2.0
ul of 0.1 M DTT, 1 ul of RNAse inhibitor and 1.0 pl of MMLV reverse transcriptase
(Invitrogen) to a total volume of 21 pl. The reaction was incubated at 25°C for 10 min, 37°C
for 50 min, and 65°C for 10 min and placed on ice. PCR with 20 pl of total volume of reaction
was performed using 1 pl of cDNA, 1 ul of each primer (20 uM), 1.6 pl of dNTP (2.5 mM each
dNTP), 2 pl of 10X Ex Taq Buffer, 13.3 pl of DEPC water and 0.1 pl Takara Ex Taq (Takara,
Shiga, Japan). The PCR conditions were as follows: 94°C for 5 min; 40 cycles of denaturation
at 94°C for 30 sec, annealing at 50°C for 30 sec, and extension at 72°C for 40 sec; and final
extension at 72°C for 10 min. The primer sets were designed based on the F gene sequences of
APMVs available in GenBank (Table 1.1) by Dr. V.N. Bui (National Institute of Veterinary
Research, Vietnam) who was my co-worker in my laboratory. Sequences of each APMV
serotype were aligned and the conserved region was tracked out for designing primers.
Degeneracy was incorporated into the primer to account for diversity of the F gene of each

serotype which sequence is available in GenBank. Obtained PCR products were

13



electrophoresed on a 1.5% agarose gel, stained with ethidium bromide and visualized under UV

light.

Nucleotide sequencing and phylogenetic analysis

The PCR products were separated by 1.5% agarose gel electrophoresis and purified using
a QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). The purified products were used
as a template for sequencing reactions using a BigDye terminator ver.3.1 cycle sequencing kit
(Applied Biosystems, Foster, CA) and the primers using for amplification of the PCR product
were used for sequencing. Nucleotide sequencing was performed with an ABI 3500 Genetic
Analyzer (Applied Biosystems). The obtained sequences were analyzed by BioEdit and
compared with other available sequences using BLAST homology searches. Evolution
distances were calculated using the aligned sequences and the Kitamura 2-parameter model.
Phylogenetic trees were constructed using the Maximum Likelihood (ML) method supported

by 500 bootstrap replicates and MEGA 6.0 software (Tamura et al., 2013) .

1.3 Results

A total of 10,606 samples were collected during 2009-2013. The samples were collected
from birds in the order Anseriformes (8,337 samples), Charadriiformes (2,087 samples), and
others (182 samples). Ninety three heamagglutinating non-AlV isolates were obtained. The
summary of APMVs isolates obtained from wild birds was shown in Tablel.2. Based on HI test
and RT-PCR, they were identified as APMV-1 (18 isolates), APMV-4 (58 isolates), APMV-6
(13 isolates), APMV-9 (2 isolates), and two heamagglutinating non-AlV isolates remained

unidentified.

14



Genetic analysis for APMV-1 isolates

As shown in Table 1.3, the nucleotides of seven out of the 18 APMV-1 isolates in 2009,
2011, and 2013 are highly related to those of Chinese strains isolated in 2008, 2009, 2011, and
2014 with >99.44% nucleotide identity, six isolates isolated in 2010 and 2013 had a high
nucleotide identity (>98.88%) with the Korean strains reported in 2007, three isolates were
genetically very similar to the US strains isolated in 2001 and 2009 with >95.54% nucleotide
identity, and only one isolate in 2013 was very similar to the Russian strain isolated in 2007
with 99.72% nucleotide identity. Only one isolate in 2010 shared a high nucleotide identity with
the strain isolated in 2009 in Tottori prefecture (99.72% nucleotide identity). As shown in Table
1.3, two patterns of aa sequences of the F protein cleavage site were determined as follows:
H2GKQGR LY (12 isolates), *'?>ERQER | L7 (6).

Phylogenetic tree was generated based on partial sequences of the F gene containing the
cleavage site. The tree revealed that all the isolates were classified into two genetic classes (I
and I) (Fig. 1.3).

Six isolates in 2009-2011, and 2013 were classified into class | to which low virulent
APMV-1 strains derived from wild birds belong. Four (e, m, A) of them were closely related to
Japanese and Chinese strains, while the remaining two isolates (V) isolated in 2011, 110G1095
(Anas sp./Japan/110G1095/2011) and 110G1114 (APMV-1/Anas sp./Japan/110G1114/2011)
, fell into the same genetic group as the US strains that were isolated in Alaska.

Twelve isolates were grouped into genotype | of class |1, apart from genotypes Il and VI
consisting of the strains derived from chickens and racing pigeons. Ten isolates (m, A,V ) formed
a cluster with the strains isolated from wild birds in Japan, China, Korea, and Russia. The

remaining two gull isolate 9KS0098 (Slaty-backed gull/Japan/9KS0098/2009, @) and 13G109
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(Gull/Japan/13G109/2013, m) were closely related to the Chinese strain isolated in a gull in

2014 and the US strain isolated in a red knot in 2001.

Genetic analysis for APMV-4 isolates

A total of 58 nucleotide sequences of APMV-4 isolates were obtained. A BLAST search
results showed that 57 APMV-4 isolates were closely related to Mallard/South Korea/Y J/2006
isolated from a mallard duck in South Korea with 95.89-99.39% nucleotide identities. Only one
isolate 10K10182 (APMV-4/Anas sp./Japan/10K10182/2010) had the highest nucleotide
identity (97.46%) with Teal/Djankoy/Ukraine/9-17-11/2010 isolated in Ukraine (Table 1.4).

As shown in Table 1.4, the aa sequence of the F protein cleavage sites (DIPQR |F) were
highly conserved among all the isolates.

According to the phylogenetic tree of the partial F genes (Fig. 1.4), 57 APMV-4 isolates
formed a large cluster together, but showed the different lineage from Korean strain
(Mallard/South Korea/YJ/2006) although the isolates showed the highest nucleotide identity
with this strain (Table 1.4). Only the isolate 10K10182 configured a single branch distinct from

other strains of APMV-4 isolated in Asia, Europe, and the US.

Genetic analysis for APMV-6 isolates

From the results of BLAST search, 11 of APMV-6 isolates were most closely related to
the subgroup APMV-6 strain Red-necked stint/Japan/8KS0813/2008 (Bui et al., 2014) with
nucleotide identity from 94.54-98.18% (Table 1.5). The other two isolates, 10EY0013 (Green-
winged teal/Japan/10EY0013/2010) and 110G0078 (Anas sp./Japan/110G0078/2011) were
closely related to the Taiwan strain and Belgium strains (97.27 and 98.18% nucleotide identity,

respectively). The deduced aa sequences of the F protein cleavage site were IREPR|L in 11
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APMV-6 isolates. The remaining two isolates had the different motif, APEPR|L. However,
none of them resembled the highly virulent strain of APMV-1.

The phylogenetic tree constructed based on partial F genes sequences showed that the 11
APMV-6 isolates were separated into two genetic classes (Fig. 1.5). Class Il viruses were
separated into two clusters: one consisted of only the nine isolates isolated in 2011 and 2013 in
this study, and another one included two isolates together with the APMV-6 subgroup strains
(Red-necked stint/Japan/8KS0813/2008 and Duck/Italy/4525-2/2007). The isolate 10EY0013

and 110G0078 were grouped into class | with the prototype APMV-6 strains.

Genetic analysis for APMV-9 isolates

Only two isolates obtained in 2009 and 2011 were identified as APMV-9 in this study.
Both of them were genetically related to the strain Mallard/Italy/6226/2008 with 91.25 and
90.96% nucleotide identities, respectively (Table 1.6). Comparison of aa sequences at the F
protein cleavage between the isolates and other APMV-9 sequences available in GenBank
revealed that the motif IREGR|I is conserved in this serotypes.

The phylogenetic tree indicated that the two isolates were placed in the lineage distinct
from the prototype, Duck/New York/22/1978. In this lineage, the isolates and the strains

isolated in Italy formed two distinct clusters each other (Fig. 1.6).

1.4 Discussion

The majority of APMVs isolated in this study was serotype 4, indicating that this virus was
predominantly harbored in wild birds flying in eastern Hokkaido, which was similar to the
evidence reported in the previous surveillance conducted in the western part of Japan (Umali et

al., 2014), New Zealand (Stanislawek et al., 2002), and Germany (Kruckenberg et al., 2011).
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So far, HI tests have been traditionally used as a standard protocol for APMV serotyping. The
primer sets to detect the F genes of APMV-1 to APMV-9 (except APMV-5) designed in my
laboratory (Dr. V.N. Bui, manuscript in preparation) were successfully used for serotyping in
this study. The results of RT-PCR accorded with those of the HI test using reference antiserum
against each serotype. However, more viruses should be evaluated to confirm a reliability of
the primers used, because APMVs except APMV-1 available for evaluation of the primers were
limited in number.

Based on the genetic diversity of the coding region of the F gene, APMV-1 strains are
classified into two classes (class | and class 1) (Czegledi et al., 2006; Diel et al., 2012a). Viruses
of class | were less diverse than those of class Il. Class I viruses are exclusively found in wild
birds with low virulent characteristics. Class Il includes viruses with a broad range of virulence
and the viruses can be found in both poultry and wild birds. Class 1l was further divided into
ten genotypes. Highly virulent viruses are grouped into genotypes V-VIII, whereas the
remaining genotypes include virus of low to intermediate virulence (Dimitrov et al., 2016). In
the present study, 12 APMV-1 isolates were classified into genotype | of class Il in which low
virulence viruses derived from wild birds and poultry are mostly found.

The phylogenetic tree revealed the close relationship of the low virulent APMV-1 isolates
derived from wild birds flying in eastern Hokkaido to the Eurasian-origin strains isolated in the
other parts of Japan, China, Korea, Kazakhstan, Russia, and other European countries, which
confirms that migratory wild birds transport and disseminate APMV-1 widely within the
Eurasian continent. Interestingly, on the other hand, the intercontinental spread of APMV-1
between North America and Eurasian continent was exhibited in class Il where the isolate
9KS0098 isolated in 2009 and 13G109 isolated in 2013 were closely related to the US strains

that were isolated in New Jersey in 2001. More evidence was also shown in class | in which the
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two isolates isolated in 2011 (110G1095 and 110G1114) were closely related to the strains
isolated in various wild birds in the US from 1987 to 2009. These results may suggest the
continuous introducing of APMV-1 into Hokkaido from North America where there exist large
breeding areas of migratory wild birds, supporting the evidence obtained in the previous report
on phylogenetic analysis using the Japanese isolates isolated in 2009 and 2010 (Ramey et al.,
2013). Ramey et al. (2013) reported that mutation of the F genes was estimated to be faster for
both class I and class II wild-bird isolates than previously reported for APMV-1 strain of low
virulence. Thus, the intercontinental transport of APMV-1 by wild birds may contribute to the
global dispersal of APMV-1 and to induce genetic diversity among APMV-1 strains, probably
due to gene mixing and/or mutation.

Genetic analysis of APMV-4 based on partial F genes indicated that all of them had high
nucleotide and aa identity to each other. Phylogenetic analysis showed no intercontinental
spread of APMV-4 isolates except one APMV-4 isolated in South Africa, revealing the
possibility of viral exchange between Eurasian and African continents (Muzyka et al., 2014;
Reeves et al., 2016) via migration route across Black Sea/Mediterranean and West Asian—East
African flyways (Wetlands International, 2012). APMV-4 isolates obtained in this study formed
a large cluster with the strains derived from wild birds in Eurasian continent, except one isolate
10KI0182 (Anas sp./Japan/10KI0182/2010) that formed a single lineage distinct from the
cluster.

Genetic and antigenic variations were highlighted in APMV-6. The 2 sub-genotypes within
serotype 6 can be distinguished based on nucleotide sequences and the HI test, tangibly (Bui et
al., 2014; Xiao et al., 2010). APMV-6 isolates obtained here were grouped into 2 classes. Most
of the isolates isolated from 2010 to 2013 were placed in class Il together with Red-necked

stint/Japan/8KS0813/2008 that was reported previously as subgroup in the same area (Bui et
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al., 2014). This result may suggest that subgroup strains, which strain in duck was first reported
in 2007 in Italy (Xiao et al., 2010), is continuously circulating among wild bird population.

APMV-9 has been rarely reported so far, and there are currently only five sequences of the
F genes available in GenBank. Thus, sufficient information about ecology of APMV-9 is
lacking. However, the significant genetic variation was recognized between Italian strains and
the prototype strain (Duck/New York/22/1978) (Dundon et al., 2010). Although, two APMV-9
isolates were obtained in this study, and shared more similarity to the Italian strains than to the
prototype stain, phylogenetic analysis indicated that they form a branch distinct from Italian
strains. However, further study with more viruses is required to determine whether they
represent subgroup within the serotype.

The F-protein cleavage site is mainly used to determine the virulence of APMV-1 in
chickens. The presence of multiple basic aa at the C-terminus of the F2 protein and a
phenylalanine at the N-terminus represents the motif of virulent strains (OIE, 2012). According
to pathotyping based on this criterion, all APMV isolates obtained in this study were determined
to be low virulence. However, confirmation of their virulence may be required using their own
susceptible hosts.

The present results have extended the genetic information and distribution of APMVs in
wild birds, besides APMV-1. The circulations of APMV-1, APMV-4, APMV-6, and APMV-9
in wild bird population flying into Hokkaido was demonstrated. Exchange of virus among
migratory wild birds between different geographic areas was demonstrated in the phylogenetic
analyses of APMV-1 and APMV-4. Although all isolates obtained in this study were low
virulent, virulent strains of APMV-1 were isolated from wild birds in India (Roy et al., 1998)
and Nigeria where they were considered as a source of infection in backyard chickens (Olabode

et al., 1992). Moreover, a mutation of low virulent APMV-1 to highly virulent APMV-1 was
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responsible for the ND outbreaks in Australia during 1998 to 2000 (Gould et al., 2001,
Westbury, 2001). Considering these incidents, the potential of migratory wild birds to harbor
and introduce virus to poultry is still a threatening problem to poultry industry. As mentioned
above, the surveillance of APMVs has been increased. However, it still has not been done in
many regions of the world, and the sequences of APMVs except APMV-1 are still limited in
number. Therefore, continued surveillance of APMVs is still essential to greatly improve our
understanding of the relationship between APMVs and natural hosts, ecology, epidemiology,

genetic characteristics and evolution of APMVs.

1.5 Summary

A total of 10,606 swab and fecal samples collected from wild birds in eastern Hokkaido
during 2009-2013 were examined for isolation of APMV. Samples were collected from birds in
the order Anseriformes (8,337 samples), Charadriiforme (2,087 samples), and others (182
samples) As a result, a total of 91 APMV isolates (0.86%) were obtained from the 10,606
samples: APMV-1 (18 isolates), APMV-4 (58), APMV-6 (13), and APMV-9 (2). Although all
APMVs was identified as low virulent based on the criteria of virulence of APMV-1 to
chickens, the health impact of them to other poultry is still required further study. The
phylogenetic analyses of APMV-1 and APMV-4 showed the evidence of intercontinental
spreading by migratory birds between the Eurasian continent and North America, which suggest
that extensive exchange of virus and/or viral genes among migratory wild birds may occur,
probably leading to emergence of new viral strains. To keep a vigilant watch for the emergence
of diseases that may be caused by them in the future, epidemiological and genetic information
of APMVs circulating in wild birds is necessary. Therefore, monitoring of virus exchange and

evolution in wild bird population should be continued and the study in the geographic area of
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the world should be expanded. This study is the first surveillance study of APMVs in wild bird

population conducted in eastern Hokkaido.

22



L/O'ALV MDD 'S OV 'Y DIV ' L/D M O/ 'H '1/9/D ‘] :uonisod aseq-paxiw 0} S8po

T8€5—20vS ec V191009109V OLIDLIVVLD Saslondy  H6-AINDY
¢r60T6N3 v19
0T8V7—68LY ec 99991VVIVIVOLOVIVIOIVLD plemiod  46-AINdV
TLTS-06TS 0¢ OVIV19L199VIVIVIOVID S9sIondy  H8-AINDY
9€06T9rd ovS
0,9v—-T9GY 0¢ OV10211V9I91900911VWV plemiod  48-AINAV
0,05—6809 0¢ 1091100VOOLLL1I9VIOVY SosIonsY  H.-ANJAY
yeateerd 0Ly
6€97—029Y 0¢ 1109911VV19000VIOLlVY plemiod  4.-ANdAV
9TTG—GETS 0¢ ALOILDIADLALVYVIOHAVYHO SOSIoASY  HI-AINAY
L€9¢29N3 ¢9€
€6LV—VLLY 0¢ VOOIALVHLIVOVALOMOOMA plemiod  49-ANdAV
¢LYS—16VS 0¢ OVVOVOIIOVVLIVOOIL1D1D SOSIBASY  HP-AINAY
v16..10d 848
€S99r—EY 0¢ VOVIVIL1O1l19VVIOOVVVI premiod  dJv-AINdY
€LE€9—C6ES 0¢ 1HOVOLVVILALVIOLONLOY Saslendy  HE-AINIV
G¢0¢8.N3 1A%
L867—L96V7 0¢ IANOVIDOLIVIOADINALALY premiod  4E-AINdY
0205—8€0S 6T V.1VOVID2100S2141VvIDD Saslendy  HZ-ANdIV
yTr8eEN3 1¢S
LESY—BTSGY 0¢ O1VIVVILVLIOAEVYIID1DD premiod  42-AINdY
080S—00TS 0¢ 0001101 VI91I91IAVVHIV Saslendy  HT-ANAV
0TS0S64r (0)%
02.7—869Y 44 9940VdVvIg01d0100VIVIVL plemiod  4T-AINAV
aouanbas (dq) azis
a9uanbas (dq)
ERIIEIETED! 10npo.d (,€ 01,5) aauanbas Jswiid uoneuslIO awreN
. 90UBJ8Jal Ul UOINSOd ybus
OU UOISS320Y  pajoadx3

sjuawibely auab 4 AINJY 19918p 01 ¥Dd-1H 404 ApNis SIY) Ul pasn sJawilid

‘T'1elgel

23



(2) 6-AINAV :(E£T) 9-AINAY :(8S) 7-ANGY (8T) T-ANV 16 (98'0) 909'0T/16  siedh g [el0L
11yseqy
_o.__cm:v_
Z 9-AINdV ‘yoexo |
(T.) 48410 ‘(8€T) U0sBIAN ‘(T) uems ‘(668) 1IND (1T12'2) A #-AINdVY ‘0INwaN
S1BIIqQRY S Yonp wolj pajod[[od s3urddoi(y ‘(891) [N pa[rel-yoe|g S T-ANdY  (#5°0) 887'S/6T €102 ‘exepIH
(¥) uems “(6£0°T) s1enqey s yonp woiy pajos||0d sbuiddoig 9 #-AINdVY (85°0) £¥0'T/9 2102 1yoexo |
T 6-ANdV
(£2) 18y10 ‘(202) uosbipn ‘(€T) Monp 8 9-AINdV
paunl ‘(6t) suoisuiny Appny ‘(8z) NS paxdsu-pay ‘(9T) psellen 12 #-AINdVY 1yoexo L
‘(817T) Jomel pajrel-Aai9 (91) es) pabuim-usaio ‘(61GT) ¥ona g T-ANdY  (T2'T) 870°2/SE 1102 ‘0INWaN
((RETe) € 9-AINdV
‘(81G) uems Jadooypn ‘(8z) onp Jaun ‘(96T) 1IN paxaeg-Alfes ‘() 91 #-AINdVY 1yoexo 1
[rejurd JayuioN ‘(0T) pejrelN ‘(9T) 1es1 pabuim-usal (84T'T) Xond 9 T-ANdY  (82'T) ¥S6'T/S¢ 0102 ‘oaysny|
(18) 18u10 ‘(211) 1yoeqo |
UeMs eipunl ‘(88T) 1IN paxoed-A1e|S (TZz) NS paydsu-snojny T 6-AINdVY ‘0INWaN
‘(09T) Ireauid uisyuoN ‘(zs) prejlen ‘(29) Jadidpues paduwini € -AINdVY ‘oaysny|
-Ka19) ‘(#9) 1IND snoane| ‘(690'T) ¥ona ‘(¥9) 1IN pa|rel-3e|g Z T-AINdV (6Z°0)£L0'2/9 6002 ‘UIyseqy/
(4aquinu) sa1oads lsquinN adAjoJag (%) parsay Jea A (oLs1p)
: ‘ou/aAnisod "oN uo1eaoT

£T02-600Z ‘OPIENOH Ul spaIg pJim A101elBiLu woly pate|ost SAINAY
ZTal0eL

24



2166 ¥102/2/e1XBUIN/eUIYD/(ING papesy-3oe|q/T-ANdY /49039 09¢ €702/60T9OET/ueder/|INB/T-AINDY
7766 TT0Z/6EZ/UNIC/eUIYDMINP/T-AINCY /43043 09€ €102/S€2TO0ET/ueder/de seuy/T-ANdY
88'86 L002/T-2ZNM/aMN\/e810X YINoS/[esl/T-AINdY /49039 09€ €102/.26090¢T/ueder/de seuy/T-ANY
2.°66  L00Z/TTMNAd6ESeININ/RISSNY/|[INBpaxoedAre|s/T-AINdY 749039 09€ €£102/€0900N¢ET/ueder/de seuy/T-ANdY
7766 TT0Z/6EZ/UNIC/eUIYDMINP/T-AINCY /43043 09€ €102/G.¥00NET/ueder/de seuy/T-ANdY
7166 600¢/LTIXBuenoeulyopoNp/T-ANdY 1749009 09¢ 1T02/0¥000NTT/ueder/de seuy/T-AINdY
7766 6002/ TIXBuenseulydpoNp/T-ANdY /49039 09¢ TT02/9T000NTT/ueder/ ds seuy/T-ANdY
7166 6002/ TIXBuenSeulydpoNp/T-ANdY /49039 09¢ TT02/S0000NTT/ueder/ ds seuy/T-ANdY
266 6002/601-E6771/XV/1e8) pabuim-usaif/T-AINdY 7/43043 09¢ TT0Z/YTTTOOTT/ueder/ ds seuy/T-AINdY
266 6002/607-E6771/MV/Iea) pabuim-uaaib/T-AINdY /43043 09¢ 1T02/S60TOOTT/ueder/ ds seuy/T-AINdY
9766 L002/T-22NM/aMN/e810X YINoS/[eal/T-AINdY /49009 09€ 0T02/62S00N0T/ueder/ ds seuy/T-ANdY
9766 L002/T-2ZNM/aMN/E8I0X YINoS/[esl/T-AINdY /49039 09¢ 0T02/.2500N0T/ueder/ ds seuy/T-AINdY
9T'66 L002/T-22NM/aMN/e810X YINoS/[eal/T-AINdY /49009 09€ 0T02/S2S00N0T/ueder/ ds seuy/T-ANdY
9766 L002/T-2ZNX/aMN/E8I0X YINoS/[eal/T-AINdY /49039 09¢ 0T0Z/T0S00NOT/ueder/ ds seuy/T-ANdY
266 6002/T8%/110n0 | /ueder/onp/T-AINdY /43043 09¢ 0T0Z/£7£00N0T/ueder/ ds seuy/T-ANdY
266 L002/¥.£2NGD/ea10 YinoSs/pae|few/T-AINdY /49009 09€  0T0Z/0Z00AI0T/ueder/|reiurd usByUoU/T-ANdY
717'66 8002/.€0-80AAN/RUIYD/MINP/T-AINAY /43043 09€  6002/7790SM6/ueder/[es) pabulm-usalb/T-INADY
5'G6 T00Z/€8ETTOTV/(CN)SNAOWY PaJ/T-AINDY /49009 09€  6002/8600SM6/ueder/|INB paxoed-Aels/T-AINdY
04) A1uapl
Aw\%_&mﬂo:ﬂ SUEUUIERS EMWM@M_&WM_M su,mmu%.v_ aweu urens
yojew 1sag

T-AdV 10 uonezigoeleyd o1naush pue uoie|os|

€TalgelL

25



16'86 900¢/CAfealoX Yinos/plejjew/-ANdY 4/4d01a 8¢8 1T02/.6T0D0TT/ueder/ ds seuy/y-AINdY
8686 900¢/C Afealox yinos/piejfew/i-ANdVY 4/4d01d 6. TT02/96T0DOTT/ueder/ ds seuy/7-AINdY
86'86 900¢/CAfealoX Yinos/plejjew/-ANdY 4/4d01a 6. 1T02/S6T0DOTT/ueder/ds seuy/y- ANV
ST1'66 900¢/C Afealox yinos/piejfew/i-ANdVY 4/4d01a 8¢8 1T02/9670 A3 TT/ueder/aAs-uspob/y-AINY
GT'66 900¢/C Afeaio3f yinos/paelewl/iy-ANdY 4/4d01a 8¢8 0T02/68900N0T/ueder/ ds seuy//7-AINdY
6£'66 900¢/CAfealoX Yinos/plejjew/-ANdY 4/4d01a 8¢8 0T0Z/0TS00NOT/ueder/ ds seuy/7-AINdY
6.'86 900¢/CAfealoX Linos/plejjew/i-ANdY 4/4d01a 8¢8 0T02/66700N0T/ueder/ ds seuy/7-AINDY
6£'66 900¢/CAfealoX Yinos/plejjew/-ANdY 4/4d01a 8¢8 0T0Z/18700N0T/ueder/ ds seuy/7-AINdVY
/886 900¢/CAfealoX Linos/plejjew/i-ANdY 4/4d01a €08 0T0Z/T¥700N0T/ueder/ ds seuy/7-AINDY
L2'66 900¢/CAfealoX Yinos/plejjew/-ANdY 4/4d01a 8¢8 0T0Z/TZE0IMOT/ueder/ dS SeuVY/7-AINdY
L2'66 900¢/CAfealoX Linos/plejjew/i-ANdY 4/4d01a 8¢8 0T0Z/8TE0IMOT/uedRr/ ds seuY/7-AINdY
6£'66 900¢/CAfealoX Yinos/plejjew/-ANdY 4/4d01a 8¢8 0T0Z/60€01M0T/ueder/ ds seuy/y-AINdY
6€'66 900¢/C Afeal03f yinos/paefewl/i-ANdY 4/4d01d 8¢8 0T0Z/¥62010T/ueder/ ds seuy//y-AINdY
6€'66 900¢/C Afeslo3 yinos/prejfew/i-ANdY 4/4d01a 8¢8 0T02/26201M0T/ueder/ ds seuy/y-AINdY
6€'66 900¢/C Afealo3] yinos/paefewl/i-AINdY 4/4d01d 8¢8 0T02/06201M0T/ueder/ ds seuy/y-AINdY
6€'66 900¢/C Afeslo3 yinos/pejfew/i-ANdY 4/4d01a 8¢8 0T02/.8201X0T/ueder/ ds seuy/y-AINdY
9v'/6  0TOZ/TT-LT-6/urenin/Aoxuela/esi/y-ANdY 4/4d01d 8¢8 0T02/Z8T0IMOT/ueder/ ds seuy/7-AINdY
6€'66 900¢/C Afeslo3 yinos/prejfew/i-ANdY 4/4d01a 828  0T0Z/9S00AI0T/ueder/[es) pabuim-usaib/y-AINdY
GT'66 900¢/C Afealo3f yinos/paelewl/i-AINdY 4/4d01d 828  0TOZ/TTO0AIOT/ueder/[es) pabuim-usaib/iy-AINDY
GT'66 900¢/C Afeslo3 yinos/prejfew/i-ANdY 4/4d01a 8¢8 0T0Z/8000A30T/ueder/|reiuid UIBYUON/-AINY
€0'66 900¢/C Afeslo3 yinos/prejfew/i-ANdY 4/4d01a 8¢8 6002/88200N6/ueder/ ds seuy/y-AINdY
1’66 900¢/C Afeaio3 yinos/piejfewl/i-ANdY 4/4d01d 008 6002/7£200N6/ueder/ ds seuy/y-AINdY
ST'66 900¢/C Afeslo3 yinos/prejfew/i-ANdY 4/4d01a 8¢8 6002/08T00NG/ueder/ ds seuy/y-AINdY
A%_H\%ﬁwm aWeu urens  uisoid 4 ayp e (dg) SUWEL URAS
oI 1559 als abenes|y  yibua

#-AINdV 10 uonezieioeleyd onsush pue uone|os|

v1ol0el

26



G8'96 9002/C A/feaio3 yinos/plefew/y-AINdV 4/4401a 8¢8 2102/069090¢T/ueder/ ds seuy/y-AINdY
€0'66 9002/C A/ealo3] yinos/pleffew/i-ANdV 4/4d01d 8¢8 2102/€7S090¢T/ueder/ ds seuy/y-AINdY
¢1'66 900¢/CAfe3l0X yinos/piejfew/7-ANdV 4/4d01d 86. 2102/.£5090¢T/ueder/ ds seuy/7-AINdY
¢i'86 9002/C A/ealox] yinos/pleffew/i-ANdV 4/4d01a 8¢s8 2102/9€5090¢T/ueder/ ds seuy/y-AINdY
8G9°L6 900Z/C Afeal0X yinos/piejfew/y7-ANdV 4/4d01Q 8¢8 2102/6TS0D0ZT/ueder/ ds seuy/7- ANV
¢1'66 9002/C Arealo3f yinos/pleffew/i-ANdV 4/4d01a 108 2102/802090¢T/ueder/ ds seuy/y-AINdY
81'86 9002/C A/ealox] yinos/pleffew/i-ANdV 4/4d01a TLL TT02/S2€00NTT/ueder/ ds seuy/y-AINdY
69'86 900Z/C Afeal0X yinos/piejfew/y7-ANdV 4/4d01Q 69, 1102/2.000NTT/ueder/ ds seuy/7- ANV
€0'66 9002/C A/ealox] yinos/pleffew/i-ANdV 4/4d01a 8¢s8 TT02/.L0TOOTT/ueder/ ds seuy/y-AINdY
€066 900Z/C Afealo yinos/paejfew/y7-ANdVY 4/4d01d 8¢8 TT02/SL0TOOTT/ueder/ ds seuy/y-AINdY
€0'66 900¢/C A/ealo3] yinos/pleffew/i-ANdV 4/4d01a 8¢s8 TT0Z/¥E0TOOTT/ueder/ ds seuy/y-AINdY
€066 900Z/C Afealo yinos/paejfew/7-ANdY 4/4d01d 8¢8 TT02/L00TOOTT/ueder/ ds seuy/y-AINdY
16'86 900¢/C Afeaio3] yinos/pleffew/i-AINdV 4/4d01a 8¢s8 T102/9.6090TT/ueder/ ds seuy/y-AINdY
€066 900Z/C Afealo yinos/paejfew/7-ANdY 4/4d01d 8¢8 1T02/S96090TT/ueder/ ds seuy/7-AINdY
€0'66 900¢/C Afealox] yinos/pleffew/i-ANdV 4/4d01a 8¢s8 T102/296090TT/ueder/ ds seuy/y-AINdY
€066 900Z/C Afealo yinos/paejfew/y7-ANdV 4/4d01d 8¢8 1T02/6¥6090TT/ueder/ ds seuy/7-AINdY
€0'66 9002/ Afealod yinos/plejfew/y7-AINdV 4/4d01a 8¢s8 TT02/€T8090TT/ueder/ ds seuy/y-AINdY
€066 900Z/CAfeal0 yinos/paejfew/y7-ANdY 4/4d01a 8¢8 1102/66.090TT/ueder/ ds seuy/7-AINdY
€0'66 9002/C Afealo3 yinos/plejfew/y-ANdY 4/4d01a 8¢s8 TT02/6E7090TT/ueder/ ds seuy/y-AINdY
€066 900¢Z/C Afealoxf yinos/plejfew/7-ANdY 4/4d01a 8¢8 1102/.8€090TT/ueder/ ds seuy/7-AINdY
€0'66 9002/C Afea103 yinoSs/plejfew/y-ANdY 4/4d01a 8¢s8 TT02/SGE0D0TT/ueder/ ds seuy/y-AINdY
86'86 900¢Z/C Afealoxf yinos/plejfew/y7-ANdY 4/4d01a 6L 1102/6£2090TT/ueder/ ds seuy/7-AINdY
16'86 9002/C Afea103 yinoSs/plejfew/y-ANdY 4/4d01a 8¢s8 TT02/86T090TT/ueder/ ds seuy/y-AINdY
(%) Amusp
apN0aaNN aweu urens c_mwm%ow_ \ﬂw_w Emm%nv_ aWeU urens
yorew 1sag

(panunuod) ¥'T 8|0eL

27



19'86 9002/C Afe3103] UIN0S/pe|[ew/y- AINdY 4/4d0Ia 828 £102/0L7TOOET/ueder/ ds seuy//y-AINdY
19'86 9002/C Afe810] UINOS/pe|[ew/y- AINdY 4/4d0Ia 828 £102/LLTTDOET/ueder/ ds seuy//y-AINdY
19'86 9002/C Afe8103] YINO0S/pe[ew/y- AINdY 4/4d01a 8z8 £T702/S0TTOOET/ueder/ ds seuy//y-AINdY
16'86 9002/C Afe810] UINOS/pe|[ew/y- AINdY 4/4d0Ia 828 £102/259090¢T/ueder/ ds seuy//y-AINdY
63'G6 9002/C A/e810 YINOS/paef[ew/- AINdY 4/4d01a 828 £T02/S0S090ET/ueder/ ds seuy//y-ANdY
55'86 9002/C Afe810 YINOS/paef[ew/- AINdY 4/4d0Ia 828 £102/SG70D0ET/ueder/ ds seuy//y-AINdY
2716 9002/C Afe8103] YINOS/pe|[ewl/y- AINdY 4/4d0I1a 828 £102/.07090€T/ueder/ ds seuy//y-AINdY
9.'86 9002/C Afe810] YINOS/pe|[ew/y- AINdY 4/4d0Ia 108 £102/27£0D0ET/ueder/ ds seuy//y-AINdY
ST'66 9002/C Afe8103] YINOS/pe|[ewl/y- AINdY 4/4d0I1a 828 £T02/TE60NET/ueder/ ds Seuy//r- ANV
ST'66 9002/C Afe810] YINOS/pe|[ew/y- AINdY 4/4d0Ia 828 £T02/6T60NET/ueder/ ds Seuy//r-AINdY
06,6 9002/C Afe8103] YINOS/pe|[ew/y- AINdY 4/4d0I1a 018 £102/2680NET/ueder/ ds seuy//y-AINdY
1’86 9002/C Afe810] YINOS/pe|[ew/y- AINdY 4/4d0Ia 828 £702/0680NET/ueder/ ds Seuy//y-AINdY

(%) Amusapi

3p108JINN s :_mwmm@m@h_m Emmu_wg.v_ SUleu Utehs

yorew 1s8g

(panunuo)d) ¥'T9qeL

28



GT'36 8002/€T80SM8/uederAunS paxdau-pal/9-ANdY /4434l 0€e €102/289090¢T/ueder/ ds seuy/9-AINdY
9/'G6 8002/€T80SM8/ueder/Auns paxdau-pal/9-ANdY /4434l 0€e €10¢/.800NET/ueder/ ds seuy/9-AINdV
9096 8002/€T80SM8/uederAuns paxdau-pal/9-AINdY /44341 0ge TT02/820TO0TT/ueder/ ds seuy/9-AINdY
9096 8002/€T80SM8/uederAuns paxdau-pal/9-AINdY /44341 oee TT02/7T8090TT/ueder/ ds seuy/9-AINdY
9096 8002/€T80SM8/uederAuns paxdau-pal/9-AINdY /44341 oee TT02/...090TT/ueder/ ds seuy/9-AINdY
9096 8002/€T80SM8/uederAuns paxdau-pal/9-AINdY /44341 oee T102/269090TT/ueder/ ds seuy/9-AINdY
75176 8002/€T80SM8/uederAunS paxdau-pal/9-AINdY 1/d4d3dl1 0€e TT02/095090TT/ueder/ ds seuy/9-AINdY
75176 8002/€T80SM8/uederAUNS Paxdau-pal/9-AINdY 1/d4d3dl1 0€e TT02/70S090TT/ueder/ ds seuy/9-AINdY
75176 8002/€T80SM8/UederAunS paxdau-pal/9-AINdY 1/d4d3dl1 0€e TT02/08¥090TT/ueder/ ds seuy/9-AINdY
81'86 £002/SyzeT/wniblag/pie|ew/9-AINdY 1/4d3dv 0€e 1102/8.0090TT/ueder/ ds seuy/9-AINdY
81'86 8002/€T80SM8/uederAunS paxdau-pal/9-AINdY /44341 oee 0T02/2900A30T/ueder/|reuid JayHoN/9-AINdY
LT'L6 866T/6TTA/UBMIEL/MINP/I-AINDV 1/4d3dv oee 0T0Z/STO0ATOT/ueder/[es) pabuim-usaib/9-ANdY
LS'L6 8002/€T80SM8/uederAunS paxdau-pal/9-AINdY /44341 oee 0T02/2000A30T/ueder/[ea) pabuim-usaib/9-ANdY
A%_m%_%ﬂ urens  uieoid 4 ayple (dg)
- TR aMIs abenea|D  yibua alWeu urens

9-AINdYV 10 uoneziiaoeleyd o1ausb pue uone|os|

‘ST9l0elL

29



96°06 8002/9229/A1e) /pe|[ew/6-AINdY /49341 G/9 1702/6£8090TT/ueder/ds seuy/6-AINdY
GC'16 8002/9229/A1e) /pe|[ew/6-AINdY /49341 G/9 6002/58700N6/ueder/ ds seuy/6- ANV
(%) Anuapi
ap10ajaNN UIBAS  uisroud 4 o 1e (da)
alls abenes|d yi1bua aleu urens
yorew 1seg

30

6-AINdY 10 uoneziiaioeseyd o1auab pue uone|os|
9T 9|geL



Black Sea/Mediterranean Flyway Mississippi Americas
Flyway =

Atlantic
Americas
Flyway

Pacific Americas
Flyway

West Pacific
Flyway

West Asian - East African Flyway
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Fig. 1.1. Nine major flyways of migratory birds in the world. Japan is located in the East Asian-
Australasian Flyway. (EAAFP Secretariat, 2010)

Russia

Fig. 1.2. Main migration routes of migratory winter birds in Japan: (1) The Kamchatka route;
(2) The Sakhalin-Kurile route; (3) The crossing of the Sea of Japan route; (4) The Korean
Peninsula route. (Food Safety and Consumer Affairs Bureau, 2007)
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Fig. 1.3. The Phylogenetic tree of the F genes from APMV-1 isolates was generated by the Maximum Likelihood
method based on the Kimura 2-parameter model. The analysis involved 57 nucleotide sequences. All positions
containing gaps and missing data were eliminated. There were a total of 197 positions in the final dataset. The symbols

used in the tree are described as follows; ®: sample from 2009, A: sample from 2010, V: sample from 2011, m:

sample from 2013.
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Fig. 1.4. The Phylogenetic tree of the F genes from APMV-4 isolates was generated by the Maximum Likelihood
method based on the Kimura 2-parameter model. The analysis involved 87 nucleotide sequences. All positions
containing gaps and missing data were eliminated. There were a total of 762 positions in the final dataset. The

symbols used in the tree are described as follows; ®: sample from 2009, A : sample from 2010, V: sample from
2011, 4: sample from 2012, m: sample from 2013.
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Fig. 1.5 The Phylogenetic tree of the F genes from APMV-6 isolates was generated by the Maximum Likelihood
method based on the Kimura 2-parameter model. The analysis involved 22 nucleotide sequences. All positions
containing gaps and missing data were eliminated. There were a total of 330 positions in the final dataset. The
symbols used in the tree are described as follows; A : sample from 2010, V: sample from 2011, m: sample from

2013.

APMV9/mallard/Italy/5709/2007

93

APMV9/widgeon/Italy/6436/2008

100

|— APMV9/pintail/ltaly/493/2004
APMV9/mallard/Italy/6226/2008

r VYV APMV9/Anas sp./Japan/110G0839/2011

100
I‘ APMV9/Anas sp./Japan/9U00485/2009

APMV9/duck/New York/22/1978

0.01

Fig. 1.6 The Phylogenetic tree of the F genes from APMV-9 isolates was generated by the Maximum
Likelihood method based on the Tamura-Nei model. The analysis involved 7 nucleotide sequences. All
positions containing gaps and missing data were eliminated. There were a total of 674 positions in the final

dataset. The symbols used in the tree are described as follows; ®: sample from 2009, V: sample from 2011.
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Chapter Il
Genetic and antigenic analysis of APMV-1 isolated

from wild birds in Hokkaido

2.1 Introduction

ND is an important disease in poultry industries caused by virulent strains of APMV-1.
APMV-1 can be grouped in to 5 pathotypes defined by clinical signs in experimentally infected
chickens. The pathotypes of ND consist of viscerotropic velogenic (a highly pathogenic form
characterized by high mortality and hemorrhagic intestinal lesions in any age chickens),
neurotropic velogenic (usually characterized by respiratory and nervous signs, and low
mortality in old chickens and high mortality in young chickens), mesogenic (lesser respiratory
signs, occasional nervous signs, but low mortality in only young chickens), lentogenic (mild or
subclinical respiratory infection), and asymptomatic enteric (enteric, but asymptomatic
infection). However, pathotyping cannot be certainly determined, and considerable overlapping
of clinical sign may be seen (Alexander and Senne, 2008). According to OIE manual, virulence
of APMV-1 can be assessed by the intracerebral pathogenicity index test (ICPI) in day-old
chickens, and virulent NDV is characterized by an ICPI > 0.7 (OIE, 2012). OIE also suggested
molecular approach to confirm virus virulence. The F protein cleavage site was used to
determine virus virulence. A precursor of the F protein (FO) required host cell protease to cleave
itinto F1 and F2 units. Virulent APMV-1 has multiple basic aa at the C-terminus of the F2 unit
and a phenylalanine at the N-terminus of the F1 unit that are cleaved by furin-like protease
found in a myriad of cells and tissues throughout all systems (Morrison et al., 1993). While low
virulent APMV-1 has monobasic aa at this site and a leucine at the N-terminus that are cleaved

by trypsin-like protease found only in respiratory and intestinal tracts (Choi et al., 2010; Nagai
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et al., 1976). However, the cleavage site of the F protein does not always correlate with
pathogenicity. The APMV-1 containing the cleavage site of the virulent APMV-1 did not
induce clinical disease as severe as that cause by the virulent strain with multiple basic aa at the
F protein cleavage site, which means that the F protein is not the sole virulence determinant of
APMV-1 (de Leeuw et al., 2005; Romer-Oberdorfer et al., 2003).

The HN protein is responsible for the attachment of virus envelop to sialic acid receptor
on cell surfaces before development of fusion activity of the F protein (Lamb and Parks, 2013).
Sakaguchi et al. (1989) firstly demonstrated that the HN protein of APMV-1 strains varied in
length resulting in the existence of three distinct lineages. The longest HN protein of 616 aa
was found only in low virulent strains, and the length of 571 aa was found only in virulent
strains. This data implied that the length of the HN protein may be associated with virus
virulence. However, the relation between the HN protein with an intermediate length and
virulence is questioned.

Wild birds commonly harbor low virulent APMV-1. However, in the 1900, a highly
virulent APMV-1 caused a large outbreak in double-crested cormorants in Canada and the US
(Diel et al., 2012b). Moreover, there is an evidence indicating that the outbreak in turkey in
North Dakota in 1992 was caused by virulent APMV-1 transmitted by cormorants (Seal, 1996).
Though this occurrence was rare, the potential that virulent APMV-1 may be maintained in
wild birds or transported by them cannot be denied. Thus, a surveillance of APMV-1 in wild
bird population is still necessary.

Vaccination has been used to control NDV in poultry industries in most countries, but
despite intensive vaccination, the incidences of ND has been still recognized in many countries
(Ababneh et al., 2012; Cho et al.,, 2007; Zhang et al., 2016). Poor technique in vaccine

administration was hypothesized as one of possible causes. However, the experimental
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infection studies reveal that commonly used vaccines cannot completely protect virulent
APMV-1 infection and virus shedding. The protective immunity induced by vaccines
homologous with challenge viruses decreased viral shedding significantly more than the
heterologous vaccines (Kapczynski and King, 2005; Miller et al., 2007). In addition, in South
Korea and Nigeria, ND outbreaks in chicken farms with well-vaccinated practice also raised a
question regarding the efficacy of conventional NDV vaccine (Cho et al., 2007; Solomon et al.,
2012). That is the reason why the antigenic diversity between vaccine and field strains was of
concern as the possible cause for the insufficient immunity (Hu et al., 2009; Miller et al., 2009;
van Boven et al., 2008).

Although all APMV-1 isolates obtained from this surveillance had the F protein cleavage
site of low virulent APMV-1, the concern of antigenic variation between vaccine strains and
field strains cannot be ignored. In this study, | genetically characterized APMV-1 isolates
obtained from migratory wild birds based on HN genes in comparison with F genes from
chapter I. The comparison of antigenicity between APMV-1 isolated from poultry and wild

birds was also described.

2.2 Materials and methods
Samples

A total of 18 APMV-1 isolates was obtained from the surveillance as shown in Chapter I.
They were identified as APMV-1 antigenically and genetically using HI test and RT-PCR for
detection of the F genes, respectively. Fourteen samples were selected to be sequenced for the

full length of HN genes (Table 2.1).

RT-PCR
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Total RNA was extracted from the HA positive allantoic fluids containing the APMV-1
isolates using ISOGEN-II (Nippon Gene, Tokyo, Japan) according to the manufacturer’s
instruction. First-strand cDNA was produced using 2.0 pl of random hexamer primers (0.5
ug/ul) (Invitrogen, Carlsbad, CA), 1.0 pl of 10 mM dNTP, 4.0 ul of RNA, 6 ul of DEPC-water,
4.0 pl of 5x first-strand buffer, 2.0 pul of 0.1 M DTT, 1 ul of RNAse inhibitor and 1.0 pl of
MMLYV reverse transcriptase (Invitrogen) to a total volume of 21 pl. The reaction was incubated
at 25°C for 10 min, 37°C for 50 min, and 65°C for 10 min and placed on ice. PCR with 20 pl
of total volume of reaction was performed using 1 pl of cDNA, 1 ul of each primer (20 uM),
1.6 pl of dNTP (2.5 mM each dNTP), 2 ul of 10X Ex Taq Buffer, 13.3 pl of DEPC water and
0.1 ul Takara Ex Taq (Takara, Shiga, Japan). The PCR conditions were as follows: 94°C for 5
min; 40 cycles of denaturation at 94°C for 30 sec, annealing at 50°C for 30 sec, and extension
at 72°C for 40 sec; and final extension at 72°C for 10 min. The primer sets were designed to
amplify complete gene of HN gene (Table 2.2). Obtained PCR products were electrophoresed

on a 1.5% agarose gel stained with ethidium bromide and visualized under UV light.

Nucleotide sequencing and phylogenetic analysis

The PCR products were purified from agarose gels using a QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany). The purified products were used as a template for sequencing
reactions using a BigDye terminator ver. 3.1 cycle sequencing kit (Applied Biosystems, Foster,
CA) and the primers using for amplification of the PCR product were used for sequencing.
Nucleotide sequencing was performed with an ABI 3500 Genetic Analyzer (Applied
Biosystems). The obtained sequences were analyzed by BioEdit and compared with other
available sequences using BLAST homology searches. Pairwise comparison between

sequences were conducted using the p-distance model. Evolution distances were calculated
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using the aligned sequences and the Kitamura 2-parameter model. Phylogenetic trees were
constructed using the Maximum Likelihood (ML) method supported by 500 bootstrap replicates

and MEGA 6.0 software (Tamura et al., 2013).

Antigenic analysis

Monoclonal antibodies (mAbs) produced using the three strains (D26/76, Ibaraki/85, and
Sato/30) of APMV-1 isolated in Japan were used. Strain D26/76 was isolated from duck in
1976. Strain Ibaraki/85 was isolated from chicken in 1985 and strain Sato/30 was isolated from
chicken in 1930.

The mAbs against the HN protein used in this study are shown as follows; mAbs against
Ibaraki/85 strain (M1, M2, M3, M10, M13), mAbs against D26/76 strain (HN14, HN21, HN31,
HN41). The mAbs against the Ibaraki/85 strain was produced in my laboratory. The mAbs
against the D26/76 strain were provided by Nagoya University Graduate School of Medicine.
The comparison of antigenicity was done using HI tests as previous described (OIE, 2012). The
other mAbs (70/1, 320/1, 743/1) against the F protein of APMV-1 strain Sato/30 were also used
in this study. These mAbs were provided by Dr. Kida, Hokkaido University. VN tests were
used to compare the antigenicity. Four-fold dilutions of mAbs against APMV-1 strain Sato/30
from 1/100 to 1/12,800 dilution, were mixed with an equal amount of 100 EIDs¢/0.1ml of the
APMV1 isolates. The mixture was incubated at 37°C for 1 h and then inoculated into the
allantoic cavity of ten-day-old embryonated chicken eggs. Afrer incubating at 37°C for 3 days,
allantoic fluids were tested for HA activities as described above. The reciprocal of the highest
diulution of the mAbs that neutralizing 50% of the virus was taken as the neutralizing titer.

Besides the homologous strains with the mAbs, other APMV-1 strains used for

antigenicity comparison were as follows: the Chiba/85 strain provided by National Institute of
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Animal Health, Japan, and vaccinal strains B1 and VG/GA purchased from the Chemo-Sero-

Therapeutic Research Institute (Kumamoto) and MERIAL Japan (Tokyo), respectively.

2.3 Results
Phylogenetic analysis

Fourteen HN gene nucleotide sequences of the APMV-1 isolates were phylogenetically
analyzed (Fig. 2.1). The phylogenetic tree revealed that the isolates were classified into 2
genetic classes similar to the F genes analyzed in Chapter I. Six isolates were classified into
class I. Four isolates (9KS0644, 10U00343, 130G1235, and 13UO0475) of them obtained in
2009, 2010, and 2013 were genetically close to the Eurasian lineage strains including four
Chinese and one German strains resulting in one cluster, while the two isolates (110G1095,
110G1114) obtained in 2011 formed the different cluster with the US strains. Other eight
isolates were grouped into genotype | of class Il which includes the APMV-1 isolates from
Asia, Australia, and Europe (Fig. 2.1). Seven isolates (10U00529, 10EY0020, 11U0O0005,
11U00016, 11U00040, 130G0603, and 130G0977) obtained in 2010, 2011, and 2013 formed
one cluster with the Chinese strains within genotype 1. Only one isolate (9KS0098) in 2009
was more close to the Ishii strain that was isolated from a chicken in 1962, Japan, resulting in
one cluster apart from the above cluster.

As shown in Table 2.3, based on the HN genes, the obtained APMV-1 isolates within the
same class shared homology to each other with nucleotide sequence identity greater than
88.91%, while the nucleotide identities between the isolates from different class ranged from
70.56-72.56%. The similarity of the HN protein between APMV-1 isolates was ranged from
81.67-100.00%. The HN protein of the isolates 11UO0005 and 11U0O0016 were completely

identical to each other.
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The HN proteins of the isolates have the length of 616 aa, except the isolate 9KS0098. The
stop codon of the HN open reading frame of this isolate was found at positon 586, resulting in

the length of 585 aa (Fig. 2.2).

Antigenic analysis

The HI test results with mAbs against the HN protein of APM-1 strain Ibaraki/85 showed
that all mAbs reacted with the homologous virus (HI titers:160-5,120) (Table 2.4). In contrast,
all wild bird APMV-1 reacted with only one mAb, M2 (HI titers:80-320), and one isolate
(9KS0098) did not react with any mAbs. The three mAbs, M1, M10, M13 recognized the aa
residue K263, E260, and D287 of strain Ibaraki/85. In Fig. 2.3, the aa sequences alignment of
the HN protein of APMV-1 isolates showed the same aa residue at E260 and D287 but the
position 263 (K263Q for 9KS0644, K263N for 9KS0098) were different.

Then, one representative wild bird isolate from each genetic class was selected (class I,
9KS00644; class Il, 9KS0098) for antigenicity comparison using mAbs against the HN proteins
of strain D26/76 and mAbs against the F protein of strain Sato/30.

The reactivity of mAbs against strain D26/76 with different strains of APMV-1 were
shown in Table 2.5. The results showed that mAb, HN21 reacted with all isolates including the
two isolates. Although the mAb HN21 recognizes the aa residue E495 of the HN protein of
strain D26/76, this residue was found in the HN proteins of all the strains examined (Fig. 2.3).
However, the remaining three mAbs did not recognize the isolates in contrast to the reactivity
of the mADs to the strains derived from domestic birds. The mAb HN14 and HN41 recognized
the aa residues E347 and N481 of strain D26/76, respectively. As shown in Fig. 2.3, the

substitution of aa residue at position 347 (E347D) in the HN proteins of 9KS0098 and 9KS0644
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was found. In contrast, there was no aa substitution at position 481 (N481) recognized by HN
41 among all the APMV-1 strains including the isolates.

The reactivity of mAbs against the F protein of strain Sato/30 with the two isolates was
analyzed by VN tests. As shown in Table 2.6, none of three mAbs (70/1, 320/1, 743/1)
neutralized the isolate 9KS0644, whereas only the mAbs 70/1 was able to neutralize the isolate

9KS0098 growth in embryonated chicken eggs (VN titer: 400).

2.4 Discussion

The primers designed here successfully amplified the full length of HN genes derived from
the viruses of both class | and class Il. The phylogenetic tree generated based on the HN genes
indicated that the isolates of APMV-1 were divided into the two lineage as observed in the tree
based on the F genes.

Regarding the HN protein length, all the APMV-1 isolates sequenced in this study, except
one isolate (9KS0098), had the HN protein length of 616 aa. The shortest length (571 aa) has
been found only in virulent APMV-1 strains. The extension of the 571 aa to 616 aa (571+45
aa) of the HN protein was described to reduce pathogenicity in chickens (Kim et al., 2014). The
45 aa in the C-terminal extension present in the HN protein was a precursor that works as an
auto-inhibited state to block the neuraminidase active sites and second sialic acid binding sites
(Yuan etal., 2012). In this study, one isolate, 9KS0098 has the length of 585 aa and no chicken
embryo infected the isolate die (data not shown). This data may imply that the length of 585 aa
does not influence virus virulence. The contribution of the HN protein length to virulence of
APMV-1 is still controversial. Several studies highlighted the influence of the HN protein
length to virus virulence by exchanging genes between low virulent and virulent strains, or by

mutating some nucleotide residue (Huang et al., 2004; Kim et al., 2014; Zhao et al., 2013). In
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contrast, Jin et al. (2016) demonstrated that the length diversity of the HN protein was
associated with APMV-1 replication but not the virulence. Thus, further studies are required to
determine the exact role of the HN protein in virus virulence.

In APMV-1, seven antigenic sites within the HN protein have been reported; site 1, site 2,
site 3, site 4, site 12, site 14, and site 23. All sites are conformational epitope, except site 14
that is a linear epitope (lorio et al., 1991). In this study, three mAbs (M1, M10, M13) against
strain Ibaraki/85 recognized aa residue K263, E260, and D287 of site 3 in the HN protein,
respectively. These residues except K263 were conserved among wild bird and poultry APMV-
1 (Fig. 2.3). However, even these residues were conserved in the HN protein of wild bird
isolates, these mAbs did not recognize them. In other studies, APMV-1 strain Miyadera and
strain Ulster also failed to react with the mAbs, although these conserved residues exist in their
HN protein (Nishikawa et al., 1987). It is unclear why mAbs M10 and M13 cannot recognize
E260 and D287 in the HN protein of the wild bird and poultry APMV-1 of low virulence.

The mAb, HN41 against strain D26/76 binds to the site 4 and recognized N481 of the HN
protein (Fig. 2.3). All the APMV-1 isolates sequenced in this study possessed the same residues.
However, these mAbs could not inhibit HA activity of the isolate 9KS0098 and 9KS0644.

No reaction between the mAbs and APMV-1 isolates may have been caused by several
factors. The overlapping of the antigenic site may be one of the possible cause. Moreover, the
production of mAbs against the HN protein used in this study were done in mice immunized
with disrupted viral antigens. This process may change the conformation of the HN protein.
lorio and Bratt (1983) described that the antibodies against the HN protein are directed
against determinants of a conformational nature rather than primary aa sequences.
Additionally, these results implied that there might be more epitopes that influence the

antigenicity, and the conformation of those two antigenic sites more than previous thought.
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The mAb, HN14 against strain D26/76 binds to the linear epitope of the site 14, and
recognized E347 (Gotoh et al., 1988). The mADb reacted with all the reference APMV-1 strains
(E347), except strain Ibaraki/85 (K347). As shown in Fig. 2.3, The isolates 9KS0644 and
9KS0098 possessed aa residue D347, resulting in no reactivity with the mAb HN14. The residue
347 was a critical determinant of the antigenic site 4 on the HN protein (Hu et al., 2010). The
increased prevalence of this linear epitope mutants, especially E347K was found in APMV-1
isolated from the outbreak in South Korea during 2000 to 2006, which is was probably caused
by the antigenic selection under intensive NDV vaccination (Cho et al., 2008).

The epitopes recognized by the mAbs M2 and HN21 seem to be highly conserved among
APMV-1 strains because all most of APMV-1 isolates reacted with these mAbs (Tables 2.4 and
2.5). Accordingly, these mAbs can be used for diagnosis of ND.

APMV-1 strain Sato/30 is a virulent strain that has been used as a standard challenge virus
in evaluating NDV vaccines efficacy in Japan (Abenes et al., 1986). The mAbs against its F
protein were applied to wild bird isolate 9KS0098 and 9KS0644. The mAbs against the F
protein displayed the different in antigenicity between chicken and wild bird APMV-1. One
mADbs (70/1) neutralized only the isolate 9KS0098 (Table 2.6).

In summary, antigenicity analysis of APMV-1 with mAbs revealed quite different
antigenicity between wild bird and poultry APMV-1. The results obtained showed that mAbs
against chicken APMV-1 seem to detect poultry APMV-1 preferentially. Consequently, a panel
of mAbs against the HN protein used in this study can be applied to distinguish between chicken
and wild bird APMV-1. However, more number of APMV-1 strains derived from different
source should be examined to clarify this important point.

Protective immunity of vaccine is influenced by antigenicity of challenging viruses. The

present results suggest that current NDV vaccines used in poultry may not protect APMV-1
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infection derived from wild bird. Although most of wild bird APMV-1 obtained in this study
are low virulent, multiple passages of low virulent APMV-1 in chicken was proved to increase
pathogenicity (Islam et al., 1994; Shengqing et al., 2002). More importantly, the variant virulent
APMV-1 has been reported more frequently since 2000 in spite of widely use of NDV
vaccination in poultry industry (Cho et al., 2007; Hu et al., 2009; Yu et al., 2001). Considering
the emergence of new variants of APMV-1, antigenic analysis of APMV-1 should be conducted
along with the genetic analysis and alternative strategy to prevent NDV outbreak should be

developed promptly.

2.5 Summary

From a total of 18 APMV-1 isolates obtained from wild birds, 14 isolates were selected to
be sequenced for the complete codon of HN genes. The HN protein among all the isolates
showed high similarity with aa identity varying from 81.67-100.00%. The delineation of
phylogenetic tree based on the HN genes was consistent with the phylogenetic tree based on
the F gene. The isolates were classified into 2 genetic classes (I and II) similar to the F genes
analyzed in Chapter I. The HN protein length varies among APMV-1 strains. The shortest (571
aa) length has been reported to find only in virulent strains, and the longest length (616 aa) was
found only in low virulent strains. All of the isolates had HN proteins length of 616 aa except
the isolate 9KS0098 with 585 aa. Nonetheless, no pathogenicity of the isolate 9KS0098 to
chicken embryos was observed, which means that this length may not be involved with virus
virulence.

The antigenicity analysis was performed using mAbs against reference APMV-1 strains
derived from APMV-1 strain Ibaraki/85, D26/76, and Sato/30. The results revealed that

antigenicity of wild bird APMV-1 isolates quite differed from that of poultry APMV-1 strains
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including current vaccine strain. Four mAbs (M1, M10, M13, HN41) against strain Ibaraki/85
and D26/76 did not react with the APMV-1 isolates, although the same aa residues recognized
by mADbs exist in their HN protein. The discrepancy of this results cannot be elucidated, here.
However, the antigenic variation of APMV-1 observed in this study may lead to the concern of

the efficacy of current NDV vaccines used in poultry industry.

46



Table 2.1.
List of selected APMV-1 isolates to be sequenced for the full length of the HN genes

Collection Year APMV-1 isolates HN protein
length (aa)
2009 APMYV 1/slaty-backed gull/Japan/9KS0098/2009 585
APVM1/green-winged teal/Japan/9KS0644/2009 616
2010 APMYV 1/northern pintail/Japan/10EY0020/2010 616
APMV1/Anas sp./Japan/10U00343/2010 616
APMV1/Anas sp./Japan/10U00529/2010 616
2011 APMV1/Anas sp./Japan/110G1095/2011 616
APMV1/Anas sp./Japan/110G1114/2011 616
APMV1/Anas sp./Japan/11UO00005/2011 616
APMV1/Anas sp./Japan/11U00016/2011 616
APMV1/Anas ap./Japan/11U00040/2011 616
2013 APMV1/Anas sp./Japan/13U00475/2013 616
APMV1/Anas sp./Japan/130G0603/2013 616
APMV1/Anas sp./Japan/130G0977/2013 616
APMV1/Anas sp./Japan/130G1235/2013 616
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Table 2.4.
HI tests of APMV-1 isolate with mAbs against the HN protein of APMV-1 strain Ibaraki/85

APMV-1 HI titer 2
isolate M1 (K263) M2 (N’ M3 (D349) M10 (E260) M13 (D287)
Ibaraki/85 320 160 5,120 640 1,280
Class|  9KS0644 <10 160 <10 <10 <10
10U00343 <10 80 <10 <10 <10
110G1095 <10 160 <10 <10 <10
110G1114 <10 320 <10 <10 <10
130G1235 <10 160 <10 <10 <10
13U0475 <10 160 <10 <10 <10
Class Il 9KS0098 <10 <10 <10 <10 <10
10U00529 <10 160 <10 <10 <10
10EY0020 <10 320 <10 <10 <10
11U00005 <10 80 <10 <10 <10
11U00016 <10 160 <10 <10 <10
11U00040 <10 160 <10 <10 <10
130G0603 <10 160 <10 <10 <10
130G0977 <10 320 <10 <10 <10

2The number in the parentheses represents the position of aa residue that mAbs recognized in the HN
protein. The letter before the number represent the aa sequence.
b N: the position of aa residue that cannot be determined.

Table 2.5.
HI tests of APMV-1 isolate with mAbs against the HN protein of APMV-1 strain D26/76
_ _ HI titer @
Virus stain HN14 (E347) HN21 (E495)  HN3L(N®)  HNA4L (N481)
D26/76 2,560 10,240 5,120 160
Ibaraki/85 <10 10,240 <10 10,240
Chiba/85 5,120 40,960 20,480 10,240
Sato/30 2,560 2,560 320 <10
Bl 5,120 320 1,0240 5,120
VG/GA 1,280 2,560 <10 320
9KS0644 <10 10,240 <10 <10
9KS0098 <10 1,280 <10 <10

2The number in the parentheses represents the position of aa that mAbs recognized in the HN
protein. The letter before the number represent the aa sequence
b N: the position of aa residue that cannot be determined
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Table 2.6.
Virus neutralizing (VN) titers of APMV-1 isolates and mAbs against the F protein of strain Sato/30*

Virus strain VN titer

70/1 320/1 743/1
Sato/30 400 400 100
9KS0098 400 N N
9KS0644 N N N

aN: Titer < 100
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V APMV1/Anas sp./Japan/11U00016/2011
VAPMV1/Anas ap./Japan/11U00040/2011

V APMV1/Anas sp./Japan/11U00005/2011
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M APMV1/Anas sp./Japan/130G0977/2013
APMYV1/rallus aquaticus/China/R8/2005
APMV1/feral migratory ducks/China/D3/2007
BAPMV1/Anas sp./Japan/130G0603/2013 Genotype I
A APMV1/northern pintail/Japan/10EY0020/2010
APMV1/chicken/Northern Ireland/Ulster/67

@ APMV1/slaty-backed gull/Japan/9KS0098/2009
APMYV1/chicken/Japan/Ishii/62

APMV1/Japan/D26

90 APMV1/bird/Australia/98-1252/1998
APMV1/chicken/Australia/02-1334/2002

98t APMV1/bird/Australia/PR98-1154/1998
APMYV1/mallard/US(MN)/00-32/2000
APMYV1/chicken/China/NDV03
APMV1/LaSota
APMV1/fowl/US/B1/1947

100
s3] APMV1/turkey/US/VG/GA/1987

53t APMV1/chicken/Japan/MET95

Genotype II

100 APMV1/Mukteswar
APMV1/goose/China/JS/9/05/Go/2005 Genotype III
s3 jAPMV1/Japan/Miyadera
10! APMV1/Japan/MIY/51
APMYV1/chicken/Indonesia/Sukorejo/019/2010
APMV1/egret/China/Guangxi/2011 Genotype VII
APMV1/peacock/Pakistan/MM19/2012
APMV1/sterna/Russia/Astr/2755/2001
6a— APMV1/chicken/china/ZhJ-3/97
2L APMV1/chicken/Japan/Ibaraki/SM87/1987
e APMV1/APMV1/JP/IBA/85
APMV1/chicken/Japan/Osaka/2440/1969
APMV1/pigeon/USA/0101/2001 Genotype VI
APMV1/pigeon/Italy/1166/00
APMV1/Pigeon/PA/USA/0725/2007
APMV1/Pigeon/USA/0106/2001
APMV1/Pigeon/PA/USA/0810/2008
100! APMV1/Pigeon/NJ/USA/0607/2006
APMV1/chicken/China/NDV10-059/2010
APVM1/duck/ChinaND V10-084/2010
1 L APMV1/chicken/China/NDV10-005/2010
61— APMV1/duck/China/NDV09-026/2009
APMYV1/chicken /China/NDV09-043/2009
100l APMV1/duck/China/ND V08-004/2008
85.- APMV1/chicken/China/NDV10-088/2010
100 _I APMV1/water fowl/Japan/9aSh
APMV1/goose/US/9a3b
o) V APMV1/Ana sp./Japan/110G1095/2011

=
=

99

100

0.1

1 I\7APMV1/Anas sp./Japan/110G1114/2011

100 [ APMV1/duck/US/154979-1/2001
APMV1/northern pintail/US(AK)/196/1998

— APMV1/duck/U.S./119535-1/2001

99) ll APMV1/Anas sp./Japan/13U00475/2013

o2l IlIAPMV1/Anas sp./Japan/130G1235/2013

AAPMV1/Anas sp./Japan/10U00343/2010

PMV1/duck /Germany/DE-R49/99/1999

APMV1/duck/China/NDV08-046/2008

‘APMV1/duck/China/J$10/2010

APMV1/duck/China/ND V08-050/2008

85| APMV1/Chicken/China/NDV09-034/2009

72 .APVMI/green-winged teal/Japan/9KS0644/2009

Class I1

Class 1

Fig. 2.1. The Phylogenetic tree of the HN genes from APMV-1 isolates was generated by the Maximum Likelihood method
based on the Kimura 2-parameter model. The analysis involved 64 nucleotide sequences. There were a total of 1711

positions in the final dataset. The symbols used in the tree are described as follows; ®: sample from 2009, A:
sample from 2010, V: sample from 2011, 4: sample from 2012, m: sample from 2013.
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Virulent Ibaraki/85

Class | 9KS00644
10000343
110G1095
110G1114
13000475
130G1235

Class Il 9KS0098
10EY0020
10U00529
11U00005
11000016
11000040
130G0603
130G0977
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LRDEGRSEARSALTTQGYPGWSDEAVDP
LRDEGRSEARSALATQGYPGWNDEVVDP
LRDEGRSEARSALATQGYPGWNDEVVDP
LRDEGRSEARSALTTQGYPGWSDEVVDP
LRDEGRSEARSALTTQGYPGWSDEVVDP
LKDDGVKEGGSDWSSQLREG*KDDIVSP
LKDDGVREARSGRLSQLQEGWKDDIVSP
LKDDGVREARSGRLSQLQEGWKDDIVSP
LKDDGVREARSGRLSQLQEGWKDD IVSP
LKDDGVREARSGRLSQLQEGWKDDIVSP
LKDDGVREARSGRLSQLQEGWKDDIVSP
LKDDG IREARSGRLSQLQEGWKDD IVSP
LKDDGVREARSGRLSQLQEGWKDDIVSP

600 610

S e Vs e lase wus s
SHNSKDQHNGYQCKPESHTAGQL
FCAVANQTDYRQKLEEYAQSWP*
FCAVINQTDYRQKLEEYAQSWP*
FCAVTNQTDHRQKLEEYAQSWP*
FCAVTNQTDHRQKLEEYAQSWP*
FCAVTNQTDYRQKLEEYAQSWP*
FCAVTNQTDYRQKLEEYAQSWP*
LRNAKNQIEYRSELESYAGSWP*
FCDIKNQTEYRREIESYAASWP*
FCDIKNQTEYRRELESYAASWP*
FCNTKNQTEYRRELESYAASWP*
FCNTKNQTEYRRELESYAASWP*
FCNTKNQTEYRRELESYAASWP*
FCDTKNQTEYRRELESYAASWP*
FCDIKNQTEYRRELESYAASWP*

Fig. 2.2 aa sequences alignment of C-termini of the HN protein of APMV-1 isolates.
The sign * means the position of stop codon.

53



Ibaraki/85
D26

B1
VGI/GA
9KS0644
9KS0098

Ibaraki/85
D26

B1
VGIGA
9KS0644
9KS0098

Ibaraki/85
D26

B1
VGIGA
9KS0644
9KS0098

Ibaraki/85
D26

B1
VGIGA
9KS0644
9KS0098

Ibaraki/85
D26

B1
VGIGA
9KS0644
9KS0098

Ibaraki/85
D26

B1
VG/GA
9KS0644
9KS0098

260 270 280 290 300
Tl I e Iy e e e T o [ley T L Tk ) | P Sy B
CSKVTETEEEDYKSVTPTSMVHGRFRFDGQYHEKDSDRTTLFKDWVANYP
............ N (oien bws s BB S 0 o ww e sl sV Eic oot o
S s Sl e NL.BVY . oR G e LG oo 50 mim mre s L.V. B zadnsl s aiels
............ NZBY:cRsdeadibG s siswwmas LaVs B s wwlsiws
............ QL TDLL Th g s G s 5 et i R L s AR i R e
............ N.A. Pruciied s BE s ootk Risils JVE, 10 e T o
310 320 330 340 350
=g e oe] e S At i ficen poemgedy (fieel, ot AT e T [P mu =St fom om0 e oy BT ) ST
GVGGGSFIDDRVWFPIYGGLKPNSPSDIAQEGKYVIYKRYNNTFPDKQDY
......... N ooomia s M ahs cbume o veraneser o B sie: & oo s et sive) move oL Cd lE v %
......... S 5 SNu 2 mrarsus m srene BV wsle 5l s e e B G o E -
......... S e SN e Bl e [T o TiNa e 25 !l STVas) oo tcali G 2 S 0 1S
........ NN Gws e ¥ oendsd B8 T KR AW sDC. DJE 3
......... N e e Ve s, 50 = ate, e 51l B e T et ss e sisre e G s ralD Bl
360 370 380 390 400
SRR < I Lo TR NP WS OO e A T R | LIS R |
QIRMAKSSYKPGRFGGKRVQQAILSIKVSTSLGEDPVLTVPPNTITLMGA
............................................ ! I P
.................. Bt TR, S i 8 A e A Lt DS ol 8
.................. B vm e 6 e s e e e o e w1 e v o N et e
sV ions bate v A N tlh o s o onmretar s s G. T BB o s awre WS Yer o oy wiiation g
............................................ VT o
410 420 430 440 450
Slimvs sl Buslens il m et o e st 2o i ae o wl]eshe e dl o tue ] w5 s ol e St wlllf @ ets w |
EGRVLTVGTSHFLYQRGSSYFSPALLYPMTVYQQTATLHSPYTFNAFTRP
............ WSt PR . < | ] , RS PSR SNy YL 2 SE TRea
sl il sl N R ks DRt N B o e deni 20 SINIC.S & o S o (B el okl 5 i i s
ol Sl 5 s E bR s e e e LR R 1 e, e e SN . oo in o0 50 e B wet 6o
a5 & o o'n N iaterhie s, e ¥ | L..ANK QB I e e s
............................... SNR: % ms b6.5 5 maies e w s
460 470 480 430 S00
she im = | sw sl ows el od e e sw sl e els i sk wil ols sre I scsmeall sases |
GSVPCQASARCPNSCITGVYTDPYPLVFHRNHTLRGVFGTMLDDEQARLN
............... NG tor et e el ie s Tat B "ol or 51 omtote SR BTE 8o el 0 B e o V0 uad
Sl bt (ol <2 Sy S b o3 Voo is v Vil vl o LW b ed e e e G 25l o T
oolletie: 1ham oo el e TS Vi i ohiges B alies s bl « & oliie @ eatele s ens B o s s
............... Vi sissssnms D Bk s somsrs oo ol s, onne s e e s i
SRS, [o el i et ) i (Sl NS Salay, o Lolker o fereiied T T Ll N..E
510 520 530 540 S50
s e e sl s, B Bl e g e L sos s e s medlng i g e s brve e o 5 Mossess T alie s e
PVSAVFDNISRSRVTRVSSSSTKAAYTTSTCFKVVKTSKAYCLSIAEISN
....... SL N o il S e e ol 1 [ e e et st A e N o e S e
sl v v e ST Bt et el s b o miea e o sl e e B EL S N oo oie s s o e
Il e s ST, i o8 5 & e B ile s e e - el e e L o R e gy
....... SVUB: w665 s s omnmems s smsans ol Vecasansees
b S S et B e BN oy iy s el Prite s mind Tl se"s sieleete NI 5 eetts; Sralstie o

Fig. 2.3. aa sequences alignment of the HN protein of APMV-1 isolates from position 250 to

550.

54



Chapter 111
Characterization of avian paramyxovirus serotype 14,

a novel serotype, isolated from a duck fecal sample in Japan

3.1 Introduction

Nine serotypes of APMVs, APMV-1 to APMV-9 have been defined by HI tests (Wang et
al., 2012). However, cross-reactivity has been noticed among different serotypes (Alexander et
al., 1983; Kessler et al., 1979; Lipkind and Shihmanter, 1986; Shortridge et al., 1980; Tumova
et al., 1979). In addition, antisera to APMV serotypes are not always available in many
laboratories. The presence of new serotypes in wild bird population had not been long reported
since the 1970s, until additional four novel serotypes, APMV-10 isolated from the rockhopper
penguins (Miller et al., 2010), APMV-11 from the common snipe (Briand et al., 2012), APMV-
12 from the Eurasian wigeon (Terregino et al., 2013), and APMV-13 from goose were reported
(YYamamoto et al., 2015). These four viruses were differentiated from the nine known serotypes
and were proposed as new serotype based on the results of HI tests with limited numbers of
serotype antisera and/or genetic analyses.

Most APMV research works have focused on APMV-1 because the highly virulent strains
of this serotype cause severe disease known as ND, in chickens. However, other APMVs are
still lacking in knowledge. APMV-2, APMV-3, APMV-6, and APMV-7 were involved in
respiratory disease and egg production drop in turkeys (Awang and Russell, 1990; Bankowski
etal., 1981; Saif et al., 1997). APMV-5 isolated from the outbreak in pet birds, budgerigar, with
diarrhea and mortality did not affect chickens and ducks (Kim et al., 2012; Nerome et al., 1978).
APMV-12 and APMV-13 are low virulent to chickens (Terregino et al., 2013; Yamamoto et

al., 2015).
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Low virulent APMV-1 has been studied as a vaccine vectors due to the highly strict
replication in respiratory tract of birds and other species including mouse and non-human
primate (Kim and Samal, 2016). Recently, the potential of other APMVs as a vaccine vector
has been evaluated against highly contagious avian viruses. For example APMV-2 to APMV-
10 as a vaccine vector against NDV and APMV-3 as a vaccine vector for infectious bronchitis
virus have been described (Kumar et al., 2011; Tsunekuni et al., 2014). The possibility to use
other APMVs as a vaccine vector against human and mammal pathogens has also been
considered since the restricted replication of APMV-2 to APMV-9 was demonstrated in mice
and hamsters (Khattar et al., 2011; Samuel et al., 2011). Moreover, APMV-2, APMV-3,
APMV-4, APM-7 and APMV-9 were shown to replicate in respiratory tract of rhesus monkeys
(Khattar et al., 2013).

During the surveillance of APMVs in migratory wild birds from 2009 to 2013 conducted
in this research, a heamagglutinating viral agent was isolated from the duck feces, which agent
was not genetically and/or antigenically identified as AIV or reported APMVs (serotypes 1 to
13). Therefore, this isolate was assumed to be a novel APMV serotype. Here, | described the
first isolation of APMV serotype 14, APMV/avian/Japan/110G0352/2011 (isolate 110G0352),

and then, virological, serological, and genetic characterization of this virus are also described.

3.2 Materials and methods
Sample collection and virus isolation

Feces of migratory water birds in Obihiro City in the eastern part of Hokkaido Prefecture
(GPS coordinates 44° 10" N, 143° 40’ E) were collected during AlV active surveillance since
2009 and homogenized as described previously (Bui et al., 2011). Briefly, a 20% fecal

homogenate was inoculated into the allantoic cavity of ten-day-old embryonated chicken eggs.
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After incubating at 37°C for 3 days, allantoic fluids were tested for HA activity using 0.5%
chicken red blood cells according to Manual for the laboratory diagnosis and virological

surveillance of influenza (WHO, 2011).

Virus purification

Viruses propagated in eggs were partially purified using ultracentrifugation through 30%
and 60% sucrose solution at 40,000 rpm for 2 h as previously described (Imai et al., 2012). The
partially purified virus was further purified by centrifuging the preparation through a continuous

sucrose density gradient (30-60%).

Electron microscopy

Samples for electron microscopy (EM) were prepared using 400 mesh-carbon-coated
collodion grids (NISSHIN EM Co., Ltd., Tokyo, Japan) according to the two-step method
previously described (Chrystie, 1996). Briefly, the grid was washed by ultrapure water and
stained with 2% phosphotungstic acid (pH 6.5) for 2 min. The grid was examined using a

Hitachi H7500 transmission EM (Hitachi High-Technologies Corporation, Tokyo, Japan).

Nucleotide sequencing

The nucleotide sequence of the whole viral genome was determined using a next-
generation sequencing approach. Viral RNA was extracted from the infected allantoic fluid
using Isogen Il (NIPPON GENE, Toyo, Japan), followed by DNase | treatment (TaKaRa Bio
Inc., Shiga, Japan). cDNA libraries were constructed using the NEB Nextl Ultra RNA Library
Prep Kit for Illumina Version 2.0 (New England Biolabs, Ipswich, MA) following the

manufacturer’s guidelines. Purification of double-strand cDNA and size selection of 300 bp
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was conducted using Agencourt AMPure XP beads (Beckman Coulter, Pasadena, CA). After
measuring the quantity of sample libraries using a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad,
CA), DNA was loaded into the reagent cartridge. Sequencing was performed using a MiSeq
bench-top sequencer (lllumina, San Diego, CA) to generate 51 bp single-end reads. To analyze
data, FASTQ formatted sequence data was created using MiSeq Reporter program (Illumina).
The contiguous sequence or contigs were assembled from the short sequence reads using CLC
Genomic Workbench version 6.5.1 (CLC bio, Aarhus, Denmark) with de novo assembly

commands. The consensus sequence of assembled contigs was determined using BLAST.

Phylogenetic analysis

Nucleotide sequences of whole genome and individual genes were aligned using the
MUSCLE command. Pairwise comparison between sequences were conducted in MEGA 6.0
software using the p-distance model (Tamura et al., 2013). Phylogenetic trees were also
generated using MEGA 6.0 software with the Maximum-likelihood method with 500

bootstraps.

Cross-HI test

HI tests were conducted according to the guidelines of the OIE (OIE, 2012). Antigens of
APMV-1 to APMV-9 and an antiserum against each serotype described below were used as
references except for APMV-5 (not available in our laboratory). APMV-
2/chicken/California/Yucaipa/56, = APMV-3/turkey/Wisconsin/68, = APMV-4/duck/Hong
Kong/D3/75, APMV-6/duck/Hong Kong/18/199/77, APMV-7/dove/Tennessee/4/75, APMV-
8/goose/Delaware/1053/76, APMV-9/duck/New York/22/1978 and specific polyclonal chicken

antiserum against each virus strain were purchased from National Veterinary Service
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Laboratories (Ames, IA), while APMV-1/chicken/Japan/Ibaraki/85 was provided by National
Institute of Animal Heath, Japan, and antiserum against APMV-1 was obtained from the
Chemo-Sero-Therapeutic Research Institute (Kumamoto, Japan).

An antiserum against the isolate 110G0352 was produced in six-week-old SPF white
leghorn chickens. Chickens were inoculated with one subcutaneous injection of 0.2 ml of
inactivated purified virus (HA, 1:10,240) emulsified with TiterMax Gold adjuvant (TiterMax

USA, Inc., Norcross, GA), and the antiserum was collected two weeks later.

Virus infection of cultured cells

African green monkey kidney (Vero) cells, Madin-Darby bovine kidney (MDBK) cells,
Madin-Darby canine kidney (MDCK) cells, and primary chick embryo fibroblasts (CEFs) in
Dulbecco’s modified Eagle’s medium (DMEM) containing 5% fetal bovine serum and 2 mM
L-glutamine were cultured in 96-well tissue culture microplates. Each culture was inoculated
with the 10-fold diluted viral isolate propagated in eggs and incubated in DMEM supplemented
with 25 mM HEPES, 0.01% glucose, 0.2% BSA and 6.25 pg/ml trypsin (Difco trypsin 1:250,
BBD, Tokyo, Japan) or without trypsin at 37°C for four days. Based on the cytopathic effect
(CPE) observed 4 days post-inoculation, followed by confirmation of HA activities in the
culture fluids as described above, virus titers were quantified as the median tissue culture
infectious dose (TCIDsp) using the Behrens-Karber method. APMV-1 vaccine strain clone 30

purchased from Intervet K.K. (Tokyo, Japan) was used for comparison.

Pathogenicity test in chickens
To determine virulence of the isolate 110G0352, an ICPI test was performed using 10 one-

day-old SPF white leghorn chicks as previously described (OIE, 2012).
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All studies using chickens were conducted in compliance with the institutional rules for
the care and use of laboratory animals, and the protocols were approved by the relevant

committee of our institution.

Experimental infection of Mice

The experiment with female BALB/c mice aged 6 to 8 weeks were performed in an isolator
placed in Biosafety Level-2 facility. Water and food were provided ad libitum. A total of 16
mice were used. A group of eight mice was anaesthetized by isofluorane and inoculated
intranasally with 50 pl of allantoic fluids harvested from the 110G0352-inoculated eggs.
Another eight mice were mock administrated with normal fresh allantoic fluid. Mice were
weighed and examined twice a day for clinical signs or behavior change. Three mice from each
group were euthanized at 3 day post infection (dpi) and issues from brain, lung, and nasal
turbinate were collected and homogenized into 20% (W/V) in viral transport media (M4RT;
Remel, Inc., Lenexa, KS). Each tissue was fixed in 10% neutral buffered formalin and
histopathological examination was done by Dr. Yoshiyasu Kobayashi, Obihiro University of
Agriculture and Veterinary Medicine.

To detect the virus in tissues, 100 pl of the homogenate tissue was inoculated into allantoic
cavity of two ten-day-old embryonated chicken eggs. Eggs were incubated at 37°C for 4 days.
Allantoic fluids were collected and the HA test as described above was done to detect the
presence of virus. RNA was extracted to amplify the F gene of the isolate using the following
primers:  352Forward: 5-ATGGAGAAGGGAACTGTGCT-3" and 352Reverse: 5'-
ATCTTTAACCCCACAATCTCGC -3'. The PCR amplification was carried out using TaKaRa
Ex Taqg (Takara Bio Inc) following cycling profile: initial denaturation of 95°C for 5 min,

followed by 40 cycles of denaturation, annealing and extension at 95°C for 30 sec, 50°C for 30
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sec and 72°C for 30 sec, respectively, and the final extension was carried out at 72°C for 10
min. The PCR products were then analyzed by 1.5% agarose gel electrophoresis and imaged

with UV light.

Establishment of ELISA to detect antibody against the 110G0352 isolate in chickens

Antigen used in ELISA was the purified virus of the isolate inactivated by incubating at
50°C, 30 min. To optimize the concentration of antigens, inactivated purified viruses were
diluted in carbonate-bicarbonate coating buffer (pH 9.6); 0.25, 0.5, 1, and 2 pug/50 ul). One %
BSA and 1% alkaline-soluble casein purchased from Novagen (Darmstadt, Germany) were
evaluated as blocking buffer.

Diluted antigens were coated to microplate wells (Nunc MaxiSorp F96, Denmark) by
adding 50 pl/well. The plate was incubated at 4°C overnight and washed with PBS 3 times. In
blocking step, 2 types of blocking buffer were used for comparison. One-hundred pl of each
blocking buffer was added to each well and incubated at 37°C for 2 h, follow by washing 3
times with 0.05% PBS-T. Sera from the pre-immunized SPF chicken and 110G0352-
immunized SPF chicken were used as a negative control serum and positive control serum,
respectively. Fifty pl of each serum diluted at 1:50, 1:100, 1:200, and 1:400 in blocking buffer
were added to the wells and incubated at 37°C for 1 h, then washed 3 times with 0.05% PBS-
T. The conjugated antibody used in this study was F(ab')2 anti-chicken IgG (H&L) antibody
peroxidase conjugated purchased from Rockland Immunochemicals Inc. (Limerick, PA). The
substrate reagent, 3,3',5,5’-Tetramethylbenzidine (TMB) (BD Biosciences, San Diego, CA) was
dispensed 50 pl to each well. After incubation at room temperature for 10 min, the reaction was

stop by adding 50 pl of 2N H2SO4 to each well. The absorbance was read as an optical density
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(OD) value using Tecan GENios Pro Multifunction Multimode Microplate Reader (Tecan

Group Ltd. Switzerland) at wavelengths of 450 nm.

To determine condition of blocking buffer and washing, after antigen coating, | applied
1% alkaline-soluble casein as a blocking buffer and incubate at 37°C for 2 h and 4°C overnight.
In this condition, serum from 55 SPF chickens were tested. After each incubation, the plate was
washed with 0.1% PBS-T, 4 times. Further steps were done followed the ELISA protocol as
mentioned above.

The cut-off value was calculated using this formula, cut-off value = Mean of OD value
from serum of SPF chickens + (3 x Standard Deviation).

According to the optimized conditions, a total of 189 field sera collected from chicken

farms were tested. The age of chickens varied from 19 days to 57 weeks.

VN test

Two-fold dilutions of antiserum against the isolate 110G0352 and field chicken sera that
gave high OD value (>0.9) in ELISA, from 1:40 to 1:320 dilution, were mixed with an equal
amount of 100 TCIDso/0.1ml of the isolate. The mixture was incubated at 37°C for 1 h and then
inoculated into CEFs grown on the 96-well plate. After incubation for 4 days, the culture fluids
were collected to confirm HA activities as described above. The reciprocal of the highest

dilution of the serum that neutralizing 50% of the virus was taken as the neutralizing titer.

Nucleotide sequence accession numbers
GenBank accession number of APMV-14/duck/Japan/110G0352/2011 is KX258200.

Accession numbers of APMVs used to compare nucleotide sequences are as follow: APMV-1,
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Y18898;, APMV-2, EU338414;, APMV-3, EU782025; APMV-4, FJ177514, APMV-5,
GU206351; APMV-6, EU622637; APMV-7, FJ231524; APMV-8, FJ215863; APMV-9,
NC025390; APMV-10, NCO025349; APMV-11, NCO025407; APMV-12, NC025363; and

APMV-13, NC030231.

3.3 Results
Virus isolation

A virus with HA activity isolated from a duck fecal sample was tentatively designated
isolate 110G0352. Conventional RT-PCR was used to detect the M gene of influenza A virus

and the F gene of APMV-1, and each analysis was negative (data not shown).

EM

EM analysis revealed that the morphology of the isolate 110G0352 resembled that of
members of the family Paramyxoviridae. The majority of virus particles had spike-like
projections surrounding the envelope, were spherical, and ranged in diameter from 120-200 nm
in diameter (Fig. 3.1a). Pleomorphic shapes and “herringbone-shaped” nucleocapsids ranging

approximately 20 nm in diameter were also seen (Fig. 3.1b).

Genomic analysis

The complete genome of the isolate 110G0352 was determined (length = 15,444 nt,
GenBank accession number KX258200). The isolate 110G0352 sequence comprised six genes,
which is the same as that of members of the genus Avulavirus with genomes comprising N, P,
M, F, HN, and L genes, including intergenic regions of 2-36 nt. The 3'-leader region of isolate

110G0352 was 55 nt, typical of members of the genus Avulavirus and the length of 5'-trailer
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region was 277 nt (Fig. 3.2). The first 12 nt of the 3'-leader region were highly conserved
compared with those of other APMVs and 100% identical to those of APMV-2, -5, -6, -7 and -
8 (Fig. 3.3a). Similarly, the last 12 nt of the 5'-trailer region were conserved compared with
those of other APMVs (Fig. 3.3b). The first 13 nts of the 3'-leader region of isolate 110G0352
are complementary to those of the 5'-trailer region (84.62%) (Fig. 3.3c). The GS and GE
sequences of six genes were well conserved (Table 3.1). Comparison of full genome sequences
among APMVs are shown in Table 3.2; results reveal that APMV-5 and APMV-6 are most
closely related to isolate 110G0352 (56.1% and 55.6% nucleotide identities, respectively) and
differ most from APMV-4 (46.0%).

The nucleotide sequence identities of the isolate 110G0352 gene to those of other APMV's
ranged from 43.8% (M) to 61.4% (N) nucleotide identity (Table 3.3). The sequences of all
genes of APMV-5 and APMV-6 were >50% identical compared with those of isolate
110G0352. APMV-5 genes were most similar to isolate 110G0352 in the sequence N (61.4%),
M (55.9%), HN (61.2%), and L (56.7%). The highest identities of the P and F genes were those
of APMV-6 (52.5% and 56.7%, respectively). The aa and nucleotide sequence identities were
consistent (Table 3.4).

The P gene of isolate 110G0352 contains a putative RNA editing site, 3'-~AUUUUCCC-5’
(negative sense) at nucleotide positions 2,097-2,104 in the complete genome sequence. The
sequence of the isolate 110G0352 editing site is similar but not identical to those of APMV-1,
-2, -5, -6, -7, -8, 9, -10, -12, -13 (3'-UUUUUCCC-5"), APMV-3 and -4 (3'-"AAUUUCCC-5'),
and APMV-11 (3-UCUUAGUC-5') (Table 3.5).

The F gene of isolate 110G0352 encoded 541 aa. The F-protein cleavage site of isolate
110G0352 is R-E-G-K | L, which resembles the aa motif of the low virulent APMV-1,

confirming the ICPI data. The aa sequence of isolate 110G0352 contained lysine (K) at position
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—1 (underlined), instead of arginine (R) present in all members of the genus Avulavirus (Table
3.6).
Phylogenetic analysis

As shown in Fig. 3.4, a phylogenetic tree of complete genomes indicated that isolate
110G0352 is a member of the genus Avulavirus and distinct from other APMVs. Based on F
gene sequence, the isolate 110G0352 forms a cluster with APMV-5 and APMV-6 with a
bootstrap value of 99 (Fig. 3.5). Moreover, a cluster of these three viruses in the phylogenetic

tree of the HN genes had a bootstrap value of 99 (Fig. 3.6).

Cross-HI tests

As shown in Table 3.7, the titers of antisera against each representative APMV serotype
were highest with the homologous virus. The HI titer of the antiserum against isolate 11G0352
had the highest HI with the homologous virus (1:256) and reacted with APMV-6 (APMV-
6/duck/Hong Kong/18/199/77) with a low HI titer (64-fold lower). In addition, the HI titer for
isolate 110G0352 with the antiserum against APMV-6 was low (1:8) (32-fold lower compared

with the homologous virus).

Virus infection of cultured cells

Infectivities of isolate 110G0352 and the APMV-1 vaccine strain clone 30 for four
different types of cultured cells are shown in Table 3.8. In the absence of trypsin, the isolate
110G0352 replicate in CEFs but not in MDBK, MDCK, and Vero cells. In contrast, APMV-1
strain clone 30 replicated in all cell cultures except MDCK. In the presence of trypsin, the strain
clone 30 replicated more efficiently in all cell cultures, while the highest titer of isolate

110G0352 was 10*° TCIDso/ml in CEFs compared with the titer in the absence of trypsin (10%°

65



TCIDso/ml). Further, the extent of syncytium formation in CEFs was similar to that of clone 30
(Fig. 3.7).
Pathogenicity test in chickens

The ICPI of isolate 110G0352 was 0.0, indicating that it can be classified as low virulence

according to the categorization of the virulence of APMV-1.

Experimental infection in mice

None of the mice infected with the isolate 110G0352 exhibited any clinical signs through
the experimental period. However, the infected mice lost more weight than the control mice.
The pronounced loss in weight was observed in infected mice at 1 dpi and then the weight
increased afterward. At 4 dpi, all the inoculated mice recovered their weight (Fig. 3.8). At 3
dpi, virus was isolated from the lung of the three scarified mice. In only one mouse, virus was
isolated from lung, nasal turbinate, and brain. The RT-PCR results were consistent with the
virus isolation from eggs (Table 3.9).

The histopathological examinations showed no significant lesions in the brain sections. In
contrast, interstitial pneumonia was observed in the lung sections from the 3 infected mice (Fig.

3.9). The severity of the lung lesions varied from mild to severe.

ELISA

The optimized conditions that gave the highest positive/negative ratio were found as
follows; antigen concentration: 0.5 pug/50 pl/well, serum dilution: 1/400, and blocking buffer:
1% alkaline-soluble casein at 37°C for 2 h (Fig. 3.10).

The conditions were applied to the ELISA to detect antibodies against the isolate in

chickens, and SPF chicken sera were tested to determine the cut-off value. In Fig. 3.11, the
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result from blocking condition at 37°C for 2 h gave higher mean OD (0.146) value and SD
(0.144) than the blocking condition at 4°C, overnight. After the blocking condition at 4°C,
overnight and washing with 0.1% PBS-T 4 times were applied to the ELISA, none of the high
background was observed and the cut-off value was determined as follows; mean OD value
(0.105) + 3 Standard Deviation (0.095). Accordingly, the cut-off value of ELISA established is
calculated as 0.390.

The result revealed that 32.3% of the fields samples (61/189) had OD values greater than
0.390. Fourteen sera with the OD value greater than 0.9 were applied to VN tests to confirm
that the sera with high OD values contain antibody against the isolate or not. The result showed

that none of them cannot inhibit the replication of the isolate in CEFs (Table 3.10).

3.4 Discussion

In this study, | show that the complete genome sequence of the isolate 110G0352 from the
duck feces was similar to those of members of the family Paramyxoviridae, and the genome
size follows the “rule of six” (Kolakofsky et al., 1998). Thus, the genome of isolate 110G0352
was structured into six open reading frames, 3'-N-P-M-F-HN-L-5’, identical to members of the
genus Avulavirus, except APMV-6 that harbors SH gene between F and HN (Suarez et al.,
2013). This high level of complementarity between the leader and trailer regions suggests that
the conserved sequences in the promoter region of the genome and antigenome are essential for
RNA replication (Lamb and Parks, 2013). Analysis of the P genes of APMVs including isolate
110G0352 showed that four different sequence patterns of the P-gene editing site exist among
them, and the sequence of the isolate 110G0352 editing site (3'-AUUUUCCC-5’, negative
sense) has not been discovered in other APMVs so far (Table 3.5). The addition of single or

double G residues to the P-gene editing site of the isolate 110G0352 would yield a VV and W
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proteins, respectively as described in other APMVs (Samuel et al., 2010). V proteins were
reported to be involved in interrupting host response to NDV infection (Alamares et al., 2010).
Further studies are required to understand the function of V and W proteins in isolate
110G0352 replication cycle.

The HI test is commonly and successfully used for APMV grouping or serotyping (nine
serotypes). However, APMV serotypes cross-react (Alexander and Collins, 1984; Lipkind and
Shihmanter, 1986; Nerome et al., 1978), and there is significant diversity among strains within
certain serotypes (Alexander and Collins, 1981; Alexander and Collins, 1984). Thus, cross-
reactivities detected using the HI test may cause misleading grouping or serotyping of APMV.
The novel APMV serotypes 10, 12, 13 exhibited cross-reactivities with other serotypes (Miller
et al., 2010; Terregino et al., 2013; Yamamoto et al., 2015).

These cross-reactions may be explained by the source of the antiserum used in the HI test,
including hyperimmune sera raised using multiple immunizations. Miller et al. (2010) reported
that the cross-reactivity between APMV-8 and APMV-10 was not detected when anti-APMV-
10 was produced after only one virus injection. Further, a hyperimmune serum against APMV-
1 exhibited a high level of cross-reactivity with APMV-13 (4-fold difference in HI titers),
although a hyperimmune serum against APMV-13 did not react significantly with other
serotypes such as APMV-1 (Yamamoto et al., 2015). Similar findings were reported for APMV-
1 and APMV-12 (Terregino et al., 2013). Thus, a high level of one-way antigenic cross-
reactivity among serotypes detected using the HI test may cause confusion in the identification
of serotypes, particularly when antisera for all serotypes are not available. Although 1
immunized chickens using only one injection to avoid this problem, very low cross-reactivity
was detected only between isolate 110G0352 and APMV-6 (64-fold difference in HI titers)

(Table 3.7), which might reflect the relatively high aa sequence similarity (52.9%) of the HN
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protein between them. However, cross-reactivity between the serotypes does not always depend
on the similarity of HN aa sequences, because APMV-3 is significantly cross-reactive and
induces cross-protective immunity against virulent APMV-1, which shares only 32.6% aa
sequence identity with the HN protein (Nayak et al., 2012). | was unable to use antisera against
APMV-5, and APMV-10 to APMV-13 in this study. Because of obstacles imposed by the cross-
reactivity as mentioned above and the limitation of available reference antiserum against each
APMYV serotype, analysis of complete genome sequences should be conducted to identify new
APMV serotypes as suggested previously (Miller et al., 2010). Although definitive new
classification guidelines for serotyping have not yet been established, Terregino et al. (2013)
proposed a classification based on nucleotide sequence identities of the whole genome as one
simple method.

In this study, | determined that the lowest and highest nucleotide sequence identities of the
whole genomes of two different serotypes are 45.9% (APMV-4 and APMV-5) and 64.0%
(APMV-12 and APMV-13). The nucleotide sequence identities of the whole genomes of isolate
110G0352 and other APMVs were in the range from 46.3% to 56.1% (Table 3.2) and genetic
variation between subgroups within the serotype are in the sequence APMV-2 (69.4%)
(Subbiah et al., 2010), APMV-3 (67%) (Kumar et al., 2010), APMV-6 (70%) (Bui et al., 2014;
Xiao et al., 2010). Accordingly, the nucleotide sequence identities of the whole genome
between different serotypes <60% seem reasonable as a criterion for differentiating a group of
APMVs. Nevertheless, | show here that APMV-12 is 64.0% identical to APMV-13, which was
isolated in Japan. Recently, (Karamendin et al., 2016) reported that APMV-13 detected in
Kazakhstan is most closely related to APMV-12 (69% nucleotide sequence identity). The
relatively high nucleotide value between APMV-12 and APMV-13 was nearly identical to or

higher compared with the lowest nucleotide sequence identity calculated for subgroups within
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the serotype 3 (67%) (Kumar et al., 2010). Unfortunately, APMV-13 was not antigenically
compared with APMV-12 (Karamendin et al., 2016; Yamamoto et al., 2015). This problematic
result indicates that researchers in the field should establish a consensus genetic classification
system for APMVs.

Thus, to improve the reliability of the genetic classification system, more of viruses
representing each serotype should be analyzed. The use of virus-specific antisera, particularly
these against a new group or serotype, or generating mAbs will likely facilitate APMV grouping
or serotyping based on genetic analyses. Exchanging antisera between laboratories should also
be considered.

Of the four different types of cells derived from avian and mammal species, isolate
110G0352 replicated only in CEFs. This result showed that replication of isolate 110G0352 is
highly restricted to avian species, which indicated that the virus differs from APMV-1 to
APMV-9 and APMV-13 that can replicate in cultured cells derived from avian and mammalian
species (Kim et al., 2012; Yamamoto et al., 2015).

APMV-1 (NDV) can replicate in both avian species and non-avian species including
humans, although the virus replication is very restricted in non-avian species with very mild or
no symptom. From these characteristics, APMV-1 is considered to be available as a potential
vaccine vector to deliver foreign antigens of animal and human pathogens (Khattar et al., 2011).
As a vaccine vector, APMV-1 induced local and systematic responses against foreign antigens
of human pathogen and was protective against pathogen challenge (Bukreyev and Collins,
2008). Khattar et al. (2011) evaluated whether other APMV serotypes 2 to 9 in addition to
APMV-1 can be used as potential vaccine vectors in experimental infection of mice with these
viruses. As a result, five serotypes (1, 2, 6, 7 and 9) produced clinical disease and weight loss

in all of the three inoculated mice, but no mortality was seen. Replication of all of the serotypes
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used except APMV-5 was observed in the nasal turbinate and lungs. Similarly, in this study,
although the virus titers were very low, isolate 110G0352 replicated in the lungs of all the
inoculated mice without inducing any clinical signs, but in the nasal turbinate of only one
inoculated mouse. The present result may imply that the new APMYV serotype isolated in this
study could also be a potential candidate as an alternative vaccine vector for human and non-
human primate pathogens. However, the virus was detected from the brain in only one
inoculated mouse, although the virus titers were very low. Similar findings were observed in
some mice inoculated with APMV-4 and APMV-9 (Khattar et al., 2011). Therefore, the ability
of virus to replicate in various organs and tissues including brain needs to be evaluated further
using non-human primate study model.

ELISA to detect antibody against isolate 110G0352 established in this study was able to
differentiate positive serum from negative serum in SPF chickens in the optimized condition.
In contrast, many sera of older field chickens gave high OD values. However, these sera did
not inhibit the virus replication in VN test. These false positive results might come from
hyperimmune serum associated with extensive NDV vaccination in commercial chickens
(Maldonado et al., 1994). Similar phenomenon was also found in the study to examine the
prevalence of antibodies to APMV serotypes 1 to 9 except APMV-5 in commercial poultry in
the US (Warke et al., 2008). Warke et al. (2008) reported that positive HI results shown for
APMV-2, APMV-3, APMV-4, APMV-6, APMV-7, and APMV-8 were found in the flocks
with high titers of APMV-1 (>1,024), and suggested that cross-reactivity against those APMVs
might be induced by extensive APMV-1 vaccination. Interestingly, most of positive samples in
this study were from chickens older than 13 weeks old. In commercial chicken farm, multiple
APMV-1 vaccinations had been administrated to them. However, it is unclear why antibody

responses against most of the other APMYV serotypes were observed only in the presence of the
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high antibody titers for APMV-1. More sensitive and sophisticated techniques to differentiate
antibodies against different serotypes in the field conditions are required.

The F-protein cleavage site is mainly used to determine the virulence of APMV-1. Highly
virulent strains of APMV-1 have a furin cleavage site motif that contains multiple basic aa (R-
X-K/R-R | F) that is cleaved by an intracellular furin-like protease. Conversely, the F-protein
cleavage site of low virulent strains of APMV-1 includes a monobasic aa residue, which is
cleaved by an extracellular trypsin-like protease (Samal, 2011). In the presence of trypsin,
isolate 110G0352 multiplied more efficiently and caused syncytium formation, indicating that
this virus required the activity of an extracellular protease to cleave the F protein. Two basic aa
residues in the F protein cleavage site of 110G0352 (R-E-G-K | L) resemble those of the low
virulent APMV-1 (R-Q-G-R | L), associated with a very low ICPI value in day-old chicks, and
interestingly, | reveal here, for the first time to our knowledge, the detection of a K residue at
the position —1, in contrast to other APMVs. The function of the K residue at this position in
APMVs is unknown. This motif occurs only in Hendra virus (V-D-G-V-K | L), genus
Henipavirus, although a specific aa at this position is not required for the cleavage of the
Henipavirus F protein (Craft Jr and Dutch, 2005; Moll et al., 2004). The F-protein cleavage site
of certain APMVs paradoxically shows virological properties similar to that of highly virulent
APMV-1. For example, APMV-5 does not cause disease in chickens despite of containing the
multiple basic aa motif (K-R-K-K-R | F) in its F protein (Samuel et al., 2010). Further,
modification of the F-protein cleavage site of APMV-2, APMV-4, and APMV -7 to become
multiple basic aa does not increase pathogenicity in chickens (Kim et al., 2013; Subbiah et al.,
2011; Xiao et al., 2012), indicating that infection mechanisms of other APVMs may differ from
that of APMV-1. Therefore, the F protein cleavage site may not be the optimum tool to

determine the virulence of other APMVs except APMV-1.
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Shihmanter et al. (1997) raised the question of whether the vaccination failure in poultry
may be caused by mixed infection with APMVs. Thus, the health impact of the new APMV

including isolate 110G0352 on other poultry should be studied further.

1.5 Summary

The hemagglutinating isolate 110G0352 was isolated from a fecal sample of a migratory
duck. Available whole genome sequences of recently reported APMVs (serotypes 11-13) as
well as the known APMV serotypes, except APMV-1, are limited in number. Phylogenetic
analysis, low nucleotide sequence identity between isolate 110G0352 and other APMVs,
together with the results of cross-HI tests, support the conclusion that isolate 110G0352
represents the prototype strain of a new APMV serotype, APMV-14. | therefore assigned
APMV-14/duck/Japan/110G0352/2011 as the full name of this strain. In the ELISA system to
detect APMV-14 antibodies established in this study, positive reactions were observed in only
older commercial chickens extensively vaccinated with APMV-1. However, | could not
conclude whether these reactions observed were nonspecific or due to cross-reactivity with
APMV-1. The replication of virus in the respiratory tract of the infected mice without clinical
signs may imply the possibility of virus to become a vaccine vector candidate in mammalian

species including humans.
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Table 3.1.

Gene-start and gene-end sequences of isolate 110G03522,

Genes Gene-start Gene-end

N CUCCCCCUUA AAUUAUUUUUU
P cucccccuuc AAUUAUUUUUUU
M CUCCCCCUUG AAUACUUUUUU
F Ccuccccceccuy AAUUAUUUUUUU
HN CUCCCCCUUG AAUUAUUUUUU
L CUCCCCCUGG AAUUCCUUUAU

& Sequences are in the negative sense.
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Table 3.3.
Comparison of the nucleotide sequences of the individual genes of isolate with those of other APMVs.

% Nucleotide identities with individual genes of the isolate 110G0352

Virus N P M F HN L
APMV-1 48.9 44.1 44.5 48.3 48.8 49.8
APMV-2 57.6 46.3 50.8 51.6 53.3 51.5
APMV-3 49.5 45.4 44.3 45.9 47.9 47.3
APMV-4 46.9 44.3 44.7 45.8 48.2 46.1
APMV-5 61.4 50.1 55.9 54.2 61.2 56.7
APMV-6 56.9 52.5 54.6 56.7 50.1 55.3
APMV-7 57.0 45.0 51.3 49.3 53.1 52.1
APMV-8 57.2 49.3 50.2 51.6 53.9 53.1
APMV-9 48.5 47.9 45.1 45.8 49.4 49.5
APMV-10 58.7 48.0 51.0 53.0 55.1 52.2
APMV-11 55.0 46.1 49.3 48.8 55.0 53.7
APMV-12 50.8 45.4 43.8 50.3 47.8 49.6
APMV-13 51.5 45.8 44.3 48.1 49.1 50.0
Table 3.4.

Comparison of the aa sequences of the proteins of the isolate 110G0352 with those of other APMVs.

% aa sequence identity compared with isolate 110G0352

Virus

N P M F HN L
APMV-1 40.0 24.8 33.2 40.1 35.8 37.7
APMV-2 535 28.2 42.9 46.5 44.5 42.8
APMV-3 37.6 24.2 29.6 30.9 37.1 34.8
APMV-4 36.2 23.6 31.9 34.6 34.0 32.6
APMV-5 60.5 31.3 49.6 49.6 53.8 50.1
APMV-6 56.8 334 521 54.5 52.9 50.2
APMV-7 50.9 26.1 43.2 40.7 43.9 43.8
APMV-8 51.6 29.1 41.3 45.3 44.3 45.3
APMV-9 39.0 24.5 32.7 354 35.6 39.0
APMV-10 51.9 29.1 40.7 45.3 42.6 44.3
APMV-11 49.5 28.2 39.9 40.7 45.8 46.1
APMV-12 39.7 27.0 32.1 39.5 36.6 38.3
APMV-13 41.1 26.7 32.1 38.3 37.3 38.6
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Table 3.5.
Sequences of the P gene editing site of
isolate 110G0352 and other APMVs2.

Virus Sequence

110G0352 AuUUUCCC
APMV-1 Uuuuuccce
APMV-2 Uuuuuccce
APMV-3 AAUUUCCC
APMV-4 AAUUUCCC
APMV-5 Uuuuuccce
APMV-6 Uuuuuccce
APMV-7 Uuuuuccce
APMV-8 Uuuuuccce
APMV-9 Uuuuuccce

APMV-10 UUUUUCCC
APMV-11 UCUUAGUC
APMV-12 UuuuucccC
APMV-13 UUuuUuCCC

aSequences are in the negative sense.



Table 3.6.

aa sequence of the F protein cleavage site of isolate
110G0352 and those of other APMVs.

Virus Cleavage site?

110G0352 T R E G K | L%
APMV-1 (Low virulent) @G R Q G R | LYW
APMV-1 (highly virulent) 2R R Q R R | FY
APMV-2 K P AS R | F®
APMV-3 R P S G R | LM#
APMV-4 D | Q P R | FW
APMV-5 MK R K K R | F¥%
APMV-6 WA P E P R | L
APMV-7 v p S S R | F¥
APMV-8 Y P QI R | L%
APMV-9 W R E G R | I
APMV-10 K P S Q R | I
APMV-11 WBs 6 T KR | FH4
APMV-12 G R E P R | LW
APMV-13 2%y R E N R | LY
4Basic aa (R:arginine, K:lysine) are in bold.
Numbers show aa position and | indicates the predicted

cleavage site.
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Table 3.7.
Cross-HI test of isolate 110G0352 and APMVs

Virus APMV-1 APMV-2 APMV-3 APM\ﬁZtISigMV-G APMV-7 APMV-8 APMV-9 110G0352
APMV-1 1024 N2 8 N N N N 16
APMV-2 16 512 8 N N 16 N N N
APMV-3 32 N 1024 N N 16 N 32 N
APMV-4 N 128 N N N N
APMV-6 N N N 256 N N 4
APMV-7 N 8 N N 256 N 16 N
APMV-8 N N N N N 128 N N
APMV-9 128 N 8 N N 8 N 512 N
110G0352 N N N N 8 N N N 256
aN: Titer< 4

Table 3.8.

Infectivity of isolate 110G0352 and APMV-1 (Clone 30) in cell cultures

Virus titer (TCIDsolmI)

110G0352 APMV-1 (Clone 30)
Cells Trypsin - Trypsin + Trypsin - Trypsin +
15 15 4.5 8.5
MDBK <10 <10 10 10
15 15 15 2.5
MDCK <10 <10 <10 10
15 15 3.5 7.0
Vero <10 <10 10 10
2.0 4.0 6.0 10.0
CEF 10 10 10 10
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Table 3.9.
Virus detection in the tissue collected from three infected mice 3 at dpi.

Tissue
Methods ; .
Lung Nasal turbinate brain
Virus isolation +++ + - +__
RT-PCR +++ +_— +_

+ indicates the presence of virus from one mice. — indicates that no virus was detected.

Table 3.10.
Virus neutralizing titers in field chicken sera showing the high OD values (>0.9) in ELISA
Sample number Age of chicken  OD value Virus neutralization titer?
438 13 weeks 1.047 N
468 14 weeks 0.948 N
476 14 weeks 1.097 N
478 14 weeks 1.094 N
482 14 weeks 1.11 N
485 15 weeks 0.900 N
490 15 weeks 1.074 N
608 unknown 0.961 N
634 unknown 0.998 N
635 unknown 1.343 N
636 unknown 1.106 N
3487 37 weeks 1.117 N
3463 37 weeks 0.971 N
3732 63 weeks 1.029 N
Positive serum control - 1.542 1:40
&N: Titer <40
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Fig. 3.1. EM of negatively stained isolate 110G0352 particles showing (a) spherical and pleomorphic
forms with spike-like projections surrounding the envelope of the particle, and (b) the “herringbone-
shaped” nucleocapsid.

67 20 59 104 71 145

IEN

98 72 275 87 44

trailer §'
s LN 63) P (408) M (363) F (541) HN (580) L (2243) =3
h 2 26 36 15 33

3’ leader

Fig. 3.2. Diagram of the isolate 110G0352 genome. Each rectangle represents an individual gene. The
aa lengths of encoded proteins are shown in the boxes. The lengths of the non-translated upstream and
downstream regions are underlined. Intergenic regions locate between each box.
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(a) 3

110G0352 UGGUUUGUUCCUUAAGUCUUCCCAUGACUUAAAUUCUUCUGUGACAGAGUAAGCA

APMV-1 = cssawwsws CU. e +GsCA. ... ARUGCUA., .UUCCG. . . .CUC.UU.ACU.C. ..G
RBMV—E  smesermmssssine UCCA...GUUGC.U...G.A...AU.U..GU.UCU. .G...
APMV-3 S TP CUU.C..U.A...A.-AACA. .GC.GG. .AA.UCAU.G.UC. . .UU,
APMV-4 ¢ 5:Cw ¢ o U CUUC.U. UV CiGUC.UCGGA:. « v o« UuCiu wUG.GACCC.AC,: s «
BAPMV—5 = wieieiw sussmsie e sneiors C.CG...GU.G..U..U..A.U.AUC.CACU.UCACU.UAG
APMV—=6  wssssawsss s UG. .A.A.GA.CCC..G:.::.G..CUC.C. .ACAUU.UG. s
RPMVi=li was e semes e GG A s wGUCACY s s UG ARA « AU UUU UU A o5 9 »
APMV=8  wwswwsmsvsvome c..UC.GGUUGCCe. . .G. .A.U.AU.U. .UU..CU, . .UA.
APMV—9 .o U...U.ACA...UAUGC.A. .UCUGG. ...AUC.UUGACUG.....
APMV=11l sssssss Gs w0 AGU: JGAC/GHUGC: » 5 CU . CAL i s UsUel s U s CU L CulUlsi &
APMV-12 ...AA...CUUAG.GACAAA. .AUGC.A.AUUUC...A..U.AUAUACU.. .A..
RBMV—13 csswsnews CU..A.GACA....AUG..A..UU..G...AAU.AUU.ACU.G.U.G
(b) 5"

110G0352 ACCAGUCAAGGAAGAAAUAUAACUACUUAACUUCAACAAAAAUUGUGCUUUAAAA
APMV-1 ....AA...A..UUUGG.GA.UGACGAG.CUACACU...G...AA.UG.GCGC. .
APMV=-2 = swsws A..U....U.GCA.AGCAACG.A.CUCAGUGAUU.UGCA...... AU.UU
APMV-3 ..U.AA...AA.GUU.UAUA. .UGGU....U.AAC.ACUCUGA.U. .UAA.UUGU
APMV-4 ..G.AAU..AAG.C.U..U.UUUAUUAA.UA. .A.UACG.UCA.UGCU.A.UUGC
APMV-5 a5 WA s w0 UU.CGAGAGUUA.G. + +«U: G, .UC.U.U. .U, .U, .AC.CC
APMV-6 o o & 5B Per ot e wie e AUC...AGCU.UU.G.CUA.G.U.CUUGUCGACUU.CC.GGU
APMV-7 sns mBRwsE b s AGC.AUAUGA.CAA.U.A.GAUUUUUU. ..AAAUU.......
APMV~8  «ssus ARwUs 316 50 CeGGAG s UACGGE:: 516U s oUW ol Ui CAU UYL, & o «UUS
APMV-9 ..AA...A..UUUGGC.AC.UACG.G.CACCAU.A.UCGU.AC..U...UCUU
APMV-11 ..AA.C....UU.G.AUAGGAGUAC. . .UAAGUUG.GU...AU. .UG. .UGUC
APMV-12 ..AA...A..UUUGG.GG.UUACG.CUUUAGU.GUUUCUUC.CG.G. .ACUUU
APMV-13 .AA...A..UUUGGAGA.CAA.A.A.UACCG.CUUGUC. .AUAU.GAC.U.U
(©)

eader 3' UGGUUUGUUCCUUAAGUCUUCCCAUGACUUAAAUUCUUCUGUGACAGAGUAAGCA

Trailer 5 ACCAGUCAAGGAAGAAAUAUAACUACUUAACUUCAACAAAAAUUGUGCUUUAAAA

Fig 3.3. Alignment of the 3'-leader (a) and 5'-trailer regions (b) of isolate 110G0352 with other APMVs.
Dots indicate identities. (c) Complementarity between the 3'-leader and 5'-trailer regions of the isolate
110G0352. All sequences are negative-sense. Leader and trailer regions of APMV-10 were not
available.
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Fig. 3.4. Phylogenetic tree of the complete genome with the highest log-likelihood (-305157.6255) is
shown. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
Bootstrap values are shown at the nodes. All positions containing gaps and missing data were eliminated.
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Fig. 3.5. Phylogenetic tree of the F genes with the highest log-likelihood (-30627.9893) is shown. The
tree is drawn to scale, with branch lengths measured in the number of substitutions per site. Bootstrap
values are shown at the nodes. All positions containing gaps and missing data were eliminated.
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Fig. 3.6. Phylogenetic Tree of the HN genes with the highest log-likelihood (-34960.9496) is shown.
The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
Bootstrap values are shown at the nodes. All positions containing gaps and missing data were eliminated.
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Fig. 3.8. Weight loss in mice infected with isolate 110G0352. The mice were weighed daily
and weight lost was calculated as a percent of the weight on day 0. Data depict the mean + SD.
(n=8)
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Fig. 3.9. Histopathological findings in lung sections collected from mice at 3 dpi. No significant lesions

were found in mice inoculated with fresh allantoic fluid (a). Interstitial pneumonia were found in 3 mice
with mild (b), moderate (c), and severe (d) lesions. Alveolar wall was thickened due to inflammatory
cell infiltration. Swelling of alveolar epithelium with the presence of numerous karyorrhectic debris and
perivascular mononuclear cell infiltration were observed. Alveolar space was filled with serous and

fibrin exudates.
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88



0.350

0.300

0.250

0.200

0.150

Mean OD value + SD

0.100

0.050

0.000

37°C, 2hr

Blocking condition Blocking condition

4° C, overnight

= 0.05%
2 0.10%
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General discussion

Avian paramyxoviruses (APMVs) is an important virus in bird species. They belong to the
genus Avulavirus which is now classified into 13 serotypes (APMV-1 to APMV-13) based on
antigenic and/or genetic analysis (Afonso et al., 2015; Yamamoto et al., 2015). APMV-1 was
well characterized because the highly virulent strain of this serotype can cause severe disease
known as ND, in chickens (Suarez et al., 2013). In contrast, very little is known about
virological and ecological characteristics for other serotypes of APMV. In the last five years,
four novel APMV serotypes (APMV-10 to APMV-13), have been reported, indicating that
APMVs are under genetic change (Briand et al., 2012; Miller et al., 2010; Terregino et al., 2013;
Yamamoto et al., 2015). Migratory wild bird was well known as a natural reservoir for APMVs.
Japan is in the East Asian Australia (EAA) flyway which is one of the world’s major flyways
for migratory birds. Although, many epidemiological studies in APMVs have been conducted,
the majority was done on virulent APMV-1 in chickens. The distribution of other APMVs is
still poorly understood. In this study, the genetic and antigenic diversity of APMVs have been
evidenced.

In this surveillance studies, cloacal swab and fecal samples were collected from a variety
of birds; however, the majority of samples was droppings collected from ducks’ habitat. Genetic
analysis was first performed based on the F genes. The aa motif at the cleavage site of the F
protein is commonly used to indicate virus virulence of APMV-1 (OIE, 2012). The
predominance of APMVs isolated from this study was APMV-4 (58 isolates), followed by
APMV-1 (18), APMV-6 (13), and APMV-9 (2). Although APMV-4 was the most found in this
study, its genetic diversity was less than other serotypes. Genetic analysis of the APMV-4
isolates indicated that they all were highly similar to each other and they were all clustered
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together with the APMV-4 isolates isolated in Eurasian continent including Ukraine,
Kazakhstan, and European countries (Fig. 1.4). However, one APMV-4 isolate in South Africa
was related to this cluster, indicating the possibility of viral exchange between Eurasia and
African continent (Muzyka et al., 2014; Reeves et al., 2016). Genetic variation also presented
in other serotypes. APMV-1 and APMV-6 isolates were classified into 2 genetic classes within
each serotype (Fig. 1.3 and Fig. 1.5). The phylogenetic tree of the APMV-9 isolates revealed
that Japanese isolates formed a lineage distinct from the prototype and the previously reported
Italian isolates (Dundon et al., 2010). However, more numbers of APMV-9 need to be examined
to conclude, since only a few sequences were available (Fig. 1.6).

So far, APMV-1 genotyping has been done based on the F genes, which divides APMV-1
into two classes (I and I1). Class I viruses are low virulent strains that were found in wild birds.
Class Il viruses had broad range of virulence and can be found in both poultry and wild birds.
Class Il was further divided into ten genotypes. Genotypes V-VIII contain highly virulent
viruses, whereas the remaining genotypes include viruses of low to intermediate virulence
(Dimitrov et al., 2016). Beside the F protein, the HN protein was considered as a co-determinant
to virus virulence because it also has a major role for the entry of virus to host cells. At least
three different lengths of the HN protein have been described and have gained more attention
for its relation to virus properties such as virus virulence, virus tropism, virus replication (Jin et
al., 2016; Sakaguchi et al., 1989; Zhao et al., 2013). In this study, the phylogenetic tree
generated from the HN genes indicated that the APMV-1 isolates were also classified into two
genetic classes (I and II) and 12 of APMV-1 isolates from class Il were also placed into
genotype | as observed in the tree from the F genes. The shortest length (571 aa) of the HN
proteins has been found only in virulent APMV-1 strains. In this study, one isolate 9KS0098

has the length of 585 aa, although the other isolates have the length of 616 aa which is found in
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low virulent strains (Table 2.1). However, the shorter length (585 aa) of the HN protein seen in
isolate 9KS0098 was not associated with the virus virulence.

The considerable antigenicity variations were found between wild bird APMV-1 and
poultry strains including current vaccine strains. Most of mAbs against the reference APMV-1
strains used in this study did not recognize wild bird strains. Interestingly, four mAbs (M1,
M10, M13, HN41) could not react with all the wild bird isolates, although the aa residues
recognized by these mAbs were also found in the HN protein of the isolates. The reason for this
phenomenon is still ambiguous and need more investigation. The APMV-1 strains that
possessed the mutation of the aa residue E347 on the HN protein, especially E347K, were
associated with ND outbreaks in China and South Korea (Cho et al., 2008; Hu et al., 2010). In
this study, the mAbs HN14 recognizing the aa residue E347 on the HN protein could not
recognize the isolates 9KS0098 and 9KS0664 possessing K or D at position 347, although the
mAb bound to the current ND vaccine strains without the mutation at this position. It is well
known that protective immunity was related to antigenicity; therefore, this finding may imply
that current vaccines may not protect APMV-1 infection from wild birds. While intensive
vaccination program is commonly used as a control strategy, high immunity against NDV was
demonstrated to cause viral gene mutation. The HN gene mutations in the residue related to the
antigenic site was found under antibody immune selective pressure in cell culture (Gong and
Cui, 2011). Although the length of HN protein cannot be concluded whether it has effect to
virus virulence or not, the role of ongoing genetic drift in the HN gene to protective immunity
should be concerned and monitored.

Since nine serotypes of APMVs had been recognized by 1900. Four novel APVM
serotypes have been reported in the last five years (Briand et al., 2012; Miller et al., 2010;

Terregino et al., 2013; Yamamoto et al., 2015). The newest serotype, APMV-14 was discovered
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in this study. Identification of this virus was performed by both antigenic and genetic analyses.
The cross-reactivity and limitation of available reference antiserum against each APMV
serotype were the hinder for antigenic analysis. Here, | supported the concept to use complete
genome sequences for identifying new APMV serotypes as suggested by Miller et al. (2010).
However, the relatively high nucleotide value between APMV-12 and APMV-13 was nearly
identical to or higher compared with the lowest nucleotide sequence identity calculated for
subgroups within the serotype 3 (67%) (Kumar et al., 2010). | suggest that a consensus genetic
classification system for APMVs should be established. Most of other serotypes except APMV-
1 show no virulence in chickens. To know the presence of different APMVs in poultry will
elucidate our knowledge in APMV distribution. However, ELISA system to detect APMV-14
antibody created in this study could not differentiate high reactions from natural infection,
nonspecific reaction, and/or NDV vaccination. Therefore, the specificity of this method and/or
other detection method should be evaluated further.

In the present study, the phylogenetic results supported the evident of intercontinental
spreading of APMVs by migratory birds including Eurasia, America, and Africa. The genetic
variation within the same serotype, and the discovery of novel APMV serotypes highlighted
the continuation in virus evolution. In addition to genetic diversity, antigenic variation among
APMV-1 strains also existed, which raised the concern of the efficacy of current commercial
NDV vaccines. For this reason, the surveillance of APMVs in wild birds should be continued
with the expansion to more variety of regions and bird species. Taken together, both genetic
and antigenic analysis should be considered for characterizing APMV isolates. Besides the F
genes, the HN genes analysis should be also included more in characterization due to its role to

antigenicity and protective immunity.
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SUMMARY

Surveillance of avian paramyxoviruses (APMVSs) in wild bird population in
Hokkaido and characterization of the APMV isolates
LB IR T 2 /BICB T D /T I VY IUANADY =, T X LY
A IV A DFEELHT)

Avian paramyxoviruses (APMVs) are single-stranded, nonsegmented, negative-sense,
enveloped RNA viruses belonging to the family Paramyxoviridae. All APMV:s belong to the
genus Avulavirus that are now classified into 13 serotypes (APMV-1 to APMV-13) based on
antigenic and/or genetic analysis, so far. APMV is one of the important viruses in bird species.
Research on APMVs has been exclusively focused on APMV-1, because virulent APMV-1
causes serious economic loss in poultry industry. However, very little is known about
virological properties or ecology of other APMV serotypes in nature. Migratory wild birds are
well known as natural reservoir for APMVs and may introduce virus to poultry. Therefore, to
understand the ecology of APMVs circulating in wild birds, | conducted a surveillance of
APMVs in wild birds flying in Hokkaido, and the characterization of APMV isolates were also
described.

Chapter | describes the surveillance of APMVs in wild birds flying in eastern Hokkaido.
Wild birds are of concern as a carrier of APMVSs. Japan is in the East Asian Australia flyway,
and Hokkaido is one of the important stopover sites for migratory birds in Japan. A total of
10,606 cloacal swab or fecal samples were collected form wild birds. The predominance of
APMVs isolated from this study was APMV-4 (58 isolates), followed by APMV-1 (18),

APMV-6 (13), and APMV-9 (2). The phylogenetic analysis was performed based on partial F
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genes covering the F protein cleavage site motif. The aa sequence at this site in all the isolates
resembled low virulent APMV-1. The genetic diversity within serotypes was observed in
APMV-1, APMV-6, and APMV-9, while the high similarity was found among all APVM-4
isolates. On the other hand, the geographical connection between different continents were
found due to the phylogenetic analysis of APMV-1 and APMV-4, because the virus exchange
between Africa, America, Asia, and Europe were noticed. This evidence emphasized the
important role of wild birds in virus transmission. The results obtained in this study provided
evidences of ongoing genetic changes in APMVs. Therefore, a surveillance of APMVs in wild
bird populations should be continued. This is the first large—scaled surveillance study of APMV
performed in Hokkaido

Chapter Il describes genetic characterization of APMV-1 isolates derived from wild birds
based on the hemagglutinin-neuraminidase (HN) genes and antigenic comparison between
chicken and wild bird APMV-1 using monoclonal antibodies (mAbs) against the F and HN
proteins of reference strains of APMV-1. So far, the F protein cleavage site of APMV-1 has
been used to determine virus virulence, since the presence of multibasic amino acid (aa) motif
at the cleavage site is associated with the virulence in chickens. However, it has been reported
that the pathogenicity of virus in chickens did not always correlate with the aa sequence at this
site. Beside the F genes, the HN genes were also considered as a virus virulence determinant.
The phylogenetic tree generated from the HN genes classified APMV-1 isolates into two
genetic classes, | and Il as observed in the tree based on the F genes. The various length (585
and 616 aa) of the HN proteins were found in the APMV-1 isolates in this study. Although the
short length (571 aa) of the HN protein was reported to be related to the high virulence of
APMV-1, the short length (585 aa) of the HN protein of the APMV-1 isolate found in this study

seemed not to be related to the high virulence. The antigenicity comparison study using nine
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mADbs against reference APMV-1 strains showed the considerable antigenic difference between
wild bird APMV-1 and poultry strains including vaccine strains. Most of the mAbs did not
recognize the APMV-1 isolates in this study. Thus, the antigenic difference between field and
vaccine strains may affect the efficacy of vaccination in poultry. Therefore, to monitor antigenic
changes in APMV-1, the HN genes should be analyzed together with the F genes, because
immune response is raised against the F and HN proteins on the viral envelope.

Chapter 11 describes the identification and virological characterization of a novel serotype
of APMV. A hemagglutinating virus isolate designated 110G0352, was obtained from a duck
fecal sample. Genetic and virological analyses indicated that it might represent a novel serotype
of APMV. Electron micrographs showed that the morphology of the virus particle was similar
to that of APMV. The phylogenetic analysis of the whole genome revealed that the virus was a
member of the genus Avulavirus, but that it was distinct from APMV-1 to APMV-13. Although
the F-protein cleavage site was TREGK | L, which resembles a low virulent strain of APMV-1,
the K residue at position —1 of the cleavage site was first discovered in APMV members. The
intracerebral pathogenicity index test did not detect virulence in infected chicks. The virus
replicate in the respiratory tract of infected mice. In hemagglutination inhibition (HI) tests, an
antiserum against this virus did not detectably react with other APMVs (serotypes 1-4, 6-9)
except for a low cross-reactivity with APMV-6. From these results, | designated this isolate, as
APMV-14/duck/Japan/110G0352/2011 and propose that it is a novel APMV serotype. This is
the first report on a new APMYV serotype, APMV-14. The HI test may not be widely applicable
for the classification of a new serotype because of the limited availability of reference antisera
against all serotypes and cross-reactivity data. The nucleotide sequence identities of the whole
genome of 110G0352 and other APMVs ranged from 46.3% to 56.1%. Such comparison may

provide a useful tool for classifying new APMV isolates. However, the nucleotide sequence
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identity between APMV-12 and APMV-13 was higher (64%), which was nearly identical to
the lowest nucleotide identity (67%) reported in subgroups within the serotype. Therefore,
consensus criteria for using whole genome analysis should be established.

In conclusion, this study provides the informative information of APMVs circulating in
wild birds. The results supported the evidence of intercontinental dispersal of APMV by
migratory birds between different continents. The genetic and antigenic variation among each
serotype and the discovery of a novel serotype, APMV-14 indicated that APMVs are
undergoing evolution. The finding obtained in this study highlights the importance to continue
an extensive surveillance of APMVs in wild bird populations to understand the global dispersal,

genetic diversity and evolution of APMVs.
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