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Simple Summary: Wild animals can be of veterinary and public health concern due to their potential
to harbor pathogens and transmit them to humans and domestic animals. Avian paramyxovirus
1 (APMV-1) is capable of infecting a wide range of avian species, leading to a broad spectrum of
clinical symptoms and posing a potential risk to public health. This study represents the investigation
of avian paramyxoviruses (APMVs) in wild waterfowl from Korea. In this study, 13 isolates of
APMV-1 and 1 isolate of APMV-13 were obtained and their genetic characteristics of fusion gene
were analyzed. We identified the wild ducks and geese likely to be infected with APMV, and our data
suggest a possible intercontinental transmission of APMVs by wild waterfowl. Moreover, our study
provides the first evidence for the presence of class I of APMV-1 and APMV-13 in wild waterfowl] that
were sampled in Korea. This finding not only adds to our understanding of the diversity of APMVs
but also underscores the importance of monitoring and addressing the epidemiology of these viruses
in wildlife, particularly from a One Health perspective.

Abstract: Avian paramyxoviruses (APMVs) are often carried by wild waterfowl, and the wild
waterfowl may play an important role in the maintenance and spread of these viruses. In this
study, we investigated APMVs in the population of migratory wild waterfowl from 2015 to 2021 in
Korea and analyzed their genetic characteristics. Fourteen viruses were isolated and subsequently
identified as APMV-1 (n = 13) and APMV-13 (n = 1). Phylogenetic analysis of the full fusion gene
of 13 APMV-1 isolates showed that 10 APMV-1 isolates belonged to the class II sub-genotype 1.2,
which was epidemiologically linked to viruses from the Eurasian continent, and 3 viruses belonged
to class I, which linked to viruses from the USA. The APMV-13 isolates from wild geese in this study
were highly homology to the virus isolated from China. Sequence analysis of 14 isolates showed that
all isolates had a typical lentogenic motif at the cleavage site. In summary, we identified the wild
species likely to be infected with APMV and our data suggest possible intercontinental transmission
of APMV by wild waterfowl. Our current study also provides the first evidence for the presence of
class I of APMV-1 and APMV-13 in wild waterfowl surveyed in Korea.

Keywords: avian paramyxovirus; Korea; wild waterfowls; phylogenetics; intercontinental transmission;
APMV-1; APMV-13

1. Introduction

Avian paramyxoviruses (APMV) belong to the genus Avulavirus of the Paramyxoviri-
dae family, and, to date, they have been found to cause diseases with varying clinical
manifestations in more than 250 wild and domestic bird species [1]. There are currently
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three genera (Metaavulavirus, Orthoavulavirus, and Paraavulavirus) within Paramyx-
oviridae, including 21 described APMV viruses based on genetic sequencing as per re-
cent classification of International Committee on Taxonomy of Viruses (Virus Taxonomy:
2020 Release). Additionally, an APMYV virus, APMV-22, has been recently proposed [2].
All paramyxoviruses carry a single-stranded, negative-sense, and non-segmented RNA
genome with a genome length of 13-17 kb. The virus genome encodes six non-overlapping
structural proteins, including nucleocapsid (NP), phosphoprotein (P), matrix (M), fusion
(F), hemagglutinin—-neuraminidase (HN), and large polymerase (L) [3]. The existence of
mono-/multi-basic amino acids at the F protein cleavage site is a key indicator of virulence,
and based on the nature of the cleavage site, paramyxoviruses are classified into velogenic
(highly pathogenic), mesogenic (intermediate pathogenic), or lentogenic (low pathogenic)
strains [4,5]. Among the 22 viruses of APMYV (the nomenclature used is not the official one
but the traditional one, based on serotypes), APMV-1, also known as Newcastle disease
virus (NDV), causes severe disease in chickens and incurs devastating economic losses for
poultry industries [3,6]. Other APMVs have no significant economic impact on the poultry
industry; however, some viruses of APMYV, including APMV-2, APMV-4, APMV-5, APMV-7,
and APMV-9, could cause experimental respiratory diseases and reproductive problems in
chicken, turkeys, ducks, and ostriches [3]. The virus of APMV-13 was isolated from wild
waterfowls in countries such as Japan, Ukraine, and Kazakhstan, and most recently from
Chinese wild waterfowls, and was confirmed to be non-pathogenic to chickens [7-10].

Generally, waterfowls have been considered a natural reservoir for APMV and long-
distance vectors for APMV dissemination to poultry. More importantly, domestic poultry-
origin APMYV strains isolated from ducks and chickens could also transmit to wild water-
fowls, particularly for the wintering sites for wild waterfowls [11,12]. In addition, there is
also evidence of APMV transmission from poultry to wild waterfowl species, particularly
since wild waterfowl were reported to harbor a highly virulent strain [13-15]. South Korea
is an important wintering site for wild migratory birds, such as waterfowl, found on the
East Asia—Australian flyway [16]. More than 250 species of wild waterfowl pass through
the Korean peninsula in the winter [17]. The ecosystem has shown wild waterfowls as an
important medium for the dissemination of infectious diseases via their natural migration;
accordingly, many reports have shown South Korea is an important site for surveillance of
infectious diseases, including avian influenza virus (AIV), in wild waterfowls [18-20]. The
potential for AIV and APMV-1 dispersal and transmission is high because many migratory
waterfow], such as wild ducks, wild geese, and swans, overwinter in Korea after migrating
from Alaska, eastern Siberia, eastern Mongolia, and the Russian Far East. Furthermore,
many APMYV viruses (APMV-4, APMV-6, APMV-15, and APMV-21) have also been found
in wild waterfowl species passing through Korea [21-24]. Consequently, continuous and
systemic surveillance of APMV among wild waterfowls and domestic poultry is important
for providing helpful information on the occurrence and dissemination of APMV. Here, we
conducted an elaborate survey of APMV and isolated the APMYV strains from migratory
wild waterfowl from 2015 to 2021 in Korea.

2. Materials and Methods
2.1. Sample Collection and Preparation

In this study, 1536 pooled fecal samples (2015-2021) were obtained from an avian
influenza virus national monitoring program. The samples were collected throughout
the whole year including 223, 85, 534, and 694 samples in spring, summer, autumn, and
winter, respectively (Table S2). The fecal samples were collected throughout Korea by the
South Korea Animal and Plant Quarantine Agency (QIA) and the Ministry of Agriculture,
Food and Rural Affairs (MAFRA) [25-27], including the areas of Chungbuk, Chungnam,
Jeonbuk, Jeonnam, Gyeongbuk, Gyeongnam, Jeju, and Gyeonggi (Figure S1). All samples
were placed in a 15 mL conical tube with sterile phosphate buffer saline (PBS) containing
antibiotics (penicillin 10,000 units/mL, streptomycin 10,000 ng/mL, and amphotericin B
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25 ug/mL). The samples were immediately transported to the Center for Avian Disease of
the Jeonbuk National University and stored at —80 °C until further processing.

Ethical review and approval were not required for this work as fecal samples were
collected from the environment and no wild birds were handled or euthanized.

2.2. Virus Isolation and Detection

Approximately 1.0 mL of each sample was filtered through a 0.22 pum syringe filter
(Millipore Millex™, Billerica, MA, USA). Then, 0.2 mL of the filtrate was inoculated in
9-11-day-old specific-pathogen-free (SPF) embryonated chicken eggs for blind passage
and incubated at 37 °C for 3-5 days, as per a previously described protocol [5]. The
allantoic fluids were harvested and tested for hemagglutinin (HA) activity and subjected
to F gene-based reverse transcription polymerase chain reaction (RT-PCR), as previously
described [28]. The positive rate was calculated as positive rate = (Number of positive
samples/Number of total samples) x 100.

2.3. Sequencing and Phylogenetic Analysis

Samples that were both HA- and RT-PCR positive were further characterized for
the complete F gene by nucleotide sequencing; the F gene was amplified by RT-PCR as
previously described [10,29]. DNA fragments of the expected size were purified using
the QIAquick® Gel Extraction kit (QIAGEN GmbH, Hilden, Germany), and purified
DNA was cloned using a pGEM-T-Easy cloning kit (Promega, Madison, WI, USA). The
purified amplicons were subjected to sequencing in an ABI PRISM 3100 DNA Sequencer
(Applied Biosystems, Foster, CA, USA) using a BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster, CA, USA). A Basic Local Alignment Search Tool (BLAST)
search was performed for all obtained sequences against GenBank’s APMV sequence.
Phylogenetic analysis of the complete F gene sequence was performed with the molecular
evolutionary genetics analysis program MEGA X using a maximum likelihood analysis [30].
Statistical analysis of phylogenies was performed by bootstrap analysis with 1000 iterations.

2.4. Host Species Identification

Host species identification was performed for HA- and RT-PCR-positive feces sam-
ples using DNA barcoding technology, as previously described [31]. Briefly, host DNA
was extracted from the fecal supernatant using the Accuprep fecal DNA extraction kit
(Bioneer, Daejeon, Korea) according to the manufacturer’s instructions. PCR was per-
formed using the primers Aves-F (5-GCATGAGCAGGAATAGTTGG-3') and Aves-R
(5'-AAGATGTAGACTTCTGGGTG-3'). The amplified DNA products were verified by
1.5% agarose gel electrophoresis. Using the direct sequence method, the gel of the target
band was cut and analyzed by SolGent (Daejeon, Korea). The mitochondrial cytochrome
oxidase gene was compared to a sequencing database provided by Barcode of Life Data.

2.5. Accession Number

The complete F gene sequences of obtained APMV-1 and APMV-13 strains were sub-
mitted to the GenBank database and are available under the accession numbers MW464627-
MW464636, MW492545, and MZ579651-MZ579653.

3. Results
3.1. Virus Detection and Identification

Large-scale monitoring of wild waterfowl, which was focused on APMYV in this study,
was conducted in 2015-2021 and resulted in 1536 samples; the sampling sites covered
almost all migrating birds’ resting sites throughout Korea. From among the 1536 samples,
14 samples were APMV positive for HA, RT-PCR, and the isolation rate was 0.9% (Table S1).
APMV isolation rates were 2.4%, 1.6%, 1.5%, and 6.7% in 2016, 2017, 2020, and 2021,
respectively. No APMV was isolated from wild waterfowl in 2015, 2018, and 2019. APMV
was isolated from wild waterfowl collected in the spring, autumn, and winter, with isolation
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rates of 0.4%, 1.9%, and 0.4%, respectively (Table S2). APMV was not isolated from wild
waterfowl in the summer. All 14 APMYV strains were isolated in birds belonging to the
Anatidae family, which includes ducks and geese, with 10 strains isolated from ducks and
4 strains from geese (Table 1). Among these 14 strains, 6 APMYV strains were isolated from
mandarin duck, 2 strains each from mallard duck, greater white-fronted goose, and taiga
bean goose, and one strain each from Indian spot-billed duck and Eurasian teal.

3.2. Genetic Characterization of AMPV-1

According to the phylogenetic analysis of the F gene, it was established that 13 isolates
belonged to APMV-1, as shown in Table 1 and Figures 1 and S2. The full fusion protein gene
(1662 bp) sequences of the 10 class II isolates were most closely related to those previously
identified as sub-genotype 1.2 (former sub-genotype Ib) illustrated in the phylogenetic
tree constructed using the maximum likelihood analysis (Figures 2 and S3). Isolates 2128-
2, 2129-1, and 2132-5 clusters together and shows the highest identity of 98.29-98.6%
with the isolate Mallard /Korea/WB/KU628/2009 (JQ966084.1) collected from a wild
waterfowl in Korea [32]. Isolate 226 shows the highest identity of 98.48% with the isolate
Duck/China/JX/75C2/2016 (MH289831.1) collected in China [33]. Isolate 201 shows the
highest identity of 98.48% with the isolate Ruddy Shelduck/Ukraine/AN/371502/2011
(KF851270.1) collected in Ukraine [34]. Isolates 1689-3-1, 1310-4-4, and 231 clusters together
and shows the highest identity of 98.29-98.6% with the isolate Chicken/China/GX21/2013
(KR869090.1) collected in China [33]. Based on genetic analyses, these 10 isolates of APMV
viruses obtained from various regions of Korea in this study showed high homology to
the APMV-1 isolates of sub-genotype 1.2 (former sub-genotype Ib) which was dominantly
isolated from Russia, Japan, China, and Korea. The deduced amino acid motif at the fusion
protein cleavage site of the 10 isolates of sub-genotype 1.2 (former sub-genotype Ib) was
H2GKQGRLY for 7 isolates and M2EKQGRLY for 3 isolates; these characteristics were all
typical of avirulent APMYV viruses.

Furthermore, three remaining isolates of APMV-1 from 2021 (209-2, 209-5, and 824-
5) clustered together and showed the highest homology (more than 97%) with Mal-
lard/USA/MD/02/217 /2002 isolate (EF564824) of the sub-genotype 1.2 within class I
of APMV-1 (Figure 54) [35]. The genetic identity of these viruses with the rest of the virus
sub-genotype was >96%. The fusion protein cleavage site of these isolates was different at
motif "2ERQER!, which is characteristic of typical avirulent APMV-1 strains.

3.3. Genetic Characterization of AMPV-13

The isolate of 29-9 from greater white-fronted Goose was clustered together with
strains of APMV-13 mainly found in Anser albifrons from Asia and Europe. Phylogenetic
analysis of the whole F gene (1638 bp) of 29-9 revealed a very close genetic relationship
among these APMV-13 strains with very few genetic variations. APMV-13 29-9 isolated in
this study showed a closer relationship with the strain V93-1/2015 (MN150295) recently
isolated from China (97.7%) than with the APMV-13 strains obtained from Kazakhstan
(96.8%), Japan (95.9%), and Ukraine (95.9%) [6-9,36,37]. The deduced amino acid sequence
of the putative cleavage site of the F gene in this strain was '?VRENRL!'” (Table 1), this
resembled the motif, a pair of single basic residues, of the lentogenic APMV-1.
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Table 1. APMVs isolate information obtained in the study.
No. Isolate Abbreviation Year Location Species Virus Class Su}(J(-ZifrI::(r)ltt}/’pe é:;lesai::gggliltee Accession
Former) (112-117) Number
1 Mandarin duck/Korea/201/2016 201 2016 Chungnam xg(“;lalzg‘cgl‘;f; APMV-1 I 12/Ib GKQGR/|L MW464627
2 Mandarin duck/Korea/226,/2016 226 2016 Chungnam x;“;:}g?cgl‘;% APMV-1 il 12/1b GKQGRJL MW464628
3 Mandarin duck/Korea/231/2016 231 2016 Chungnam (I‘If;n;féﬁc Sl‘;f:) APMV-1 i 12/Ib GKQGR|L MW464629
;1 Mallf;j;i(;::t/;zl-ll (/12017 92-1 2017 Jeonbuk Inﬁ:ﬁssxgg_;z%éhgs) ) APMV-1 11 1.2/Ib GKQGR/L MW464630
duck/Korea92.8/2017 92-8 2017 Jeonbuk e plz ecilorhynch‘;)c APMV-1 I 12/Ib GKQGR|L MW464631
6 Mallard /Korea/1310-4-4/2020 1310-4-4 2020 Chungnam (Anas %jﬁ;j;‘;mhas) APMV-1 1I 12/Ib GKQGR/|L MWA464632
7 Eurasian teal /Korea/1689-3-1/2020 1689-3-1 2020 Chungnam ]E:X;Z?jfe;fbf)l APMV-1 il 12/1b GKQGR|L MW464633
8 Mandarin duck/Korea/2128-2/2020 2128-2 2020 Jeonbuk x;“;z?;l‘cgl‘;f; APMV-1 I 12/Ib EKQGR|L MW464634
9 Mandarin duck/Korea/2129-1/2020 2129-1 2020 Jeonbuk (I\Ifg(“;flgrl‘cgl‘;f; APMV-1 i 12/Tb EKQGR|L MW464635
10  Mandarin duck/Korea/2132-5/2020 2132-5 2020 Jeonbuk x;“;lalzz‘cgl‘;% APMV-1 i 12/1b EKQGR|L MW464636
11 Taiga bean-goose/Korea/209-2/2021 209-2 2021 Jeonbuk Tagg:;’j%‘ﬁ?s‘;se APMV-1 I 1.2/1c ERQER|L MZ579651
12 Taiga bece;izle—agt(:;svi ; Ii(t(e)-r:; il ZtZZ—S /2021 209-5 2021 Jeonbuk Great:j%%%g%ﬁgj - APMV-1 | 1.2/1c ERQER|L MZ579652
gog:: :érox}a\ 1/t 22;(;5 n/tigm 824-5 2021 Chungnam (Amser albirons & APMV-1 I 1.2/1c ERQER|L MZ579653
14 coose/ Koren/ 29.9/2017 29-9 2017 Jeonbuk Greate(r AVZ?;:‘ZZ%;;‘;:S OOSe  ApPMV-13 . - VRENR/L MW492545
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Serotype Genus
94 Mallard/Korea/1310-4-4/2020 (MW464632)

Eurasian teal/Korea/1689-3-1/2020 (MW464633) W
Mandarin duck/Korea/231/2016 (MW464629)

Indian spot-billed duck/Korea/92-8/2017 (MW464631)
Mallard/Korea/92-1/2017 (MW464630)
71 APMV-1 class II/1.2 Tb Mallard’Korea/ WB/KU762/2008 (JQ966085.1)

Mandarin duck/Korea/2129-1/2020 (MW464635)

J Mandarin duck/Korea/2132-5/2020 (M'W464636)
96 Mandarin duck/Korea/2128-2/2020 (MW464634)
Mandarin duck/Korea/226/2016 (MW464628)
- Mandarin duck/Korea/201/2016 (MW464627)
APMV-1 class II/ 1.1.1 I a Chicken/Australia/Queensland/V4/1966 (AF217084.1)
= APMV-1 class II'1.2 Ib Chicken/Treland/Ulster/1967 (AY562991.1)

APMV-1 class IV IT Chicken/USA/Lasota/1946 (AF077761.1) .

APMV-1 class I'1.1.1 1a Goose/AK/USA/415/1991 (AB524405) Orthoavalavizus

Greater white-fronted goose/Korea/824-5/2021 (MZ579653)

Taiga bean-goose/Korea/209-5/2021 (MZ579652)
_ 93 Taiga bean-goose/Korea/209-2/2021(MZ579651)
APMV-16 Wild duck’Korea'UP0216/2014 (KY511044.1) i
100 _l: APMV-21 Wild bird’Korea/Cheonsu1510/2015 (MF594598.1)

100 APMV-9 Duck/USA/New York/22/1978 (EU910942.1)
APMV-12 Wigeon/Italy/3920 1/2005 (KC333050.1)
APMV-13 Wild goose/China/Hubei/V93-1/2015 (MN150295.1)
i 100 Greater white-fronted goose/Korea/29-9/2017 (MW492545)
10Q) APMV-13 Goose/Kazakhstan/5751/2013 (KU646513.1)
76 APMV-13 White-fronted goose/Ukraine/Askania-Nova/48-15-02/2011 (KX119151.2)
APMV-13 Goose/Japan/Shimane/67/2000 (LC041132.1)

APV-C Gentoo penguin/Antarctica/003/2014 (KY452444.1)

— E-\PV—B Gentoo penguin/Antarctica/002/2014 (KY452443.1)

9 APV-A Gentoo penguin/Antarctica/001/2014 (KY452442.1) |
10 APMV-22 Dove/Taiwan/AHRI33/2009 (MK677430.1) 1
APMV-7 Dove/USA/Tennessee/4/1975 (FJ231524.1)
APMV-6 Goose/RussiaFarEast/4440/2003 (EF569970.1)

APMV-5 Budgerigar/Japan/Kunitachi/1974 (GU206351.1)

APMV-14 Duck/Japan/110G0352/2011 (KX258200.1)
APMV-11 Common snipe/France/100212/2010 (JQ886184.1)
— APMV'-15 Calidris fuscicollis/Brazil/RS-1177/2012 (KX932454.2)
6 o7 APMV-10 Penguin/Falkland Islands/324/2007 (HIM147142.3)
APMV-20 Gull/Kazakhstan/5976/2014 (MF033136.2)
APMV-8 Goose/USA/Delaware/1053/1976 (FJ215863.2)
41 APMV-2 Chicken/California/Yucaipa/1956 (EU338414.1) ]
| APMV-4 Mallard duck/Korea/Y7/2006 (EU877976.1) ] Paraavulavirus
APMV-3 Turkey/USA/Wisconsin/1968 (EU782025.1)

APMV-1

APMV-13

Metaavulavirus

Figure 1. Maximum likelihood phylogenetic analysis based on the full-length amino acid sequence of
the fusion gene of selected APMVs. Viruses described in this study are designated in bold. The new
(decimal naming) and the former names (alpha-numerical) of genotype or sub-genotype in APMV-1

are provided for easier comparison. The viruses to which the newly isolated strain belongs are color
highlighted for emphasis.
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88)

0.020

Mandarin duck/Korea/2128-2/2020 (MW464634)
Mandarin duck/Korea/2129-1/2020 (MW464635)
Mandarin duck/Korea/2132-5/2020 (MW464636)
121b Mallard’Korea/WB/KU628/2009 (JQ966084.1)
1.21b MallardKorea’WB/KU17/2008 (JQ966077.1)
1.21b Duck/China/JS/40/2005 (FJ597606.1)
1.21b MallardKorea/CBU2179/2007 (7X401404.1)
55121 b Mallard K orea/WB/KU762/2008 (JQ966085.1)
1.21b Meller s duck/Madagascar/MGA057C/2009 (JX518873.1)
1.21b Duck/China/Guangxi20/2010 (JX193081.1)
10d 1.2 1 b Mallard/Korea/CBU2249/2007 (JX401403.1)

1.2 1b Chicken/Korea/NDRL0901/2010 (KT380032.1)

1.21b Domestic duck/Korea/DK13/2007 (KT186351.1)
1.21b Eurasian teal Korea’WB/KU22-1/2007 (JQ966078.1)
1.21b Duck/Japan/10U00501/2010 (KC503413.1)
Mandarin duck/Korea/226/2016 (MW464628)
1.21b Duck/China/TX/75C2/2016 (MH289831.1)
95l- 1.21b Swan goose/China/JL/CC02/2013 (KT892753.1)

1.21b Mallard Luxembourg/4178/2008 (HE972213.1)
1.21b Teal/Ukraine/Krasnooskilsky/5-11/2009 (KF851269.1)

1.21b Coot/Russia/NikitaS38FFNK10/2007 (KC503481.1)

121b Slaty-backedgull Russia/NikitaS39FFNK 11/2007 (KC503482.1)
o3 121b Wild Garganey/Russia’Novosibirsk/27/2014 (KU662357.1)
1.21b Spur-winged goose/Nigeria/NIE08-0121/2008 (HG326605.1)
1.21b Teal/Russia/Novosibirsk region/320/2010 (KX352836.1)
L.21b Ruddy Shelduck/Ukraine/AN/371502/2011 (KF851270.1)
Mandarin duck/Korea/201/2016 (MW464627)
Eurasian teal/Korea/1689-3-1/2020 (MW464633)
Mallard/Korea/1310-4-4/2020 (MW464632)
Mandarin duck/Korea/231/2016 (MW464629)
1.21b Chicken/China/GX21/2013 (KR869090.1)
1.21b Common murre/Russia/ Tyuleniy/Island/109/2015 (KU601398.1)
1.21 b Anser fabalis/China HN/F2-110-1/2016 (MH289835.1)
Indian spot-billed duck/Korea/92-8/2017 (MW464631)
Mallard/Korea/92-1/2017 (MW464630)
— 1.2 1b Baikal teal'Russia/FarEast/3652/2002 (AY972101.1)
= 1.21b Duck/Russia’FarEast/2686/2001 (AY965078.1)
121bRedbilled teal’ Madagascar/MGA284C/2009 (JX518874.1)
1.21b Baikal teal Russia/FarEast/3658/2002 (AY965077.1)
1.2 1b Duck/China/LH11740/2013 (KX765175.1)
1.21b American green-winged/teal USA/AK/44493-716/2009 (KC503453.1)
1.21b Spectacled eider/USA/AK/44332-723/2007 (KC503422.1)
1.21b MallardKorea/CBU2374/2007 (JX401405.1)
1.21b Northern pintail Japan/10EY0020/2010 (KC503411.1)
L.21b Northern pintail USA/AK/44493-830/2009 (KC503469.1)
1.21b Northern pintail USA/AK/44493-723/2009 (KC503455.1)
121b Blue-winged teal/lUSA/TX/AT14-3711/2014 (KX857710.1)
1.21b Mallard/USA/MN/AT12-4867/2012 (KX857704.1)

1.21b Chicken/Ireland/Ulster/1967 (AY562991.1)

1.1.11a Chicken/Australia’98-1252/1998 (AY935493.1)

1.1.1 T a Chicken/Australia/Queensland/'V4/1966 (AF217084.1)

1.1.11 a Chicken/Vietnam/NVNvacI2/2016 (MG869263.1)
1.1.11 a Chicken/Australia D26/76/1999 (M24692.1)

s 1.12.1Tc Redknot'USA/NT/A101-1383/2001 (EF564816.1)
—“‘1:1_— 112,11 ¢ Slaty-backed gull Tapan/9K$-0098/2009 (KC503478.1)
1.1.2.11 ¢ Black-headed gull Sweden/1994 (GQ918280.1)

1.1.2.21d Red poll/Russia/Nikita530FFNK2/2008 (KC503479.1)
d L— 1.1.2.21 d American green-winged teal USA/MN/AI09-3831/2009 (KX857711.1)
160=1.1.2.21 d Northern pintail USA/AK/44500-136/2009 (KC503476.1)

12/Ib

Ll/Ia

12.1/Ic

12.2/1d

Genotype I

Figure 2. Phylogenetic analyses based on the full-length nucleotide sequence of the fusion gene

of isolates representing APMV-1 class II genotype I isolates. Viruses described in this study are

designated in bold. The new (decimal naming) and the former names (alpha-numerical) of genotype

or sub-genotype in APMV-1 are provided for easier comparison. The genotype to which the newly

isolated strain belongs has been color-highlighted for emphasis.

4. Discussion

In the present study, a total of 14 APMV strains were isolated from wild waterfowl. Of
these strains, 13 strains of APMV-1 were isolated from different sites in Korea during the
study period. And this result showed that APMV-1 was relatively frequently distributed in
wild waterfowl species migrating to Korea from northern regions. Conversely, one strain
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of APMV-13, which was isolated in 2017 from wild waterfowl, was considerably rare, even
at a global scale [3,7-10,36].

The phylogenetic analysis of APMV-1 isolates showed that F gene sequences clustered
with those of class I and II viruses, 10 strains (71.4%) clustered within class II, and 3 (21.4%)
clustered together within class I. This result corroborates previous studies reporting the pre-
dominance of class II of APMV-1 in wild waterfowls [33]. According to a recently suggested
nomenclature of APMV-1 genotypes, class Il is divided into 21 distinct genotypes; using this
classification criterion for the phylogenetic analysis based on complete F gene sequences, the
isolates from this study were determined to belong to the sub-genotype 1.2 (formerly known
as Ib), within this sub-genotype, most closely with APMV-1 strains from wild waterfowl in
the world including Korea, and to viral sequences from birds sampled at live bird markets
in Korea and China [32,38]. These results suggest that APMV-1 exchange occurs between
wild waterfowls and domestic poultry species. In addition, open breeding and poor feeding
conditions in Asian countries that are sites of wild waterfowl migration may contribute to
the exchange of APMV-1 between wild waterfowl species and poultry [39]. Moreover, our
result also confirmed the transmission possibility between wild waterfowl and poultry; the
four strains (Mandarin duck/Korea/201/2016, Mallard /Korea/1310-4-4 /2020, Eurasian
teal/Korea/1689-3-1/2020, and Mandarin duck/Korea/231/2016) of APMV-1 found in this
study showed high homology with the virus (Chicken/China/GX21/2013) isolated from
chicken in China, and one strain (Mandarin duck/Korea/226/2016) had high homology
with the virus strain (Duck/China/JX/75C2/2016) isolated from a duck in China. Thus, to
prevent the transmission of APMV-1 among different avian species, poultry management
strategies should be implemented to prevent direct and indirect contact of different poultry
species with wild waterfowl. Water-borne transmission of AIV is considered an important
transmission mechanism of virus dissemination [20]. Most APMV-1 strains from wild
waterfowl in this study, including wild duck and goose, emphasized the extensive dissemi-
nation ability of these bird species during their migration along their flyway. Furthermore,
the water supply for poultry should be clean and should not come from surface water
wherein the water source could be contaminated by migratory birds.

The results of the phylogenetic analysis of selected APMV-1 showed that some Ko-
rean APMV-1 strains are highly identical to viruses from other geographical regions in
the world even beyond nearby countries or the same migration flyway. This may be ex-
plained in terms of the migration of wild waterfowl into the Korean peninsula via different
countries [17]. The strain of Mandarin duck/Korea/201/2016, which was obtained from
Mandarin duck in this study, belongs to class II of APMV-1 and has a high degree of similar-
ity to the virus from Ukraine (Europe), Russia (Europe/Asia), and Nigeria (Africa), which
are located on different migration flyways of Black Sea/Mediterranean, Central Asian,
and East Atlantic, respectively. Our results confirmed the evidence for intercontinental
virus spread, particularly of APMV-1 class Il genotype I sub-genotypes 1.2. Furthermore,
the position of APMV-1 class I sequences derived from migratory birds sampled in Korea
within clades of America-origin fusion gene sequences supports the notion of interconti-
nental movement of birds between Asia and North America; furthermore, the finding also
suggests that there is an ongoing intercontinental transmission of APMV-1 virus of North
American origin into Korea, and this notion is supported by the strains of APMV-1 class I
isolated in 2021 [40,41]. Our results are in agreement with previous studies that showed
that wild migratory wild waterfowl were natural reservoirs of APMV-1 virus, serve as
intercontinental carriers of APMV-1 virus, could be infected with different genotypes of
APMV-1, and can disseminate APMV-1 to new areas [42]. To our knowledge, this is the first
report of class I of APMV-1 isolated from wild waterfowl in Korea. Although class I and
class I APMV-1 in this study were all lentogenic, concerns still remain regarding possible
genetic changes that may happen to APMV-1 with low virulence upon replication and
circulation in chickens [3]. A virulent APMV-1 of class I isolated from disease outbreaks
in poultry was reported to be antigenically and genetically closely related to avirulent
APMV-1 strains isolated from waterfowl [43]. In addition, genomic analysis of class II
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APMV-1 showed that the lentogenic virus strains can become virulent over time and that a
change in the cleavage site of the fusion protein of the native virus resulted in increased
virulence [44]. In addition, experimental studies have highlighted this concern; the viru-
lence of APMV-1 virus with low initial virulence increased after several passages among
poultry [45]. The APMV-1 viruses could replicate well in waterfowl and had the advantage
of allowing the host to live longer, thus increasing the chances for viral replication and virus
dissemination [46]. Since APMV-1 viruses with low virulence can infect a broader range of
wild waterfowl species, the selection pressure on the F protein in different wild waterfowl
species and different environmental stresses along the long migratory flyway may cause
multiple adaptive mutations in the cleavage site. Although the adaptation mutations in the
F gene of the APMV-1 virus were not fully understood, the potential risk of wild waterfowl
carrying low virulence strains could not be ignored considering that only a few nucleotide
changes in the F gene are sufficient to change the virulence from low to high, and countless
doses of live-attenuated vaccine virus may circulate in the environment, which may exert a
positive selective pressure to promote the mutation in the F gene cleavage site [47].

In this study, for the first time, we obtained a novel APMV-13 virus (greater white-
fronted goose/Korea/29-9/2017) from a migratory waterfowl in Jeonbuk Province in
Korea in 2017. The phylogenetic analysis revealed that the strain of APMV-13 had high
homology to the viruses isolated from China, and the F gene of this virus showed some
genetic diversity when compared with the virus from Kazakhstan and Ukraine. Indeed,
results of previous studies suggested that Korea and China are located along this East
Asian/Australasian flyway; they share the gene pool of AIV and APMV-1 and are vulnera-
ble to the direct exchange of AIV virus via wild waterfowl [48]. Previous studies and our
results suggest that a potential direct transmission of the APMV-13 virus occurred between
Korea and China via wild waterfowl migration [32]. In comparison, APMV-1 has more
success in terms of transmission as it is a widespread species all over the world, whereas
APMV-13 is a rare species that is not involved in active circulation. Low evolutionary
changes in all these APMV-13 strains potentially indicate its low circulation among wild
waterfowls; these viruses are naturally endemic in wild waterfowls and do not suffer the
selective pressures of vaccination or human intervention. The amino acid sequence motif
112VRENRL117 at the F protein cleavage site resembles the lentogenic APMYV as reported
in previous studies [7,10]. However, lentogenic APMV-1 from wild waterfowl becomes
velogenic after several passages in chickens and may result in 100% mortality in the infected
chickens [42]. Thus, is it important to further determine the pathogenicity and virulence of
APMV-13 in poultry. APMV-13 was isolated from wild geese in this study, which corrobo-
rates previous results in other countries [7-9]. The dispersal and transmission of APMV-13
to other wild waterfowl species needs to be confirmed, particularly for the domestically
bred avian species. As there was scale surveillance for APMV-13 in wild waterfowl and
poultry, to assess the prevalence, distribution, and implication of APMV-13 to poultry
health and ecology, active monitoring of APMV-13 in wild waterfowl and poultry should
be implemented.

5. Conclusions

In conclusion, our results confirm the widespread circulation of APMYV in wild wa-
terfowl populations and that wild waterfowl play an important role in the epidemiology
of APMV. The results of phylogenetic analysis based on the complete F gene sequences
indicated the existence of a high APMV genetic diversity (at least APMV viruses and
two different classes of APMV-1) among wild waterfowl species pathing through Korea
in recent years. Our current study also demonstrates the first evidence of the existence
of class I of APMV-1 and APMV-13 in wild waterfowl sampled in Korea. Our findings
are helpful for understanding the genetic characteristics, epidemiology, and evolution of
APMYV along the East Asian—Australian migration route. The Korean isolates obtained in
this study were closely related to Asian, European, and North American APMYV isolates,
which indicates a possible direct intercontinental transmission of the virus between these
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regions. Therefore, extensive surveillance should be implemented for APMV monitor-
ing among wild waterfowl to prevent the introduction of new APMYV viruses from other
geographic regions.
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from Korea during 2015-2021. Table S2: seasonal prevalence of APMYV in wild waterfowls from Korea
during 2015-2021. Table S3: APMYV isolates for phylogenetic analysis used in this study. Figure S1:
locations of the areas where wild migrating birds were sampled. Figure S2: phylogenetic analyses
based on the full-length nucleotide sequence of the fusion gene of isolates representing APMV 1-22
isolates. Figure S3: phylogenetic analyses based on the full-length nucleotide sequence of the fusion
gene of isolates representing APMV-1 class Il isolates. Figure S4: phylogenetic analyses based on the
full-length nucleotide sequence of the fusion gene of isolates representing APMV-1 class I isolates.

Author Contributions: Y.-J.L., BW. and M.K. contributed to the conception and design of experi-
ments. K.S,, J.-EZ., Y-R.C,, S.-WK,, S.-Y.C. and H.-K.]. contributed to the acquisition, analysis, and
interpretation of data. Y.-J.L., J.-Y.P., BW. and H.-K.J. drafted and/or revised the article. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Korea Institute of Planning and Evaluation for Technology
in Food, Agriculture and Forestry (IPET) through the Animal Disease Management Technology
Advancement Support Program, funded by the Ministry of Agriculture, Food and Rural Affairs
(MAFRA)(122014-2&122059-2).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All the results of this study are presented within the manuscript and its
Supplementary files.

Conflicts of Interest: Authors Hyung-Kwan Jang and Min Kang were employed by the company Bio
Disease Control (BIOD) Co., Ltd. The remaining authors declare that this research was conducted in
the absence of any commercial or financial relationships that could be construed as potential conflicts

of interest.

References

1. Rahman, A.U.; Habib, M.; Shabbir, M.Z. Adaptation of Newcastle Disease Virus (NDV) in Feral Birds and their Potential Role in
Interspecies Transmission. Open Virol. J. 2018, 12, 52-68. [CrossRef] [PubMed]

2. Liu, Y.P; Chang, C.Y;; Lee, E; Chiou, C.J.; Tsai, H.]. Phylogenetic analysis of avian paramyxoviruses 1 isolated in Taiwan from
2010 to 2018 and evidence for their intercontinental dispersal by migratory birds. J. Vet. Med. Sci. 2020, 82, 1366—1375. [CrossRef]
[PubMed]

3.  Gogoi, P.; Ganar, K.; Kumar, S. Avian Paramyxovirus: A Brief Review. Transbound. Emerg. Dis. 2017, 64, 53—-67. [CrossRef]
[PubMed]

4. Alexander, D.J. Newcastle disease and other avian paramyxoviruses. Rev. Sci. Tech. 2000, 19, 443-462. [CrossRef] [PubMed]

5. OIE. Newcastle Disease (Infection with Newcastle Disease Virus), Chapter 3.3.14. Manual of Diagnostic Tests and Vaccines for Terrestrial
Animals; World Organization for Animal Health: Paris, France, 2021.

6. Umali, D.V, Ito, H.; Suzuki, T.; Shirota, K.; Katoh, H.; Ito, T. Molecular epidemiology of Newcastle disease virus isolates from
vaccinated commercial poultry farms in non-epidemic areas of Japan. Virol. J. 2013, 10, 330. [CrossRef] [PubMed]

7. Fei, YD, Liu, X.X;; Mu, ].Q.; Li, J.].; Yu, X.B.; Chang, ].; Bi, Y.; Stoeger, T.; Wajid, A.; Muzyka, D.; et al. The Emergence of Avian
Orthoavulavirus 13 in Wild Migratory Waterfow] in China Revealed the Existence of Diversified Trailer Region Sequences and
HN Gene Lengths within this Serotype. Viruses 2019, 11, 646. [CrossRef] [PubMed]

8. Goraichuk, I.; Poonam, S.; Dimitrov, K.; Stegniy, B.; Muzyka, D.; Pantin-Jackwood, M.; Gerilovych, A.; Solodiankin, O.; Bolotin, V.;
Rula, O; et al. Phylogenetic analysis of the complete genome of the APMV-13 isolate from Ukraine. Int. J. Infect. Dis. 2016, 45, 459.
[CrossRef]

9. Karamendin, K.; Kydyrmanov, A.; Seidalina, A.; Asanova, S.; Sayatov, M.; Kasymbekov, E.; Khan, E.; Daulbayeva, K.; Harrison,
S.M,; Carr, LM,; et al. Complete Genome Sequence of a Novel Avian Paramyxovirus (APMV-13) Isolated from a Wild Bird in
Kazakhstan. Genome Announc. 2016, 4, e€00167-16. [CrossRef]

10. Yamamoto, E; Ito, H.; Tomioka, Y.; Ito, T. Characterization of novel avian paramyxovirus strain APMV /Shimane67 isolated from
migratory wild geese in Japan. J. Vet. Med. Sci. 2015, 77, 1079-1085. [CrossRef]

11.  Wajid, A.; Mayahi, V,; Yin, R.; Ain, Q.; Mohiuddin, A.; Khalid, F.; Rehim, A.; Manan, A.; Baksh, M. Genomic and biological

characteristics of Avian Orthoavulavirus-1 strains isolated from multiple wild birds and backyard chickens in Pakistan. Trop.
Anim. Health Prod. 2021, 53, 90. [CrossRef]


https://www.mdpi.com/article/10.3390/ani14050780/s1
https://www.mdpi.com/article/10.3390/ani14050780/s1
https://doi.org/10.2174/1874357901812010052
https://www.ncbi.nlm.nih.gov/pubmed/30288195
https://doi.org/10.1292/jvms.20-0161
https://www.ncbi.nlm.nih.gov/pubmed/32655100
https://doi.org/10.1111/tbed.12355
https://www.ncbi.nlm.nih.gov/pubmed/25924108
https://doi.org/10.20506/rst.19.2.1231
https://www.ncbi.nlm.nih.gov/pubmed/10935273
https://doi.org/10.1186/1743-422X-10-330
https://www.ncbi.nlm.nih.gov/pubmed/24209870
https://doi.org/10.3390/v11070646
https://www.ncbi.nlm.nih.gov/pubmed/31337066
https://doi.org/10.1016/j.ijid.2016.02.972
https://doi.org/10.1128/genomeA.00167-16
https://doi.org/10.1292/jvms.14-0529
https://doi.org/10.1007/s11250-020-02497-y

Animals 2024, 14, 780 11 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Yin, RE; Zhang, PZ,; Liu, X.X.; Chen, Y.Y.; Tao, Z.; Ai, L.L,; Li, J.; Yang, Y.; Li, M.; Xue, C.; et al. Dispersal and Transmission of
Avian Paramyxovirus Serotype 4 among Wild Birds and Domestic Poultry. Front. Cell. Infect. Microbiol. 2017, 7, 212. [CrossRef]
[PubMed]

Vidanovic, D.; Sekler, M.; Asanin, R.; Milic, N.; Nisavic, J.; Petrovic, T.; Savi¢, V. Characterization of velogenic Newcastle disease
viruses isolated from dead wild birds in Serbia during 2007. J. Wildl. Dis. 2011, 47, 433-441. [CrossRef] [PubMed]

Snoeck, C.J.; Marinelli, M.; Charpentier, E.; Sausy, A.; Conzemius, T.; Losch, S.; Muller, C.P. Characterization of newcastle disease
viruses in wild and domestic birds in Luxembourg from 2006 to 2008. Appl. Environ. Microbiol. 2013, 79, 639-645. [CrossRef]
[PubMed]

Khulape, S.A.; Gaikwad, S.S.; Chellappa, M.M.; Mishra, B.P; Dey, S. Genetic characterization and pathogenicity assessment of
Newcastle disease virus isolated from wild peacock. Virus Genes 2014, 49, 449-455. [CrossRef] [PubMed]

Lycett, S.J.; Duchatel, F.; Digard, P. A brief history of bird flu. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2019, 374, 20180257. [CrossRef]
[PubMed]

Hansen, B.D.; Fuller, R.A.; Watkins, D.; Rogers, D.I.; Clemens, R.S.; Newman, M.; Woehler, E.J.; Weller, D.R. Revision of the
East Asian-Australasian Flyway Population Estimates for 37 Listed Migratory Shorebird Species; BirdLife Australia: Melbourne,
Australia, 2016.

Hanna, A.; Banks, J.; Marston, D.A.; Ellis, R.]J.; Brookes, S.M.; Brown, .H. Genetic Characterization of Highly Pathogenic Avian
Influenza (H5N8) Virus from Domestic Ducks, England, November 2014. Emerg. Infect. Dis. 2015, 21, 879-882. [CrossRef]

Mo, LP,; Bae, Y.J; Lee, S.B.; Mo, ].S.; Oh, K.H.; Shin, ].H.; Kang, HM.; Lee, Y.J. Review of Avian Influenza Outbreaks in South
Korea from 1996 to 2014. Avian Dis. 2016, 60 (Suppl. 1), 172-177. [CrossRef]

Si, Y.J.; Lee, LW,; Kim, E.H.; Kim, Y.I; Kwon, H.L; Park, S.J.; Nguyen, H.D.; Kim, S.M.; Kwon, J.].; Choi, W.S,; et al. Genetic
characterization of novel, highly pathogenic avian influenza (HPAI) H5NG6 viruses isolated in birds, South Korea, November 2016.
Euro Surveill. 2017, 22, 30434. [CrossRef]

Choi, K.S.; Kim, ].Y.; Kye, S.J.; Park, C.K.; Sung, H.-W. Genetic diversity of avian paramyxovirus type 4 isolates from wild ducks in
Korea from 2006 to 2011. Virus Genes 2013, 46, 302-308. [CrossRef]

Lee, H.J.; Kim, J.Y.; Lee, Y.J.; Lee, EK,; Song, B.M.; Lee, H.S.; Choi, K.S. A Novel Avian Paramyxovirus (Putative Serotype 15)
Isolated from Wild Birds. Front. Microbiol. 2017, 8, 786. [CrossRef]

Choi, K.S.; Kim, ].Y.; Lee, H.J.; Jang, M.].; Kwon, H.M.; Sung, H.W. Genetic Diversity of Avian Paramyxovirus Type 6 Isolated
from Wild Ducks in the Republic of Korea. J. Wildl. Dis. 2018, 54, 558-563. [CrossRef]

Jeong, J.; Kim, Y.; An, I.; Wang, S.J.; Kim, Y.; Lee, H.J.; Choi, K.S.; Im, S.P; Min, W.; Oem, ] K,; et al. Complete genome sequence of
a novel avian paramyxovirus isolated from wild birds in South Korea. Arch. Virol. 2018, 163, 223-227. [CrossRef] [PubMed]
Lee, Y.N.; Cheon, S.H.; Lee, EK_; Heo, G.B.; Bae, Y.C.; Joh, S.J.; Lee, M.H.; Lee, Y.J. Pathogenesis and genetic characteristics of
novel reassortant low-pathogenic avian influenza H7 viruses isolated from migratory birds in the Republic of Korea in the winter
of 2016-2017. Emerg. Microbes Infect. 2018, 7, 182. [CrossRef] [PubMed]

Baek, Y.G.; Lee, Y.N.; Lee, D.H.; Shin, J.I; Lee, ] H.; Chung, D.H.; Lee, E.K.; Heo, G.B.; Sagong, M.; Kye, S.J.; et al. Multiple
Reassortants of H5N8 Clade 2.3.4.4b Highly Pathogenic Avian Influenza Viruses Detected in South Korea during the Winter of
2020-2021. Viruses 2021, 13, 490. [CrossRef] [PubMed]

Lee, YN.; Lee, D.H.; Cheon, S.H.; Park, Y.R.; Baek, Y.G.; 5i, Y.J.; Kye, SJ.; Lee, EK.; Heo, G.B.; Bae, Y.C.; et al. Genetic characteristics
and pathogenesis of H5 low pathogenic avian influenza viruses from wild birds and domestic ducks in South Korea. Sci. Rep.
2020, 10, 12151. [CrossRef] [PubMed]

Collins, M.S.; Bashiruddin, ].B.; Alexander, D.]. Deduced Amino-Acid-Sequences at the Fusion Protein Cleavage Site of Newcastle-
Disease Viruses Showing Variation in Antigenicity and Pathogenicity. Arch. Virol. 1993, 128, 363-370. [CrossRef] [PubMed]
Miller, PJ.; Dimitrov, K.M.; Williams-Coplin, D.; Peterson, M.P,; Pantin-Jackwood, M.].; Swayne, D.E.; Suarez, D.L.; Afonso, C.L.
International Biological Engagement Programs Facilitate Newcastle Disease Epidemiological Studies. Front. Public Health 2015,
3,235. [CrossRef]

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef]

Lee, D.H.; Lee, H.J.; Lee, Y.J.; Kang, H.M.; Jeong, O.M.; Kim, M.C.; Kwon, J.S.; Kwon, J.H.; Kim, C.B.; Lee, ].B.; et al. DNA
barcoding techniques for avian influenza virus surveillance in migratory bird habitats. J. Wildl. Dis. 2010, 46, 649—-654. [CrossRef]
Kim, B.Y.; Lee, D.H.; Kim, M.S,; Jang, ].H.; Lee, Y.N.; Park, ] K,; Yuk, S.-S.; Lee, ].-B.; Park, S.-Y.; Choi, I.-S.; et al. Exchange
of Newcastle disease viruses in Korea: The relatedness of isolates between wild birds, live bird markets, poultry farms and
neighboring countries. Infect. Genet. Evol. 2012, 12, 478-482. [CrossRef]

Dimitrov, KM.; Abolnik, C.; Afonso, C.L.; Albina, E.; Bahl, J.; Berg, M.; Briand, FX.; Brown, L.H.; Choi, K.S.; Chvala, I; et al.
Updated unified phylogenetic classification system and revised nomenclature for Newcastle disease virus. Infect. Genet. Evol.
2019, 74, 103917. [CrossRef] [PubMed]

Muzyka, D.; Pantin-Jackwood, M.; Stegniy, B.; Rula, O.; Bolotin, V.; Stegniy, A.; Gerilovych, A.; Shutchenko, P.; Stegniy, M.;
Koshelev, V.; et al. Wild Bird Surveillance for Avian Paramyxoviruses in the Azov-Black Sea Region of Ukraine (2006 to 2011)
Reveals Epidemiological Connections with Europe and Africa. Appl. Environ. Microbiol. 2014, 80, 5427-5438. [CrossRef] [PubMed]


https://doi.org/10.3389/fcimb.2017.00212
https://www.ncbi.nlm.nih.gov/pubmed/28603697
https://doi.org/10.7589/0090-3558-47.2.433
https://www.ncbi.nlm.nih.gov/pubmed/21441197
https://doi.org/10.1128/AEM.02437-12
https://www.ncbi.nlm.nih.gov/pubmed/23160119
https://doi.org/10.1007/s11262-014-1116-2
https://www.ncbi.nlm.nih.gov/pubmed/25260553
https://doi.org/10.1098/rstb.2018.0257
https://www.ncbi.nlm.nih.gov/pubmed/31056053
https://doi.org/10.3201/eid2105.141954
https://doi.org/10.1637/11095-041715-Review
https://doi.org/10.2807/1560-7917.ES.2017.22.1.30434
https://doi.org/10.1007/s11262-012-0860-4
https://doi.org/10.3389/fmicb.2017.00786
https://doi.org/10.7589/2017-07-158
https://doi.org/10.1007/s00705-017-3588-6
https://www.ncbi.nlm.nih.gov/pubmed/29038866
https://doi.org/10.1038/s41426-018-0181-3
https://www.ncbi.nlm.nih.gov/pubmed/30442892
https://doi.org/10.3390/v13030490
https://www.ncbi.nlm.nih.gov/pubmed/33809549
https://doi.org/10.1038/s41598-020-68720-w
https://www.ncbi.nlm.nih.gov/pubmed/32699272
https://doi.org/10.1007/BF01309446
https://www.ncbi.nlm.nih.gov/pubmed/8435046
https://doi.org/10.3389/fpubh.2015.00235
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.7589/0090-3558-46.2.649
https://doi.org/10.1016/j.meegid.2011.12.004
https://doi.org/10.1016/j.meegid.2019.103917
https://www.ncbi.nlm.nih.gov/pubmed/31200111
https://doi.org/10.1128/AEM.00733-14
https://www.ncbi.nlm.nih.gov/pubmed/24973063

Animals 2024, 14, 780 12 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Kim, L.M,; King, D.J.; Curry, P.E.; Suarez, D.L.; Swayne, D.E.; Stallknecht, D.E.; Slemons, R.D.; Pedersen, J.C.; Senne, D.A.; Winker,
K.; et al. Phylogenetic diversity among low-virulence newcastle disease viruses from waterfowl and shorebirds and comparison
of genotype distributions to those of poultry-origin isolates. . Virol. 2007, 81, 12641-12653. [CrossRef] [PubMed]

Goraichuk, I; Sharma, P; Stegniy, B.; Muzyka, D.; Pantin-Jackwood, M.].; Gerilovych, A.; Solodiankin, O.; Bolotin, V.; Miller,
PJ.; Dimitrov, K.M.; et al. Complete Genome Sequence of an Avian Paramyxovirus Representative of Putative New Serotype 13.
Genome Annouc. 2016, 4, €00729-16. [CrossRef] [PubMed]

Yamamoto, E.; Ito, T.; Ito, H. Completion of full length genome sequence of novel avian paramyxovirus strain APMV /Shimane67
isolated from migratory wild geese in Japan. J. Vet. Med. Sci. 2016, 78, 1583-1594. [CrossRef] [PubMed]

Liu, X.W,; Wang, X.Q.; Wu, S.; Hu, S.L.; Peng, Y.; Xue, F,; Liu, X. Surveillance for avirulent Newcastle disease viruses in domestic
ducks (Anas platyrhynchos and Cairina moschata) at live bird markets in Eastern China and characterization of the viruses isolated.
Avian Pathol. 2009, 38, 377-391. [CrossRef] [PubMed]

Mellor, K.C.; Meyer, A.; Elkholly, D.A.; Fournie, G.; Long, P.T; Inui, K.; Padungtod, P; Gilbert, M.; Newman, S.H.; Vergne, T.; et al.
Comparative Epidemiology of Highly Pathogenic Avian Influenza Virus H5N1 and H5N6 in Vietnamese Live Bird Markets:
Spatiotemporal Patterns of Distribution and Risk Factors. Front. Vet. Sci. 2018, 5, 51. [CrossRef] [PubMed]

Afonso, C.L. Not so fast on recombination analysis of Newcastle disease virus. J. Virol. 2008, 82, 9303. [CrossRef]

Hicks, J.T.; Dimitrov, K.M.; Afonso, C.L.; Ramey, A.M.; Bahl, J. Global phylodynamic analysis of avian paramyxovirus-1 provides
evidence of inter-host transmission and intercontinental spatial diffusion. BMC Evol. Biol. 2019, 19, 108. [CrossRef]

Smith, G.J.; Vijaykrishna, D.; Ellis, TM.; Dyrting, K.C.; Leung, Y.H.; Bahl, J.; Wong, C.W,; Kai, H.; Chow, M.K.W.; Duan, L.; et al.
Characterization of avian influenza viruses A (H5N1) from wild birds, Hong Kong, 2004-2008. Emerg. Infect. Dis. 2009, 15,
402-407. [CrossRef]

Alexander, D.J.; Campbell, G.; Manvell, R].; Collins, M.S.; Parsons, G.; McNulty, M.S. Characterisation of an antigenically unusual
virus responsible for two outbreaks of Newcastle disease in the Republic of Ireland in 1990. Vet. Rec. 1992, 130, 65-68. [CrossRef]
[PubMed]

Gould, A.R.; Kattenbelt, J.A.; Selleck, P.; Hansson, E.; Della-Porta, A.; Westbury, H.A. Virulent Newcastle disease in Australia:
Molecular epidemiological analysis of viruses isolated prior to and during the outbreaks of 1998-2000. Virus Res. 2001, 77, 51-60.
[CrossRef] [PubMed]

Shengqing, Y.; Kishida, N.; Ito, H.; Kida, H.; Otsuki, K.; Kawaoka, Y.; Ito, T. Generation of velogenic Newcastle disease viruses
from a nonpathogenic waterfowl isolate by passaging in chickens. Virology 2002, 301, 206-211. [CrossRef] [PubMed]

Meng, C.; Rehman, Z.U; Liu, K.; Qiu, X; Tan, L.; Sun, Y.; Liao, Y.; Song, C.; Yu, S.; Ding, Z.; et al. Potential of genotype VII
Newecastle disease viruses to cause differential infections in chickens and ducks. Transbound. Emerg. Dis. 2018, 65, 1851-1862.
[CrossRef] [PubMed]

Miller, PJ.; King, D.J.; Afonso, C.L.; Suarez, D.L. Antigenic differences among Newcastle disease virus strains of different
genotypes used in vaccine formulation affect viral shedding after a virulent challenge. Vaccine 2007, 25, 7238-7246. [CrossRef]
[PubMed]

Lee, D.H,; Park, ].K,; Yuk, S.S.; Erdene-Ochir, T.O.; Kwon, J.H.; Lee, ].B.; Park, S.Y.; Choi, L.S.; Lee, SW.; Song, C.S. Complete
genome sequence of a natural reassortant HON2 avian influenza virus found in bean goose (Anser fabalis): Direct evidence for
virus exchange between Korea and China via wild birds. Infect. Genet. Evol. 2014, 26, 250-254. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/JVI.00843-07
https://www.ncbi.nlm.nih.gov/pubmed/17855536
https://doi.org/10.1128/genomeA.00729-16
https://www.ncbi.nlm.nih.gov/pubmed/27469958
https://doi.org/10.1292/jvms.16-0264
https://www.ncbi.nlm.nih.gov/pubmed/27430258
https://doi.org/10.1080/03079450903183637
https://www.ncbi.nlm.nih.gov/pubmed/19937525
https://doi.org/10.3389/fvets.2018.00051
https://www.ncbi.nlm.nih.gov/pubmed/29675418
https://doi.org/10.1128/JVI.01231-08
https://doi.org/10.1186/s12862-019-1431-2
https://doi.org/10.3201/eid1503.081190
https://doi.org/10.1136/vr.130.4.65
https://www.ncbi.nlm.nih.gov/pubmed/1532467
https://doi.org/10.1016/S0168-1702(01)00265-9
https://www.ncbi.nlm.nih.gov/pubmed/11451487
https://doi.org/10.1006/viro.2002.1539
https://www.ncbi.nlm.nih.gov/pubmed/12359423
https://doi.org/10.1111/tbed.12965
https://www.ncbi.nlm.nih.gov/pubmed/30043428
https://doi.org/10.1016/j.vaccine.2007.07.017
https://www.ncbi.nlm.nih.gov/pubmed/17719150
https://doi.org/10.1016/j.meegid.2014.06.007

	Introduction 
	Materials and Methods 
	Sample Collection and Preparation 
	Virus Isolation and Detection 
	Sequencing and Phylogenetic Analysis 
	Host Species Identification 
	Accession Number 

	Results 
	Virus Detection and Identification 
	Genetic Characterization of AMPV-1 
	Genetic Characterization of AMPV-13 

	Discussion 
	Conclusions 
	References

