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ABSTRACT 

Newcastle disease is caused by virulent forms of avian paramyxovirus of serotype 1 (APMV-1) 

and has global economic importance. The disease reached panzootic proportions within two 

decades after first being identified in 1926 in the United Kingdom and Indonesia and still 

remains endemic in many countries across the world. Here we review information on the host, 

temporal, and geographic distribution of APMV-1 genetic diversity based on the evolutionary 

systematics of the complete coding region of the fusion gene.  Strains of APMV-1 are 

phylogenetically separated into two classes (class I and class II) and further classified into 

genotypes based on genetic differences. Class I viruses are genetically less diverse, generally 

present in wild waterfowl, and are of low virulence. Class II viruses are genetically and 

phenotypically more diverse, frequently isolated from poultry with occasional spillovers into 

wild birds, and exhibit a wider range of virulence. Waterfowl, cormorants, and pigeons are 

natural reservoirs of all APMV-1 pathotypes, except viscerotropic velogenic viruses for which 

natural reservoirs have not been identified. Genotypes I and II within class II include isolates of 

high and low virulence, the latter often being used as vaccines. Viruses of genotypes III and IX 

that emerged decades ago are now isolated rarely, but may be found in domestic and wild birds 

in China. Containing only virulent viruses and responsible for the majority of recent outbreaks in 

poultry and wild birds, viruses from genotypes V, VI, and VII, are highly mobile and have been 

isolated on different continents. Conversely, virulent viruses of genotypes XI (Madagascar), XIII 

(mainly Southwest Asia), XVI (North America) and XIV, XVII and XVIII (Africa) appear to 

have a more limited geographic distribution and have been isolated predominantly from poultry. 

 

Keywords 
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1. Introduction 

1.1. Overview 

Avian paramyxovirus 1 (APMV-1), synonymous with Newcastle disease virus, is a 

geographically widespread viral agent that infects wild, peridomestic (living in or around human 

habitations), and domestic avian hosts. For the purpose of the present review, the term APMV-1 

will be used. Virulent strains of APMV-1 have significant global economic impacts on domestic 

poultry production and are notifiable to the World Organization for Animal Health (OIE). 

Additionally, virulent APMV-1 strains may negatively affect the caged bird trade and have 

implications for the management of wild birds (Bennejean, 1988). The importance of APMV-1 

infections to avian health has long been recognized and therefore the subject of considerable 

scientific investigation. The incorporation of genetic data into APMV-1 research over the past 

several decades has greatly improved our collective inference of evolutionary based taxonomy of 

this viral agent as well as our understanding of temporal, geographic, and host ranges. Several 

classification systems for APMV-1 are available and have been used in the scientific literature, 

however discrepancies among the systems have made comparisons among studies challenging 

(Sakaguchi et al., 1989; Toyoda et al., 1989; Ballagi-Pordány et al., 1996; Aldous et al., 2003; 

Czeglédi et al., 2006; Diel et al., 2012a). As such, the goal of this review is to provide a 

summary of recent pertinent information, focusing on temporal, geographic, and host range of 

APMV-1 based on the most recent and objective nomenclature system (Diel et al., 2012a). A 

more in-depth analysis of the genetic diversity and classification of APMV-1 is in preparation by a 

consortium of international experts (Emmanuel Albina and Patti Miller, personal communication). 

 

1.2. Viral agent and ecology  

APMV-1 belongs to genus Avulavirus, family Paramyxoviridae, Order Mononegavirales (ICTV, 

2012). Previously, APMV-1 was classified as member of genus Rubulavirus of the same order 

and the new genus Avulavirus was created in 2002 (Mayo, 2002a, 2002b). There are 9 accepted 

(APMV 1–9) (ICTV, 2012) and 4 putative serotypes (APMV 10–13) of APMV within the genus 

(Miller et al., 2010b; Briand et al., 2012; Terregino et al., 2013; Yamamoto et al., 2015). The 

nucleic acid of APMV-1 is single-stranded negative sense RNA (Alexander and Senne, 2008), 

has three genome sizes – 15,186 nucleotides (nt), 15,192 nt and 15,198 nt (Czeglédi et al., 2006) 

and codes for at least six gene products: the nucleoprotein (NP), phosphoprotein (P), matrix (M), 
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fusion (F), hemagglutinin-neuraminidase (HN), and the RNA polymerase (L) (Chambers et al., 

1986). RNA editing of the P protein produces additional non-structural proteins V and possibly 

W (Miller et al., 2010a). The genomes of class II viruses of genotypes that are considered 

‘‘historic’’ (i.e. I, II, III, IV) (1930–1960) consist of 15,186 nt, while viruses that emerged 

‘‘later’’ (after 1960) (i.e. V, VI, VII, VIII, X-XVIII) contain 15,192 nucleotides. Class I APMV-

1 genomes contain 15,198 nucleotides (Czeglédi et al., 2006; Miller et al., 2010a). 

Virulent forms of APMV-1 cause Newcastle disease (ND), an economically important 

disease in poultry (Alexander and Senne, 2008). Additionally, APMV-1 strains of lower 

virulence have also been detected in numerous species of wild birds which may or may not result 

in clinical disease (e.g., Rosenberger et al., 1974; Kaleta and Baldauf, 1988; Wobeser et al., 

1993). Although some viruses may be differentially maintained in wild or domestic bird 

reservoirs, there is also evidence for viral transmission across the poultry-wild bird interface 

(Kim et al., 2007a; Cardenas Garcia et al., 2013). APMV-1 is transmitted through either 

inhalation or ingestion (Alexander et al., 1984; Li et al., 2009; Miller and Koch, 2013) and can 

remain infective for long periods of time given proper environmental conditions (Davis-Fields et 

al., 2014). Therefore, multiple potential routes of transmission and the ability of the viral agent to 

persist in the environment may facilitate interspecies transmission and the potential for spread 

across domestic-peridomestic-wild bird interfaces. 

 

1.3. Pathogenicity 

Several pathogenicity tests have been developed to determine the pathogenicity of 

APMV-1 strains in chickens (Miller and Koch, 2013) and the intracerebral pathogenicity index 

(ICPI) is the current in vivo standard for the OIE (2012). APMV-1 strains produce a range of 

pathogenic outcomes in poultry. Viruses of low pathogenicity, or lentogens (ICPI < 0.7), 

generally result in subclinical disease whereas those of moderate pathogenicity, or mesogens 

(ICPI > 0.7 but < 1.5), generally cause clinical signs of disease, but typically result in non-lethal 

outcomes in chickens. Viruses of high pathogenicity, or velogens (ICPI > 1.5), cause serious 

disease and mortality among affected birds. Clinical signs of infection with APMV-1 may 

include: decreased egg production, depression, diarrhea, respiratory distress, neurologic signs, 

torticollis, and death. 
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A wide range of pathogenicity for APMV-1 strains is also found in wild birds. 

Lentogenic viruses are relatively common in wild waterfowl, gulls, and shorebirds and 

apparently do not cause clinical disease (e.g., Rosenberger et al., 1974; Kim et al., 2007b; Ramey 

et al. 2013). In contrast, mesogenic/velogenic viruses have caused recurrent outbreaks of disease 

in pigeons  and double-crested cormorants (Phalacrocorax auritus) in the mid-continent of North 

America (Wobeser et al., 1993; Banerjee et al., 1994; Kuiken et al., 1998; Glaser et al., 1999; 

Kim et al., 2008; Rue et al., 2010; Diel et al., 2012b). The strains from pigeons are antigenic 

variants of APMV-1 and are often referred to as pigeon paramyxovirus 1 or PPMV-1. Mortality 

in wild birds attributed to ND has occurred exclusively among young, hatch-year cormorants 

(Kuiken 1999). Highly virulent viruses have also been isolated in psittacines in quarantine 

stations and in a variety of wild bird species in zoos and live bird markets; however, it is not 

clear if these viruses represent spillover events from poultry or if viruses are maintained in wild 

and pet birds (Senne et al., 1983; Panigrahy et al., 1993; Alexander et al., 2011; Vidanovic et al., 

2011; Snoeck et al., 2013b; Byarugaba et al., 2014; Mulisa et al., 2014). 

Virulence is primarily a function of the fusion gene (Nagai et al., 1976), which has 

resulted in considerable scientific investigation focused on this gene product; but all other genes 

likely play important roles in modulating the capacity of the virus to replicate and cause disease 

(Dortmans et al., 2011). Genetic analyses have revealed the nucleotide sequence of the cleavage 

site of the fusion gene to be predictive of potential pathogenicity of APMV-1 strains (Glickman 

et al., 1988; Collins et al. 1993). Virulent APMV-1 strains have three or more basic amino acids 

(arginine or lysine) at positions 113 to 116, and a phenylalanine at position 117 at the fusion 

protein cleavage site, whereas APMV-1 strains predicted to be of low virulence have fewer than 

two basic deduced amino acid residues at the fusion cleavage site, with a leucine at position 117 

(Glickman et al., 1988). As such, predicted virulence based upon deduced amino acid motifs at 

the fusion cleavage site has been incorporated into the definition of notifiable APMV-1 strains 

by the OIE (2012). Although there are not many documented cases, there is evidence that 

APMV-1 of low virulence may evolve into a virulent phenotypes as few point mutations are 

sufficient to result in the emergence of virulent forms of APMV-1 (Collins et al., 1998; Gould et 

al., 2001; Miller et al., 2010a; Alexander, 2011) 

 

2. Genetic diversity, classification and distribution 
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Genetic analysis of nucleotide sequences for the complete coding region of the fusion 

gene has recently been proposed as the basis for a unified nomenclature and classification system 

for assigning APMV-1 isolates into evolutionary related groups (Diel et al., 2012a). Based upon 

previous analyses of AMPV-1 genomes (Czeglédi et al., 2006) and criteria incorporated into this 

recent classification system, there are currently two genetically divergent ‘classes’ of APMV-1. 

Class I isolates belong to a single ‘genotype’ whereas class II isolates are divided into 18 

genotypes (Diel et al., 2012a; de Almeida et al., 2013; Courtney et al., 2013; Snoeck et al., 

2013c; Susta et al., 2014b) (Figure 1; Table 1). The Diel et al. (2012a) classification system 

attempts to maintain previously classified genotypes and also incorporates objective genetic 

criteria for classification. A 10% mean nucleotide difference of the fusion protein gene coding 

sequence is required to assign phylogenetically distinct groups of viruses into genotypes. 

Additionally, at least four epidemiologically independant isolates have to form a distinct 

taxonomic group in a phylogenetic tree with a bootstrap value at the defining node > 60 to 

designate a unique genotype. Exceptions were made for genotypes III, IV and IX, which present 

slightly lower mean genetic distances among genotypes (Table 1, shaded). These exceptions 

were established by Diel et al. (2012a) in order to maintain the classification commonly used 

throughout existing literature. Some genotypes are further divided into ‘sub-genotypes’ based 

upon calculations of intra-genotype genetic diversity (Diel et al., 2012a). The mean genetic 

distance per site in the range of 3–10% and a bootstrap value > 60 at a defining node are used as 

cutoff values for assigning new sub-genotypes. 

Based on the complete coding sequence of the fusion protein gene, the viruses of class I 

are 54.4–62.8% genetically divergent from the class II genotypes viruses with 59.5% overall 

distance between these two major groups. Class I viruses are less diverse among themselves with 

5.9% differences between all known isolates. Class II viruses are more diverse (Table 1) with 

nucleotide distances between genotypes varying from 7.8–28.9% at the fusion gene. The largest 

genetic distance is observed between genotypes XI and XIV (28.9%) and between 12.8–26.6% 

when compared to the rest of the genotypes. Viruses of these two genotypes have been isolated 

in only limited geographic areas – Madagascar (XI) and Nigeria, Benin and Mali (XIV) during 

the last 10 years. Additionally, the genetic distance between the “historic” genotypes (I, II, III, 

IV and IX) is ≤14.4% while the distance between these genotypes and those more recently 

identified (XIII, XIV, XV, XVI, XVII and XVIII) is higher (15.9–26.6%). 
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In the following sections, we review viral pathogenicity and temporal, geographic, and 

host range of viruses for each APMV-1 genotype based upon this latest classification system that 

utilizes the complete coding region of the fusion gene. For this purpose we have created and 

curated a database populated with all complete fusion gene sequences for APMV-1 (n=1299) 

available in the GenBank database (Benson et al., 2015) as of 29 August 2015 (Supplemental 

Table S1) and temporal, host and geographic information available for these isolates. For the 

purpose of this review, Benson et al. (2015) will be also used to refer to sequences that have been 

submitted to GenBank but do not have citations in peer reviewed journals.  In addition, to 

increase the utility of this review by facilitating comparisons to previously published literature, 

we have included selected genotype information based on the partial fusion gene of APMV-1 

isolates (e.g., the 374 base pair fragment commonly amplified in previous studies) for genotypes 

and sub-genotype that may be underrepresented in our dataset (e.g., genotypes III, IV, V and 

sub-genotypes VIb, Vid, VIIa and VIIc). Because sampling efforts for APMV-1 have been 

biased toward poultry and hosts that are specific for avian influenza, it is possible that there is 

still undetected diversity of virulent and non-virulent viruses in free-ranging avian species. 

However, despite these limitations, it is our hope that this review will be useful for compiling 

information derived from a large number of scientific investigations conducted across the globe 

on APMV-1 into a unified and intelligible context. 

 

2.1. Class I 

APMV-1 class I isolates share sufficient genetic similarity to be considered a single 

genotype (genotype 1). Viruses of class I genotype 1 are currently divided into three sub-

genotypes: 1a, 1b and 1c. There is a possibility that additional class I sub-genotypes exist as 

there are two clearly distinct groups of viruses that meet the genetic distance criterion but lack 

the necessary number of epidemiologically independent isolates (Diel et al., 2012a). Class I 

isolates have been recovered from both domestic and wild birds sampled in North America and 

Eurasia since at least 1987 (Kim et al., 2007b). Recent isolations suggest that class I viruses 

continue to infect birds in the United States (Pedersen et al., 2014) and China (Fan et al., 2015). 

Viruses of class I genotype 1 sub-genotype 1a have been repeatedly recovered from 

domestic ducks (Anatidae spp.), chickens (Gallus gallus domesticus) and geese in China during 

2007–2010 (Liu et al., 2009; Benson et al., 2015). The temporal, geographic, and host 
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distributions of sub-genotype 1b viruses are similar to those of viruses in sub-genotype 1a. 

Viruses of sub-genotype 1b have been identified in variety of birds including chickens, ducks, 

black swan, peafowl, egret and heron in China during 2009–2013 (Fan et al., 2015; Benson et al., 

2015). 

Class I sub-genotype 1c viruses have primarily been recovered from ducks, swans, geese, 

and shorebirds in the United States since 1998 (Kim et al., 2007b; Ramey et al., 2013; Pedersen 

et al., 2014) with closely related viruses also having been isolated from domestic poultry at live 

bird markets (Seal et al., 2005; Kim et al., 2007b). Additionally, sub-genotype 1c isolates have 

been recovered in Europe (1999–2010) and Asia from a variety of wild waterbirds including 

ducks and gulls (Lindh et al., 2012; Ramey et al., 2013), as well as from domestic ducks, 

particularly in China (Liu et al. 2009; Meng et al., 2012).  

All but one strain of class I APMV-1 viruses are considered to be of low virulence in 

chickens as based upon deduced amino acid motifs at the fusion cleavage site (Glickman et al., 

1988) and pathotyping of representative viruses (Liu et al., 2009). Notably, in 1990 a ND 

outbreak caused by a class I virus of high virulence was recorded in Ireland (Alexander et al., 

1992). It has been subsequently demonstrated that only a few point mutations were required to 

develop a virulent virus from the APMV-1 of low virulence that was circulating in waterfowl in 

the same area as the ND outbreak in poultry (Collins et al., 1998). 

 

2.2. Class II genotype I 

APMV-1 class II genotype I isolates are currently classified into three sub-genotypes: Ia, 

Ib, and Ic. Viruses of sub-genotype Ia include velogenic strains recovered from chickens in 

Australia during 1998–2002 (Gould et al., 2001; Kattenbelt et al., 2006; Susta et al., 2011) and 

strains of low virulence isolated from wild waterfowl and poultry samples collected in China, 

Colombia, Malaysia, and South Korea during 1998–2014 (Kim et al. 2012; Diel et al., 2012a; 

Benson et al., 2015). The Queensland V-4 vaccine strain is also classified within sub-genotype 

Ia. Phylogenetic analysis of sub-genotype Ia isolates provides support for the existence of an 

exchange of viruses between wild birds and domestic poultry, and potential vaccine escape (Kim 

et al. 2012). 

Class II genotype I sub-genotype Ib isolates have been recovered from a diversity of wild 

and domestic waterfowl in China, Japan, Luxembourg, Madagascar, Nigeria, Russia, South 
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Korea, Ukraine, and the United States (Liu et al., 2009; Kim et al. 2012; de Almeida et al., 2013, 

Ramey et al., 2013; Snoeck et al., 2013a; 2013b; Muzyka et al. 2014) during 2001–2011. 

Deduced amino acid motifs at the fusion cleavage site and ICPI values for viruses of this sub-

genotype suggest that all isolates recovered to date are lentogenic. Phylogenetic analyses suggest 

that wild birds may play a role in the dispersal of viruses of this sub-genotype within and among 

continents (Ramey et al., 2013; Muzyka et al. 2014). The extensively studied strain, 

Ulster/chicken/Ireland/1967, is also included in this sub-genotype. 

Sub-genotype Ic isolates have been recovered from shorebirds, waterfowl, gulls, and 

various landbirds sampled in Japan, Mexico, Russia, Sweden, and the United States (Kim et al., 

2007b; Munir et al., 2010; Cardenas Garcia et al., 2013; Ramey et al., 2013) during 1994–2009. 

Similar to sub-genotype Ib, these viruses have all been predicted to be lentogens and may be 

maintained and intercontinentally dispersed by wild birds (Kim et al., 2007b; Ramey et al., 

2013). 

 

2.3. Class II genotype II 

Class II genotype II isolates were first reported in North America and have been also 

identified in Africa, Asia, Europe, and South America, primarily in gallinaceous poultry and 

domestic waterfowl (Seal, 2004; Snoeck et al. 2013c; Uthrakumar et al., 2014; Benson et al., 

2015). Viruses of this genotype are also the constituents of most widely used ND live and 

inactivated vaccines (e.g. LaSota and B1). There have also been a few detections of class II 

genotype II viruses in peridomestic and wild birds suggesting potential spillover into free-

ranging hosts (Zanetti et al., 2005; Zhu et al., 2010; Cardenas Garcia et al. 2013; Yuan et al., 

2013). Many class II genotype II isolates have been pathotyped as velogens or are predicted to be 

virulent (Seal, 2004; Mohamed et al., 2011; Uthrakumar et al., 2014), which adds to the 

economic importance of viruses of this genotype to poultry production. Many isolates recovered 

from poultry are likely the result of introductions of live vaccine viruses (e.g., the widely used 

class II genotype II LaSota vaccine strain) into poultry production systems through vaccination 

efforts (de Leeuw and Peeters, 1999; Khan et al., 2010; Benson et al., 2015). Complete fusion 

gene sequences are available for class II genotype II strains isolated in the United States and Italy 

from as early as the 1940s (Toyoda et al., 1989; Seal, 2004) and viruses of this genotype may 

continue to circulate among poultry in many regions of the world (Benson et al., 2015). 
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2.4. Class II genotype III 

Based on the partial fusion gene sequences, viruses of class II genotype III have been 

isolated primarily form Southeast Asia (Ballagi-Pordány et al., 1996; Aldous et al., 2003). 

“Ancient” isolates from Australia in 1932 and Japan during 1930–1960 are described as 

members of this genetic group (Ballagi-Pordány et al., 1996; Lomniczi et al., 1998). Viruses of 

the same genotype have been also sporadically isolated in UK, Taiwan, Zimbabwe, and 

Singapore during the 1960s and early 1990s. Only a limited number of complete fusion 

sequences is available for viruses of class II genotype III. All viruses of this genotype are 

virulent based on the predicted amino acid sequence at the cleavage site of the fusion protein. 

Class II genotype III isolates have been recovered from chickens in Pakistan in 1974 and, more 

recently, chickens and domestic waterfowl in China during 2000–2005 (Tang et al., 2005; Zhang 

et al., 2008; Qiu et al., 2009; Khan et al., 2010). There is evidence suggesting that the emergence 

of recent class II genotype III viruses may have resulted from the escape and subsequent 

mutation of the vaccine strain Mukteswar/chicken/India/1940 (Aldous et al., 2003; Qiu et al., 

2009). This strain has been pathotyped as mesogenic (Czeglédi et al., 2003), laboratory-

attenuated after passages in eggs, and subsequently used widely as vaccine, primarily in 

Southeast Asia (Aldous et al., 2003). 

 

2.5. Class II genotype IV 

APMV-1 class II genotype IV viruses include isolates recovered from poultry in Europe 

during 1933–1944 (de Leeuw et al., 2005; Wei et al., 2008) and are considered to be the 

predominant viruses isolated in Europe before 1970 (Ballagi-Pordány et al., 1996; Czeglédi et 

al., 2006). Additionally, isolates of this group have been also recovered from poultry in Africa 

(Sudan) in 1991, pigeons in Asia (Hong Kong) in 1989 and poultry in Russia in 1970 (Aldous et 

al., 2003; Miller et al., 2010). These viruses are considered virulent and include the well-

characterized Herts/33 virus which may not have actually originated in Hertfordshire, England in 

1933 (Czeglédi et al., 2003). Rather, this virulent strain may have been isolated elsewhere in 

Europe in the 1940s (Czeglédi et al., 2003). Since the designation Herts/33 has been used for this 

representative of class II genotype IV virus for many years (Wehmann et al., 2003; Kim et al., 

2007a; Diel et al., 2012;) we have also used it for the purpose of this review. Given the lack of 
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genetic information for contemporary genotype IV isolates, it is plausible that these viruses are 

no longer maintained in poultry. 

 

2.6. Class II genotype V 

Class II genotype V viruses likely emerged in Central and/or South America in 1970s and 

subsequently introduced into Europe (Ballagi-Pordány et al., 1996; Miller et al., 2010). It has 

been reported that these viruses spread very fast due to their association with psittacine species 

and the global trade of these birds (Ballagi-Pordány et al., 1996). Based on partial fusion gene 

sequences it has been shown that after the first appearance of genotype V viruses into Europe, 

they spread throughout the whole continent affecting poultry during 1970s and 1980s (Ballagi-

Pordány et al., 1996; Lomniczi et al., 1998; Czeglédi et al., 2002). Viruses form this genotype 

have also been recovered from poultry and ducks in East and West Africa (Ballagi-Pordány et 

al., 1996; Aldous et al., 2003). Viruses of class II genotype V are all predicted to be virulent 

based on genetic sequencing although many strains are mesogenic via pathotyping. Based on 

complete fusion coding sequences viruses of class II genotype V are currently divided into four 

sub-genotypes: Va, Vb, Vc and Vd. 

Sub-genotype Va viruses have been recovered since 1995 almost exclusively from wild 

birds sampled in the United States and Canada (Miller et al., 2009; Rue et al. 2010; Diel et al., 

2012b), with exceptions being a detection of a sub-genotype Va virus in a North Dakota free 

range turkey farm in 1992 and a cormorant in Minnesota during the same year. Sub-genotype Va 

viruses have been associated with recurrent outbreaks of disease in double-crested cormorants in 

North America (Rue et al. 2010; Diel et al., 2012b). Additional isolates have been recovered 

from samples taken from pelicans and gulls in close proximity to cormorants during outbreaks 

(Heckert et al., 1996; Diel et al., 2012b) and these isolations may be indicative of spillover 

events among wild birds. The detection of sub-genotype Va viruses in cormorants in Michigan, 

Minnesota, and North Dakota during 1992 (Benson et al., 2015) and relatively close 

phylogenetic relationship with those isolates recovered from a turkey farm, provide further 

evidence for the transmission of APMV-1 across the wild bird-poultry interface.  

Virulent sub-genotype Vb viruses have been recovered from a variety of poultry, caged-

birds, and peridomestic species in the United States, Brazil, Central America, and Africa since 

the 1970s (Pedersen et al. 2004; Fernandes et al., 2014; Susta et al. 2014a; Wise et al., 2004). 
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There is some evidence for spill-over of viruses of this sub-genotype into free-living birds in 

Mexico (Cardenas Garcia et al., 2013), yet there is no evidence of expansion of this group into 

other continents. Evolution of sub-genotype Vb has been found to occur within the Neotropics 

(Susta et al. 2014a). APMV-1 class II genotype V sub-genotype Vc viruses are similar to those 

of sub-genotype Vb in that they have been circulating in Mexico and Central America mainly in 

poultry but also in caged-birds, tree-ducks and quail. Recently classified class II sub-genotype 

Vd includes viruses isolated from poultry in Kenya and Uganda during 2010–2011, but there is 

evidence that these viruses circulated in Uganda as early as 2001 (Byarugaba et al., 2014). 

 

 

2.7. Class II genotype VI 

Viruses in class II genotype VI, sometimes referred to as pigeon paramyxovirus serotype 

1 or PPMV-1, are considered to be panzootic yet somewhat limited in host range. Viruses of 

APMV-1 class II genotype VI are highly diverse genetically and currently divided into nine sub-

genotypes: VIa–VIi. Similar to genotype V, all viruses within class II genotype VI are predicted 

to be virulent in poultry with deduced amino acid motifs suggestive of high pathogenicity; 

however, most strains may be phenotypically mesogenic as assessed through ICPI testing 

(Dortmans et al., 2010). Detections of most sub-genotypes of class II genotype VI viruses have 

occurred primarily in birds of the family Columbidae, which includes numerous species of wild 

and domestic pigeons and doves, while a few others have been detected more frequently in 

poultry. Viruses of this genotype have likely spread geographically through both the trade of 

racing pigeons as well as through dispersal by free-ranging pigeons and doves (Kaleta et al., 

1985; Alexander, 2011).  

Class II genotype VI sub-genotype VIa viruses have been reported almost exclusively in 

Columbidae birds at locations in Asia, Europe, the Middle East, and the United States since the 

1990s (Kim et al., 2008; Guo et al., 2013; Snoeck et al., 2013b; Benson et al., 2015) with 

infrequent reports from poultry likely to be spillover from reservoir hosts. Similarly, full fusion 

gene sequences for sub-genotype VIb viruses have been reported primarily in pigeons in 

Argentina, China, Italy, and the United States during 1984–2007 (Ujvari, 2006; Miller et al., 

2007; Benson et al., 2015) with an exception being the recovery of sub-genotype VIb viruses 

from poultry in Great Britain (Alexander et al., 1999). A series of investigations provided 
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evidence that poultry feed contaminated by infected pigeons has led to numerous outbreaks of 

disease in unvaccinated chickens (Alexander et al., 1984; Alexander et al., 1985; Aldous et al., 

2004; Alexander et al., 2011). As inferred from the partial fusion gene sequences, the first 

identified viruses of class II sub-genotype VIb originate from the Middle East during the late 

1960s and early 1970s (Lomniczi et al., 1998; Czeglédi et al., 2002). Isolates of sub-genotype 

VIb have been also recovered predominantly from pigeons (but also kestrels, falcons, cockatoos, 

budgerigars, pheasants, swans and a robin) in Europe, South Africa, and the Far East since 1970s 

(Abolnik et al., 2008). Viruses of this sub-genotype are still circulating and have been identified 

in Europe since the beginning of the 21st century (Alexander, 2011). 

Full fusion sequences for sub-genotype VIc viruses have been reported for isolates 

recovered in chickens in East Asia in the 1980s and 1990s (Liu et al., 2003; Umali et al., 2014). 

It is unclear if these viruses have shared ancestry with predecessor strains to panzootic viruses in 

Columbidae birds or whether they represent spill-over of strains circulating in Columbidae birds 

and subsequent viral evolution within domestic poultry. Sub-genotype VId was previously 

identified based on the 374 base pair region of the fusion protein gene and comprised isolates 

from poultry in Europe during the 1990s (Lomniczi et al., 1998). Unfortunately, there is 

currently a lack of sequence information for the full fusion gene of such isolates and therefore 

this sub-genotype currently is unpopulated based on the unified nomenclature system. The lack 

of complete fusion gene sequence information for representative viruses from APMV-1 class II 

genotype VI sub-genotype VId represents a gap in the evolutionary record of this viral agent. 

Viruses from sub-genotype VIe–VIi have been recovered from primarily Columbidae 

birds at numerous locations throughout world; however, there may be differences in geographic 

distribution of isolates. Sub-genotype VIe viruses have been recovered from pigeons, and 

apparently less frequently in poultry, in China during 1996–2012 (Liu et al., 2003; Benson et al., 

2015). Sub-genotype VIf viruses have been repeatedly recovered from pigeons in the United 

States during 1984–2007 (Hines et al., 2012; Benson et al., 2015). Viruses from sub-genotype 

VIg have been isolated from pigeons and a dove in Nigeria, Russia, and Ukraine during 2005–

2011 (Van Borm et al., 2012; Pchelkina et al., 2013; Yurchenko et al., 2015; Benson et al., 

2015). The earliest confirmed subtype VIh isolate was recovered from a pigeon in Argentina in 

1997 (Benson et al., 2015), but subsequent reports of viruses of this subtype have originated 

from pigeons and doves in Kenya and Nigeria during 2007–2013 (Van Borm et al., 2012; Snoeck 
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2013a; Benson et al., 2015). Relatively few isolates of sub-genotype VIi have been genetically 

characterized and they have been recovered from collared doves (Streptoelia decaocto) in Italy 

in 2010–2011 (Bonfonte et al., 2012) and pigeons in Nigeria in 2013 (Snoeck 2013a). 

There is a group of viruses that has only been found in chickens in Ethiopia (during 2011-

2012) (de Almeida et al., 2013; Mulisa et al., 2014) and is highly related to viruses of genotype 

VI. It is possible that viruses of this group emerged in Africa after the introduction of ancestral 

class II genotype VI viruses from Columbidae birds into poultry (Mulisa et al., 2014) and that 

low biosecurity and trade practices in Ethiopia may have facilitated the establishment and spread 

of these viruses in poultry in this region (Mulisa et al., 2014). This group of viruses fulfils the 

criteria set by Diel et al. (2012a) and may represent a new sub-genotype within genotype VI that 

is yet to be designated. 

Within class II genotype VI there are inconsistencies regarding taxonomic classification 

in the literature. For example, de Almeida et al. (2013) designated the viruses from the United 

States isolated between 1984–2007 and described above as sub-genotype VIf (as consistent with 

Snoeck et al., 2013) as sub-genotype VIh. Furthermore, the authors suggest that viruses isolated 

from samples collected in Ethiopia during 2011–2012 should be designated as sub-genotype VIf. 

The same authors also propose a group of viruses containing only isolates from the United 

States, previously classified as members of sub-genotype VIa, to be separated in sub-genotype 

VIi (different from the sub-genotype VIi described in the previous paragraph). Such differences 

in APMV-1 classification are subject to re-classification by a large group of international experts 

working on uniform system for defining sub/genotypes of this viral pathogen (Emmanuel Albina 

and Patti Miller, personal communication). 

 

2.8. Class II genotype VII 

Genotype VII is another large and genetically diverse group of viruses. Class II genotype 

VII viruses likely emerged in the Far East in the 1990s and subsequently spread to Asia, Europe, 

South Africa and South America. Viruses of this genotype are currently divided into sub-

genotypes VIIa–VIIi, although some sub-genotypes (i.e., VIIa and VIIc) that were previously 

assigned using only the limited genetic information of the partial fusion gene remain 

unrepresented with regard to complete fusion gene sequences. All genotype VII viruses are 

predicted to be virulent based on deduced amino acid motifs and many have been shown to be 
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velogenic via pathotyping. Genotype VII viruses have been associated with recurrent poultry 

outbreaks in Eastern Europe, the Middle East, and Asia and sporadic events in Africa and South 

America, making this large and diverse group of viruses of significant global economic 

importance (Miller et al., 2015). There are different numbers of genotype VII isolates recovered 

among locations as inferred from the GenBank public database. It is unclear if these data 

represent the regional prevalence or is a result of biases in sampling and reporting.  

Partial fusion gene sequence data shows that sub-genotype VIIa isolates have been 

recovered mainly from poultry in Western Europe during the 1990s but it has been shown that 

there is a possibility that these viruses had Indonesian ancestors from the 1980s (Lomniczi et al., 

1998). Viruses of class II genotype VII sub-genotype VIIb have been repeatedly recovered from 

poultry in China during 1998–2014 (Liu et al., 2002; Liu et al., 2003; Zhang et al., 2010; Zhang 

et al., 2014; Duan et al., 2015) with additional reports in chickens from Vietnam in 2007 and 

Israel in 2011–2014 (Benson et al., 2015). Many isolates were associated with outbreaks of 

disease in gallinaceous poultry and domestic waterfowl (Liu et al., 2003; Zhang et al., 2010; 

Zhang et al., 2014). Sub-genotype VIIb viruses have also been infrequently detected in 

peridomestic species and wild birds in China (Yuan et al., 2013; Benson et al., 2015); and these 

detections may be indicative of spillover from poultry into the free-ranging hosts. As evidenced 

from partial fusion gene sequences viruses of sub-genotype VIIb have been associated with 

outbreaks in poultry in Europe, Turkey, South Africa, Mozambique, Kazakhstan, the Far East, 

the Middle East, and India in the 1990s and in the beginning of 21st century (Herczeg et al., 

1999; Abolnik et al., 2004; Bogoyavlenskiy et al., 2009; Alexander et al., 2011). 

Viruses isolated from chickens and pigeons from China and Taiwan between 1996 and 

2000 were placed in sub-genotypes VIIc and VIId of APMV-1 class II (Yu et al., 2001). Partial 

fusion gene sequence data of isolates from sub-genotype VIIc show that viruses of this sub-

genotype have been also sporadically identified in poultry in Europe (Czech Republic and 

Switzerland) during 1996–1997 (Yu et al., 2001; Aldous et al., 2003). Sub-genotype VIId rapidly 

spread throughout the world and became one of the most predominant circulating genotypes 

since the beginning of the 21st century. Sub-genotype VIId viruses have been recovered from 

poultry in China (1998–2013) (Yu et al., 2001; Wan et al., 2002; Liu et al., 2003; Zhang et al., 

2010; Wu et al., 2011; Zhang et al., 2014), South Korea (2000–2005) (Cho et al., 2008), and 

Colombia (2006–2010) (Hines et al., 2012; Benson et al., 2015). Additionally, sporadic reports 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

16 
 

of sub-genotype VIId viruses originate from samples collected from poultry in Israel, South 

Africa, Ukraine, and Venezuela during 2004–2009 (Perozo et al., 2012; Dortmans et al., 2014; 

Benson et al., 2015). Sub-genotype VIId viruses have also been recovered from wild bird with 

signs of clinical disease, including the endangered crested ibis (Nipponia nippon), in China and 

various other taxa in Serbia during 2006–2007, suggesting a capacity for large mobility 

widespread circulation for this group of viruses and potential for spillover of viruses from 

poultry into wild birds (Vidanovic et al., 2011; Chen et al., 2013; Benson et al., 2015). It is 

unclear however, what, if any role free-ranging birds have in the maintenance and dispersal of 

sub-genotype VIId viruses. Apart from the geographic locations described above, partial fusion 

gene sequence data shows that viruses from this sub-genotype have been also isolated from 

poultry in Europe (Alexander, 2011), and Kazakhstan (Bogoyavlenskiy et al., 2009). 

The temporal, geographic, and host distributions of sub-genotypes VIIe and VIIf viruses 

are similar to those of viruses in sub-genotype VIIb. Viruses of sub-genotype VIIe have been 

identified in chickens and domestic waterfowl in China, Japan, Taiwan, and Vietnam during 

1997–2014 (Yu et al., 2001; Wan et al., 2002; Liu et al., 2003; Tang et al., 2005; Susta et al., 

2011; Umali et al., 2013; Chen et al., 2015). Viruses of sub-genotype VIIf have been recovered 

from domestic poultry and pigeons in China during 1996–2008 (Yu et al., 2001; Liu et al., 2003; 

Gu et al., 2011). Viruses of sub-genotype VIIg may all represent recombinant strains (Diel et al., 

2012a) and therefore are not further described in this review. 

Similar to other class II genotype VII sub-genotypes, viruses of sub-genotype VIIh have 

also been primarily recovered from poultry. Of the relatively small number of viruses of this sub-

genotype that have been recovered and genetically characterized to date, nearly all viruses have 

originated from chickens in Bali, Indonesia, and Malaysia during 2007–2011 (Xiao et al., 2012; 

Miller et al., 2015; Benson et al., 2015). The only additional virus of this subtype that has been 

reported and genetically characterized was recovered from a wild egret (Ardeidae spp.) in China 

(Xie et al., 2012). 

The remaining sub-genotype for class II genotype VII, VIIi, may have emerged recently. 

Viruses of this sub-genotype have primarily been recovered from chickens in Indonesia, Israel, 

and Pakistan during 2010–2013, including previously vaccinated birds (Xiao et al., 2012; 

Rehmani et al., 2015; Benson et al., 2015). Sub-genotype VIIi viruses also caused fatal disease 

among koklass pheasants (Pucrasia macrolopha) and peafowl (Pavo cristatus) in Pakistan 
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during 2011–2012 with apparent case fatality rates of 80–100% and losses of 50–60% of 

susceptible birds (Munir et al., 2012b; Shabbir et al., 2012). The detection of sub-genotype VIIi 

viruses in previously vaccinated poultry, putative recent emergence and relatively rapid eastward 

spread from Indonesia to Pakistan, Israel and Eastern Europe (Fuller et al., 2015), suggest that 

viruses of this sub-genotype may have panzootic potential (Miller et al., 2015; Rehmani et al., 

2015) 

 

2.9. Class II genotype VIII 

Few full fusion gene sequences have been reported for viruses of class II genotype VIII. 

Genotype VIII viruses have been recovered from chickens in Argentina, China, and Malaysia in 

the 1960s through 1980s (Cao et al., 2013; Murulitharan et al., 2013; Benson et al., 2015). All 

genotype VIII viruses are considered to be virulent. Due to lack of detection in recent decades, it 

is plausible that viruses of this genotype are no longer circulating among domestic birds. As 

inferred from the partial fusion gene sequences, class II genotype VIII viruses had also  

circulated in South Africa and Singapore as early as 1960s, causing outbreaks in poultry 

(Herczeg et al., 1999; Abolnik et al., 2004). An additional isolate of an APMV-1 viruses of this 

genotype was purportedly identified from turkey sampled in Italy in 1994 (Aldous et al., 2003). 

 

 

2.10. Class II genotype IX 

Complete fusion gene sequence information for the most ancestral virus of genotype IX 

originates back to an isolate recovered in China in 1940s (Liang et al., 2002; Qiu et al., 2011). 

Subsequent genetic information for genotype IX isolates is almost exclusively from China during 

1985–2011 (Liu et al., 2003; Qiu et al., 2011; Zhang et al., 2011; Xie et al., 2013). The majority 

of genotype IX viruses have been detected in domestic poultry, but viruses have also been 

recovered from apparently healthy wild birds including whooper swan (Cygnus cygnus), spotted 

necked dove (Streptopelia chinensis), green peafowl (Pavo muticus), white-cheeked starling 

(Sturnus cineraceus), and Eurasian blackbird (Turdus merula) (Duan et al., 2014). Genotype IX 

viruses are all considered to be virulent as inferred from deduced amino acid motifs at the fusion 

cleavage site of respective isolates and pathotyping of representative strains (Zhang et al., 2011), 
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even though an ICPI value more characteristic of lentogenic strains has been obtained through 

pathotyping for at least one representative isolate (Duan et al., 2014). 

 

2.11. Class II genotype X 

APMV-1 isolates of class II genotype X have been recovered from wild waterfowl in the 

United States and Argentina during 1986–2004 (Zanetti et al., 2005; Kim et al., 2007b; Miller et 

al. 2009). Genotype X viruses have been inferred to be of low virulence as based upon deduced 

amino acid motifs at the fusion cleavage site of respective isolates (Zanetti et al., 2005; Kim et 

al., 2007b; Miller et al. 2009). More recently, lentogenic strains of genotype X viruses have been 

recovered from turkeys (Meleagris gallopavo) in the United States during 2008–2010 (Hines et 

al., 2012). 

 

2.12. Class II genotype XI 

Genotype XI viruses have been recovered from chickens in Madagascar during 2008–

2011 (Maminiaina, et al., 2010; de Almeida et al., 2013). The viruses have deduced amino acid 

motifs suggestive of high virulence, although they have been recovered from apparently healthy, 

unvaccinated chickens in addition to diseased birds (Maminiaina, et al., 2010; de Almeida et al., 

2013). It is possible that genotype XI viruses are transmitted across the wild bird-poultry 

interface in Madagascar based upon reported PCR detection of viruses from samples collected 

from apparently healthy wild birds (de Almeida et al., 2013), but additional information is 

needed to assess this possibility. Genotype XI viruses appear to have common ancestry with 

genotype IV viruses which may no longer be extant; however, it is unclear if this genotype has 

evolved in geographic isolation for decades or if these viruses are the result of relatively rapid 

evolution following vaccine escape (Maminiaina, et al., 2010). 

 

2.13. Class II genotype XII 

Viruses of class II genotype XII have been recovered from diseased chickens in South 

America in 2008–2009 (Diel et al., 2012c; Hines et al., 2012) and geese in China during 2010–

2011 (Diel et al., 2012a; Sun et al., 2013). These viruses have been pathotyped as being 

velogenic through both the standard ICPI test and genetic characterization of isolates at the 

fusion cleavage site (Diel et al., 2012c; Hines et al., 2012; Sun et al., 2013). As there have not 
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been detections of class II genotype XII viruses in wild birds and there is a general lack of 

migratory connectivity between China and northern South America by free-ranging avian taxa, 

the epidemiologic link between outbreaks in South America and Asia remains unknown. 

 

2.14. Class II genotype XIII 

Full fusion gene sequences for class II genotype XIII viruses have been detected mainly 

in Eurasia and Africa and are currently divided into two sub-genotypes with the most ancestral 

strain being recovered from a cockatoo (family Cacatuidae) sampled in India in 1982 (Benson et 

al., 2015). Similarly to many other genotypes within class II, all viruses of genotype XIII are 

predicted to be virulent in chickens. Viruses of sub-genotype XIIIa have been recovered from 

chickens in Europe in 1997 (Linde et al., 2010), Asia during 1997–2010 (Benson et al., 2015), 

Africa in 1995 and 2008 (Cattoli et al., 2010), and the Middle East in 2008–2011 (Ebrahimi et 

al., 2012). In 2001, a sub-genotype XIIIa virus was recovered from a wild little tern (Sterna 

albifrons) in Russia suggesting potential spillover from poultry into wild birds (Usachev et al., 

2006). 

Sub-genotype XIIIb viruses have been recovered from India and Pakistan during 2003–

2013 (Khan et al., 2010; Munir et al., 2012a; Shabbir et al., 2013; Jakhesara et al., 2014; Gogoi 

et al., 2015). Viruses have been isolated from chickens with the exception of a single virus strain 

recovered from Japanese quail (Coturnix coturnix japonica) in India in 2003 (Bhuvaneswari et 

al., 2014). The repeated recovery of sub-genotype XIIIb viruses in commercial and backyard 

poultry in Pakistan, including from apparently healthy birds, suggests that these viruses may be 

widespread in this country despite extensive vaccination efforts (Munir et al., 2012a). 

 

2.15. Class II genotype XIV 

Viruses of class II genotype XIV, which have only been recovered in West Africa, may 

have emerged relatively recently (de Almeida et al., 2013) and are currently divided into two 

sub-genotypes. All viruses from class II genotype XIV are considered to be virulent and have 

been isolated only from samples collected from domestic gallinaceous birds. Sub-genotype XIVa 

viruses have been recovered from chickens and turkeys in Niger and Nigeria during 2006–2011 

(Cattoli et al., 2010; Hines et al., 2012; Van Borm et al., 2012; Snoeck et al., 2013c). Viruses of 

sub-genotype XIVb have been isolated from samples originating from chickens, turkeys and 
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guinea fowl (Numididae spp.) in Nigeria during 2007–2011 as well as from a single sample 

collected from a chicken in Benin in 2009 (Samuel et al., 2013). Given that genotype XIV 

viruses appear to be widespread in West Africa and that vaccination and/or prior exposure to 

APMV-1 strains may confer some protection against overt disease without preventing infection 

or viral shedding (Van Borm et al., 2012; Samuel et al., 2013; Snoeck et al., 2013c), the 

continued persistence and evolution of genotype XIV viruses in this region may be likely. 

 

2.16. Class II genotype XV 

The sequences of viruses of genotype XV appear to represent recombinant strains 

isolated from chickens and geese in China between 1997 and 2004. The existence of mixed 

infections of virulent viruses with vaccine viruses or wild bird viruses, and the infrequent 

reporting of those viruses cast doubts about their maintenance in wild or domestic birds. 

Therefore, the temporal, geographic, and host distribution of class II genotype XV viruses are 

not further described in this review. 

 

2.17. Class II genotype XVI 

APMV-1 class II genotype XVI viruses were only recently identified despite potential 

emergence decades prior in the northern Neotropics (Courtney et al., 2013). Genotype XVI 

viruses have now been identified from isolates recovered from chickens in Mexico in 1947 and 

the Dominican Republic during 1986–2008 (Courtney et al., 2013). All viruses have deduced 

amino acid motifs at the fusion cleavage site suggestive of high virulence which was confirmed 

for a representative strain recovered from the Dominican Republic in 2008 through in vivo 

pathotyping (Courtney et al., 2013). The large hiatus (22 years) between isolations of genotype 

XVI viruses suggests that viruses may have been maintained unrecognized throughout Mexico 

and Caribbean countries for an extended period (Courtney et al., 2013) either in vaccinated 

poultry or in a wild bird reservoir. 

 

2.18. Class II genotype XVII 

Similar to genotype XIV, APMV-1 viruses of class II genotype XVII have been 

recovered primarily from domestic poultry in West Africa during 2006–2011 (Cattoli et al., 

2010; Van Borm et al., 2012; de Almeida et al., 2013; Samuel et al., 2013; Snoeck et al., 2013c). 
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Additionally, these viruses are also all predicted to be virulent, have been identified relatively 

recently, and are currently divided into two sub-genotypes. However, unlike viruses of genotype 

XIV, class II genotype XVII have also been recently detected in Central Africa (Cattoli et al., 

2010; Snoeck et al., 2013c), which could be indicative of viral spread across the continent. 

APMV-1 viruses of class II genotype XVII sub-genotype XVIIa have been recovered and 

genetically characterized from chickens in Benin, Burkina Faso, Cameroon, Ivory Coast, Mali, 

Niger, and Nigeria during 2006–2011 (Cattoli et al., 2010; Van Borm et al., 2012; de Almeida et 

al., 2013; Samuel et al., 2013; Snoeck et al., 2013c). In comparison to sub-genotype XVIIa, 

fewer sub-genotype XVIIb viruses have been recovered and genetically characterized, all of 

which originated from chickens in Nigeria during 2006–2011 (Cattoli et al., 2010; Snoeck et al., 

2013c; Susta et al., 2014b). 

 

2.19. Class II genotype XVIII 

Viruses of class II genotype XVIII share similarities with those of genotypes XIV and 

XVII. Specifically, genotype XVIII viruses are considered to be virulent, may have recently 

emerged, have been recovered primarily in domestic birds in West Africa, and are currently 

divided into two sub-genotypes. Viruses of sub-genotype XVIIIa have been recovered and 

genetically characterized from chickens and guinea fowl sampled in the Ivory Coast, Mali, and 

Mauritania during 2006–2010 (Cattoli et al., 2010; de Almeida et al., 2013; Snoeck et al., 

2013c). Similarly, sub-genotype XVIIIb strains have been isolated from poultry in the Ivory 

Coast, Mali, Nigeria, and Togo (Cattoli et al., 2010; de Almeida et al., 2013; Samuel et al., 2013; 

Snoeck et al., 2013c) as well as a wild village weaver (Ploceus cucullatus) in the Ivory Coast 

(Snoeck et al., 2013a). Collectively, this information suggests that genotype XVIII viruses may 

be widespread in poultry in the region that spillover events into wild birds may occur. 

 

3. Conclusions 

The large diversity of temporal, geographic, and host distribution of genotypes containing 

virulent and non-virulent strains of APMV-1 suggests that many factors may contribute to the 

maintenance, evolution, and dispersal of this viral agent. It is possible that a complex 

combination of selection pressures may promote the development of genetic variants able to 

exploit both wild and domestic hosts. For instance, despite presumed disproportional sampling of 
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diseased poultry, numerous genotypes and sub-genotypes of APMV-1 have been detected in both 

wild and domestic birds. The presence of identical genotypes/sub-genotypes in wild birds and 

poultry supports transmission across the wild bird-poultry interface (e.g., class I; class II 

genotypes I, II, VII and IX). APMV-1 may, therefore, be subject to selection pressures in free-

ranging hosts and modern food production systems. 

With a few exceptions (e.g., genotypes I, II, X), APMV-1 isolates do not display 

evidence of change in virulence within a genotype. Since the identification of APMV-1 in 1926, 

few changes in virulence have been reported for viruses within a given genotype with most 

reports of new viruses displaying similar virulence as progenitors. For two genotypes of virulent 

viruses, a potential free-ranging avian reservoir has been suggested (i.e. double-crested 

cormorants [sub-genotype Va] and Columbids [genotype VI]). It is unclear if similar free-

ranging reservoirs exist for other virulent genotypes or if these viruses are maintained in poultry. 

Although lentogenic viruses of class I and class II genotypes I and II have also been associated 

with specific taxonomic groups of birds (i.e. waterfowl) these viruses have also been isolated 

from a wide range of hosts. It is therefore possible that the virulence of the APMV-1 may be 

associated with the ability of viruses to be maintained in a specific host population. Thus, low 

virulence viruses, which generally do not cause disease, may be maintained in a broad diversity 

of species whereas virulent viruses may only be maintained in host populations in which clinical 

disease is minimal (e.g., asymptomatic wild birds or vaccinated poultry). However, since many 

APMV-1 isolates from wild birds have resulted from sampling efforts for influenza A viruses, 

sampling biases may still be a factor that limits inference on the host distribution of APMV-1 

genotypes in wild birds. 

Recent phylogenetic analyses of APMV-1 isolates report larger genetic diversity than 

previously recognized. Therefore, it appears that vaccination and biosecurity practices to control 

APMV-1 may have a limited impact towards viral eradication, particularly in some endemic 

countries, despite widespread application of measures to control outbreaks and minimize disease. 

It is unclear if these findings are likely a function of increased sampling effort in certain regions 

of the world, changing selective pressures for viruses, or a combination of both. The recent 

identification of new viral genotypes (e.g., class II genotypes XIII, XIV, XVI, XVII, and XVIII) 

as well as the apparent continued circulation of viruses identified decades ago (e.g., class II 
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genotypes I, II, V, IX, and X) suggests that the increasing global population of domestic poultry 

may provide ample opportunities for continued viral maintenance and evolution. 

Finally, while some APMV-1 genotypes appear to be globally widespread (e.g., class I; 

class II genotypes I, II, VI and VII), others have more regional geographic ranges within 

continents (e.g., class II genotypes XI, XIII, XIV, XVI, XVII, and XVIII). Although viral 

dispersal is likely a complex function of numerous factors including time since emergence, host 

adaptation, and infectivity, evidence suggests that human activities and bird migration both have 

the potential to promote the intercontinental spread of some APMV-1 genotypes (e.g., class I; 

class II genotype VI). Furthermore, the large genetic distances of some more recently identified 

genotypes suggests that they might have evolved undetected for many years despite 

contemporary sampling efforts. There is a need to increase the collection of field isolates 

combined with data on host distribution. This information and the relative rate of 

regional/continental dispersal, may help to better understand the panzootic potential of APMV-1 

of different genotypes. 
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Figures Legend: 

Fig. 1. Phylogenetic tree constructed using the complete nucleotide sequences of the fusion gene 

of representative isolates of Avian paramyxovirus 1 class I and class II. 

The evolutionary history was inferred by using the Maximum Likelihood method based on the 

General Time Reversible model as implemented in MEGA6 (Nei and Kumar, 2000). The tree 

with the highest log likelihood (-25365.2332) is shown. Initial trees for the heuristic search were 

obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated 

using the Maximum Composite Likelihood (MCL) approach. A discrete Gamma distribution was 

used to model evolutionary rate differences among sites (4 categories (+G, parameter = 0.7327). 

The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. 

The analysis involved 87 nucleotide sequences. Codon positions included were 1st, 2nd, 3rd, and 

non-coding. All positions containing gaps and missing data were eliminated. There were a total 

of 1651 positions in the final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura 

et al., 2013). 

  

 

Table 1. Estimates of genetic distances between class I and class II genotypes 

 

Figure S1. Phylogenetic analysis based on the complete nucleotide sequence of the fusion gene 

of isolates representing Avian paramyxovirus 1 class I and class II. 

The evolutionary history was inferred by using the Maximum Likelihood method based on the 

General Time Reversible model as implemented in MEGA6 (Nei and Kumar, 2000). The tree 

with the highest log likelihood (-97131.4001) is shown. Initial trees for the heuristic search were 

obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated 

using the Maximum Composite Likelihood (MCL) approach. A discrete Gamma distribution was 

used to model evolutionary rate differences among sites (4 categories (+G, parameter = 0. 9238). 

The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. 

The analysis involved 1491 nucleotide sequences (Supplementary Table 1). Codon positions 

included were 1st, 2nd, 3rd, and non-coding. All positions containing gaps and missing data were 

eliminated. There were a total of 1646 positions in the final dataset. Evolutionary analyses were 
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conducted in MEGA6 (Tamura et al., 2013). Roman and Arabic numerals and lowercase letters 

in front of taxa names represent genotype designation. 

 

Table S1. Class I and class II complete fusion gene sequences used for constructing ML 

phylogenetic tree presented in Figure S1.  



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

26 
 

References 

Abolnik, C., Horner, R.F., Bisschop, S.P.R., Parker, M.E., Romito, M., Viljoen, G. J. 2004. 

A phylogenetic study of South African Newcastle disease virus strains isolated between 1990 

and 2002 suggests epidemiological origins in the Far East. Arch Virol. 1493, 603-619. doi: 

10.1007/s00705-003-0218-2 

Abolnik, C., Gerdes, G.H., Kitching, J., Swanepoel, S., Romito, M., Bisschop, S.P.R. 2008. 

Characterization of pigeon paramyxoviruses (Newcastle disease virus) isolated in South 

Africa from 2001 to 2006. Onderstepoort J Vet Res. 75, 147-152. 

Aldous, E.W., Mynn, J.K., Banks, J., Alexander, D.J., 2003. A molecular epidemiological 

study of avian paramyxovirus type 1 (Newcastle disease virus) isolates by phylogenetic 

analysis of a partial nucleotide sequence of the fusion protein gene. Avian Pathol. 32, 237–

255. doi:10.1080/030794503100009783 

Aldous, E.W., Fuller, C.M., Mynn, J.K., Alexander, D.J., 2004. A molecular epidemiological 

investigation of isolates of the variant avian paramyxovirus type 1 virus (PPMV-1) 

responsible for the 1978 to present panzootic in pigeons. Avian Pathol. 33, 258–269. 

doi:10.1080/0307945042000195768 

Alexander, D.J., 2011. Newcastle disease in the European Union 2000 to 2009. Avian Pathol. 

40, 547–558. doi:10.1080/03079457.2011.618823 

Alexander, D.J., Banks, J., Collins, M.S., Manvell, R.J., Frost, K.M., Speidel, E.C., Aldous, 

E.W., 1999. Antigenic and genetic characterisation of Newcastle disease viruses isolated 

from outbreaks in domestic fowl and turkeys in Great Britain during 1997. Vet. Rec. 145, 

417–421. doi:10.1136/vr.145.15.417 

Alexander, D.J., Campbell, G., Manvell, R.J., Collins, M.S., Parsons, G., McNulty, M.S., 

1992. Characterisation of an antigenically unusual virus responsible for two outbreaks of 

Newcastle disease in the Republic of Ireland in 1990. Vet Rec. 130, 65–68. 

doi:10.1136/vr.130.4.65 

Alexander, D.J., Parsons, G., Marshall, R., 1984. Infection of fowls with Newcastle disease 

virus by food contaminated with pigeon faeces. Vet. Rec. 115, 601–602. 

doi:10.1136/vr.115.23.601 

Alexander, D.J., Senne, D.A., 2008. Newcastle disease, other avian paramyxoviruses, and 

pneumovirus infections. In: Diseases of Poultry, 12th edition. Saif, Y.M., Fadly, A.M., 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

27 
 

Glisson, J.R., McDougald, L.R., Nolan, L.K., Swayne, D.E., eds. Iowa State University 

Press, Ames 75–100. 

Alexander, D.J., Wilson, G.W.C., Russell, P.H., Lister, S.A. Parsons, G., 1985. Newcastle 

disease outbreaks in fowl in Great Britain during 1984. Vet. Rec. 117, 429–434. 

doi:10.1136/vr.117.17.429 

Ballagi-Pordány, A., Wehmann, E., Herczeg, J., Belák, S., Lomniczi, B. 1996. Identification 

and grouping of Newcastle disease virus strains by restriction site analysis of a region from 

the F gene. Arch. Virol. 141,:243-261. doi:10.1007/BF01718397 

Banerjee, M., Reed, W.M., Fitzgerald, S.D., Panigrahy, B., 1994. Neurotropic velogenic 

Newcastle disease in cormorants in Michigan: pathology and virus characterization. Avian 

Dis. 38, 873–878. doi:10.2307/1592127 

Bennejean, G. 1988. Newcastle disease: Control policies. In: Newcastle disease. Alexander, 

D.J., ed. Development of veterinary virology, Kluwer Academic Publishers, Boston, 303-

317. 

Benson, D.A., Clark, K., Karsch-Mizrachi, I., Lipman, D.J., Ostell, J., Sayers, E.W., 2015. 

GenBank. Nucleic Acids Res. 43:D30-5. doi:10.1093/nar/gku1216  

Bhuvaneswari, S., Tirumurugaan, K.G., Jones, J.C., Kumanan, K., 2014. Complete Genome 

Sequence of a Newcastle Disease Virus from a Coturnix coturnix japonica (Japanese Quail) 

Covey in India. Genome Announc. 2, e00374-14. doi:10.1128/genomeA.00374-14 

Bogoyavlenskiy, A., Berezin, V., Prilipov, A., Usachev, E., Lyapina, O., Korotetskiy, I., 

Zaitceva, I., Asanova, S., Kydyrmanov, A., Daulbaeva, K. 2009. Newcastle disease 

outbreaks in Kazakhstan and Kyrgyzstan during 1998, 2000, 2001, 2003, 2004, and 2005 

were caused by viruses of the genotypes VIIb and VIId. Virus genes 39, 94-101. doi: 

10.1007/s11262-009-0370-1 

Bonfante, F., Terregino C., Heidari, A., Monne, I., Salviato, A., Taddei, R., Raffini, E., 

Capua, I., 2012. Identification of APMV-1 associated with high mortality of collared doves 

(Streptoelia decaocto) in Italy. Vet. Rec. 171, 327. doi:10.1136/vr.100448. 

Briand, F.X., Henry, A., Massin, P., Jestin, V., 2012. Complete genome sequence of a novel 

avian paramyxovirus. J. Virol. 86, 7710–7710. doi:10.1128/JVI.00946-12 

Byarugaba, D.K., Mugimba, K.K., Omony, J.B., Okitwi, M., Wanyana, A., Otim, M.O., 

Kirunda, H., Nakavuma, J.L., Teillaud, A., Paul, M.C., Ducatez, M.F., 2014. High 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

28 
 

pathogenicity and low genetic evolution of avian paramyxovirus type I (Newcastle disease 

virus) isolated from live bird markets in Uganda. Virol. J. 11, 173. doi:10.1186/1743-422X-

11-173 

Cao, Y., Gu, M., Zhang, X., Liu, W., Liu, X., 2013. Complete genome sequences of two 

Newcastle disease virus strains of genotype VIII. Genome Announc. 1, e00180-12. 

doi:10.1128/genomeA.00180-12 

Cardenas Garcia, S., Navarro Lopez, R., Morales, R., Olvera, M.A., Marquez, M.A., Merino, 

R., Miller, P.J., Afonso, C.L., 2013. Molecular epidemiology of Newcastle disease in Mexico 

and the potential spillover of viruses from poultry into wild bird species. Appl. Environ. 

Microbiol. 79, 4985–4992. doi:10.1128/AEM.00993-13 

Cattoli, G., Fusaro, A., Monne, I., Molia, S., Le Menach, A., Maregeya, B., Nchare, A., 

Bangana, I., Maina, A.G., Koffi, J.N., Thiam, H., Bezeid, O.E., Salviato, A., Nisi, R., 

Terregino, C., Capua, I., 2010. Emergence of a new genetic lineage of Newcastle disease 

virus in West and Central Africa-implications for diagnosis and control. Vet. Microbiol. 142, 

168–176. doi:10.1016/j.vetmic.2009.09.063 

Chambers, P., Millar, N.S., Bingham, R.W., Emmerson, P.T., 1986. Molecular cloning of 

complementary DNA to Newcastle disease virus, and nucleotide sequence analysis of the 

junction between the genes encoding the haemagglutinin-neuraminidase and the large 

protein. J. Gen. Virol. 67, 475–486. doi:10.1099/0022-1317-67-3-475 

Chen, S., Hao, H., Liu, Q., Wang, R., Zhang, P., Wang, X., Du, E., Yang, Z., 2013. 

Phylogenetic and pathogenic analyses of two virulent Newcastle disease viruses isolated 

from Crested Ibis (Nipponia nippon) in China. Virus Genes. 46, 447–453. doi:10.1007/

s11262-013-0881-7 

Chen, X.-Q., Li, Z.-B., Hu, G., Gu, S.-Z., Zhang, S., Ying, Y., Feng-Shan, G., 2015. 

Isolation, Identification, and Sequencing of a Goose-derived Newcastle Disease Virus and 

determination of its Pathogenicity. Avian Dis., In-Press. doi:10.1637/10957-100914-Reg.1. 

Cho, S.H., Kwon, H.J., Kim, T.E., Kim, J.H., Yoo, H.S., Kim, S.J., 2008. Variation of a 

Newcastle disease virus hemagglutinin-neuraminidase linear epitope. J. Clin. Microbiol. 46, 

1541–1544. doi:10.1128/JCM.00187-08 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

29 
 

Collins, M.S., Bashiruddin, J.B., Alexander, D.J., 1993. Deduced amino acid sequences at 

the fusion protein cleavage site of Newcastle disease viruses showing variation in 

antigenicity and pathogenicity. Arch. Virol. 128, 363–370. doi:10.1007/BF01309446 

Collins, M.S., Franklin, S., Strong, I, Meulemans, G., Alexander, D.J., 1998. Antigenic and 

phylogenetic studies on a variant Newcastle disease virus using anti-fusion protein onoclonal 

antibodies and partial sequencing of the fusion protein gene. Avian Pathol. 27, 90–96. 

doi:10.1080/03079459808419279 

Courtney, S.C., Susta, L., Gomez, D., Hines, N.L., Pedersen, J.C., Brown, C.C., Miller, P.J., 

Afonso, C.L., 2013. Highly divergent virulent isolates of Newcastle disease virus from the 

Dominican Republic are members of a new genotype that may have evolved unnoticed for 

over 2 decades. J. Clin. Microbiol. 51, 508–517. doi:10.1128/JCM.02393-12 

Czeglédi, A., Herczeg, J., Hadjiev, G., Doumanova, L., Wehmann, E., Lomniczi, B. 2002. 

The occurrence of five major Newcastle disease virus genotypes (II, IV, V, VI and VIIb) in 

Bulgaria between 1959 and 1996. Epidemiol Infect. 129, 679-688. 

doi:10.1017/S0950268802007732 

Czeglédi, A., Ujvári, D., Somogyi, E., Wehmann, E., Werner, O., Lomniczi, B., 2006. Third 

genome size category of avian paramyxovirus serotype 1 (Newcastle disease virus) and 

evolutionary implications. Virus Res. 120, 36–48. doi:10.1016/j.virusres.2005.11.009 

Czeglédi, A., Wehmann, E., Lomniczi, B., 2003. On the origins and relationships of 

Newcastle disease virus vaccine strains Hertfordshire and Mukteswar, and virulent strain 

Herts'33. Avian Pathol. 32, 271–276. doi:10.1080/0307945031000097868 

Davis-Fields, M.K., Allison, A.B., Brown, J.R., Poulson, R.L., Stallknecht, D.E., 2014. 

Effects of temperature and pH on the persistence of avian paramyxovirus-1 in water. J. 

Wildl. Dis. 50, 998–1000. doi:10.7589/2014-04-088 

de Almeida, R.S., Hammoumi, S., Gil, P., Briand, F.-X., Molia, S., Gaidet, N., Cappelle, J., 

Chevalier, V., Balança, G., Traoré, A., Grillet, C., Friolin Maminiaina, O., Guendouz, S., 

Dakouo, M., Samaké, K, El Mamy Bezeid, O., Diarra, A., Chaka, H., Goutard, F., 

Thompson, P., Martinez, D., Jestin, V., Albina, E., 2013. New avian paramyxoviruses type I 

strains identified in Africa provide new outcomes for phylogeny reconstruction and genotype 

classification. PLoS ONE. 8, e76413. doi:10.1371/journal.pone.0076413  



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

30 
 

de Leeuw, O., Peeters, B., 1999. Complete nucleotide sequence of Newcastle disease virus: 

evidence for the existence of a new genus within the subfamily Paramyxovirinae. J. Gen. 

Virol. 80, 131–136. doi:10.1099/0022-1317-80-1-131 

de Leeuw, O.S., Koch, G., Hartog, L., Ravenshorst, N., Peeters, B.P., 2005. Virulence of 

Newcastle disease virus is determined by the cleavage site of the fusion protein and by both 

the stem region and globular head of the haemagglutinin-neuraminidase protein. J. Gen. 

Virol. 86, 1759–1769. doi:10.1099/vir.0.80822-0 

Diel, D.G., da Silva L.H.A., Liu, H., Wang, Z. Miller, P.J., Afonso, C.L., 2012a. Genetic 

diversity of avian paramyxovirus type 1: Proposal for a unified nomenclature and 

classification system of Newcastle disease virus genotypes. Infect. Genet. Evol. 12, 1770–

1779. doi:10.1016/j.meegid.2012.07.012 

Diel, D.G., Miller, P.J., Wolf, P.C., Mickley, R.M., Musante, A.R., Emanueli, D.C., Shively, 

K.J., Pedersen, K., Afonso, C.L., 2012b. Characterization of Newcastle disease viruses 

isolated from cormorant and gull species in the United States in 2010. Avian Dis. 56, 128–

133. doi:10.1637/9886-081111-Reg.1 

Diel, D.G., Susta, L., Cardenas Garcia, S., Killian, M.L., Brown, C.C., Miller, P.J., 

Afonso,C.L., 2012c. Complete genome and clinicopathological characterization of a virulent 

Newcastle disease virus isolate from South America. J. Clin. Microbiol. 50, 378–387. 

doi:10.1128/JCM.06018-11 

Dortmans, J.C., Fuller, C.M., Aldous, E.W., Rottier, P.J., Peeters, B.P., 2010. Two 

genetically closely related pigeon paramyxovirus type 1 (PPMV-1) variants with identical 

velogenic fusion protein cleavage sites but with strongly contrasting virulence. Vet. 

Microbiol. 143, 139–144. doi:10.1016/j.vetmic.2009.11.021 

Dortmans, J.C., Venema-Kemper, S., Peeters, B.P., Koch, G., 2014. Field vaccinated 

chickens with low antibody titres show equally insufficient protection against matching and 

non-matching genotypes of virulent Newcastle disease virus. Vet. Microbiol. 172, 100–107. 

Dortmans, J.C.F.M., Koch, G., Rottier, P.J.M., Peeters, B.P.H., 2011. Virulence of Newcastle 

disease virus: what is known so far? Vet. Res. 42, 122. doi:10.1186/1297-9716-42-122 

Duan, X., Zhang, P., Ma, J., Chen, S., Hao, H., Liu, H., Fu, X., Wu, P., Zhang, D., Zhang, 

W., Du, E., Yang, Z., 2014. Characterization of genotype IX Newcastle disease virus strains 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

31 
 

isolated from wild birds in the northern Qinling Mountains, China. Virus Genes 48, 48–55. 

doi:10.1007/s11262-013-0987-y 

Duan, Z., Ji, X., Xu, H., Zhao, J., Ruan, Y., Chen, J., 2015. Identification of a genotype VIId 

Newcastle disease virus isolated from Sansui Sheldrake Ducks in Guizhou Province, China. 

Genome Announc. 3. doi:10.1128/genomeA.00161-15 

Ebrahimi, M.M., Shahsavandi, S., Moazenijula, G., Shamsara, M., 2012. Phylogeny and 

evolution of Newcastle disease virus genotypes isolated in Asia during 2008–2011. Virus 

Genes 45, 63–68. doi:10.1007/s11262-012-0738-5 

Fan, S., Wang, T., Gao, X., Ying, Y., Li, X., Li, Y., Li, Y., Ma, J., Sun, H., Chu, D., Xu, Y., 

Yang, S., Li, Q., Gao, Y., Xia, X., 2015. Phylogenetic analysis of Newcastle disease viruses 

isolated from wild birds in the Poyang Lake region of China. J. Vet. Med. Sci. In press. 

doi.org/10.1292/jvms.14-0080. 

Fernandes, C.C., Varani, A.M., Lemos, E.G., de Miranda, V.F., Silva, K.R., Fernando, F.S., 

Montassier, M.F. and Montassier, H.J., 2014. Molecular and phylogenetic characterization 

based on the complete genome of a virulent pathotype of Newcastle disease virus isolated in 

the 1970s in Brazil. Infect. Genet. Evol. 26, 160–167. doi:10.1016/j.meegid.2014.05.014 

Fuller, C., Löndt, B., Dimitrov, K. M., Lewis, N., Boheemen, S., Fouchier, R., Coven, F., 

Goujgoulova, G., Haddas, R., Brown, I., 2015. An Epizootiological Report of the 

Re-emergence and Spread of a Lineage of Virulent Newcastle Disease Virus into Eastern 

Europe. Transbound. Emerg. Dis. doi:10.1111/tbed.12455 

Glaser, L.C., Barker, I.K., Weseloh, D.V., Ludwig, J., Windingstad, R.M., Key, D.W., 

Bollinger, T.K., 1999. The 1992 epizootic of Newcastle disease in double-crested cormorants 

in North America. J. Wildl. Dis. 35, 319–330. doi:10.7589/0090-3558-35.2.319 

Glickman, R.L., Syddall, R.J., Iorio, R.M., Sheehan, J.P., Bratt, M.A., 1988. Quantitative 

basic residue requirements in the cleavage-activation site of the fusion glycoprotein as a 

determinant of virulence for Newcastle disease virus. J. Virol. 62, 354–356. 

Gogoi, P., Morla, S., Kaore, M., Kurkure, N.V., Kumar, S., 2015. Complete genome 

sequence of a Newcastle disease virus isolate from an outbreak in Central India. Genome 

Announc. 3, e01418-14. doi:10.1128/genomeA.01418-14 

Gould, A.R., Kattenbelt, J.A., Selleck, P., Hansson, E., Della-Porta, A., Westbury, H.A., 

2001. Virulent Newcastle disease in Australia: molecular epidemiological analysis of viruses 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

32 
 

isolated prior to and during the outbreaks of 1998–2000. Virus Res. 77, 51–60. 

doi:10.1016/S0168-1702(01)00265-9 

Gu, M., Liu, W., Xu, L., Cao, Y., Yao, C., Hu, S., Liu, X., 2011. Positive selection in the 

hemagglutinin-neuraminidase gene of Newcastle disease virus and its effect on vaccine 

efficacy. Virol. J. 8, 150. doi:10.1186/1743-422X-8-150 

Guo, H., Liu, X., Han, Z., Shao, Y., Chen, J., Zhao, S., Kong, X., Liu, S., 2013. Phylogenetic 

analysis and comparison of eight strains of pigeon paramyxovirus type 1 (PPMV-1) isolated 

in China between 2010 and 2012. Arch. Virol. 158, 1121–1131. doi:10.1007/s00705-012-

1572-8 

Heckert, R.A., Collins, M.S., Manvell, R.J., Strong, I., Pearson, J.E., Alexander, D.J., 1996. 

Comparison of Newcastle disease viruses isolated from cormorants in Canada and the USA 

in 1975, 1990 and 1992. Can. J. Vet. Res. 60, 50–54. 

Herczeg, J., Wehmann, E., Bragg, R.R., Dias, P.T., Hadjiev, G., Werner, O., Lomniczi, B. 

1999. Two novel genetic groups (VIIb and VIII) responsible for recent Newcastle disease 

outbreaks in Southern Africa, one (VIIb) of which reached Southern Europe. Arch Virol. 

144, 2087-2099. doi:10.1007/s007050050624 

Hines, N.L., Killian, M.L., Pedersen, J.C., Reising, M.M., Mosos, N.A., Mathieu-Benson,C., 

Miller,C.L., 2012. An rRT-PCR assay to detect the matrix gene of a broad range of avian 

paramyxovirus serotype-1 strains. Avian Dis. 56, 387–395. doi:10.1637/10035-120811-

Reg.1 

ICTV, 2012. International Committee on Taxonomy of Viruses. Virus Taxonomy. 

Jakhesara S.J., Prasad, V.V.S.P., Pal, J.K., Jhala, M.K., Prajapati, K.S., Joshi, C.G., 2014. 

Pathotypic and sequence characterization of Newcastle disease viruses from vaccinated 

chickens reveals circulation of genotype II, IV, and XII in India. Transbound. Emerg. Dis. 

doi:10.1111/tbed.12294 

Kaleta, E.F, Alexander, D.J., Russel, P.H., 1985. The first isolation of the avian PMV-1 virus 

responsible for the current panzootic in pigeons. Avian Pathol. 14, 553–557. 

doi:10.1080/03079458508436258 

Kattenbelt, J.A., Stevens, M.P. Gould, A.R., 2006. Sequence variation in the Newcastle 

disease virus genome. Virus Res. 116, 168–184. doi:10.1016/j.virusres.2005.10.001 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

33 
 

Khan, T.A., Rue, C.A., Rehmani, S.F., Ahmed, A., Wasilenko, J.L., Miller, P.J., Afonso, 

C.L., 2010. Phylogenetic and biological characterization of Newcastle disease virus isolates 

from Pakistan. J. Clin. Microbiol. 48, 1892–1894. doi:10.1128/JCM.00148-10 

Kim, B-Y., Lee, D-H., Kim, M-S., Jang, J-H., Lee, Y-N., Park, J-K., Yuk, S-S., Lee, J-B., 

Park, S-Y., Choi, I-S., Song, C-S., 2012. 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. 12, 478–482. doi:10.1016/j.meegid.2011.12.004 

Kim, L.M., King, D.J., Suarez, D.L., Wong, C.W., Afonso, C.L., 2007a. Characterization of 

Class I Newcastle disease virus isolates from Hong Kong live bird markets and detection 

using real-time reverse transcriptase-PCR. J. Clin. Microbiol. 45, 1310–1314. 

doi:10.1128/JCM.02594-06 

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., Afonso, C.L., 2007b. Phylogenetic diversity 

among low-virulence Newcastle disease viruses from waterfowl and shorebirds and 

comparsion of genotype distributions to those of poultry-origin isolates. J. Virol. 81, 12641–

12653. doi:10.1128/JVI.00843-07 

Kim, L.M., King, D.J., Guzman, H., Tesh, R.B., Travassos da Rosa, A.P., Bueno, R. Jr., 

Dennett, J.A., Afonso, C.L., 2008. Biological and phylogenetic characterization of pigeon 

paramyxovirus serotype 1 circulating in wild North American pigeons and doves. J. Clin. 

Microbiol. 46, 3303–3310. doi:10.1128/JCM.00644-08 

Kuiken, T., 1999. Review of Newcastle disease in cormorants. Waterbirds. 22, 333–347. 

doi:10.2307/1522109 

Kuiken, T., Leighton, F.A., Wobeser, G., Danesik, K.L., Riva, J., Heckert, R.A., 1998. An 

epidemic of Newcastle disease in double-crested cormorants from Saskatchewan. J. Wildl. 

Dis. 34, 457–471. doi:10.7589/0090-3558-34.3.457 

Li, X., Chai, T., Wang, Z., Song, C., Cao, H., Liu, J., Zhang, X., Wang, W., Yao, M., Miao, 

Z., 2009. Occurrence and transmission of Newcastle disease virus aerosol originating from 

infected chickens under experimental conditions. Vet. Microbiol. 136, 226–232. 

doi:10.1016/j.vetmic.2008.11.002 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

34 
 

Liang, R., Cao, D. J., Li, J. Q., Chen, J., Guo, X., Zhuang, F. F., Duan, M. X., 2002. 

Newcastle disease outbreaks in western China were caused by the genotypes VIIa and VIII. 

Vet. Microbiol. 87, 193-203. doi:10.1016/S0378-1135(02)00050-0 

Linde, A.M., Munir, M., Zohari, S., Stahl, K., Baule, C., Renstrom, L., Berg, M., 2010. 

Complete genome characterisation of a Newcastle disease virus isolated during an outbreak 

in Sweden in 1997. Virus Genes 41, 165–173. doi:10.1007/s11262-010-0498-z 

Lindh, E., Ek-Kommonen, C., Vaananen, V.M., Alasaari, J., Vaheri, A., Vapalahti, O., 

Huovilainen, A., 2012. Molecular epidemiology of outbreak-associated and wild-waterfowl-

derived Newcastle disease virus strains in Finland, including a novel class I genotype. J. Clin. 

Microbiol. 50, 3664–3673. doi:10.1128/JCM.01427-12 

Liu, H.L., Wang, Y.K. and Zhu, G.Q., 2002. Studies on biological characterization of fusion 

gene of chicken's paramyxovirus. Zhongguo Jiaqin 23, 119–122. 

Liu, X., Wang, X., Wu, S., Hu, S., Peng, Y., Xue, F. Liu, X., 2009. 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. 

38, 377–391. doi:10.1080/03079450903183637 

Liu, X.F., Wan, H.Q., Ni, X.X., Wu, Y.T., Liu, W.B., 2003. Pathotypical and genotypical 

characterization of strains of Newcastle disease virus isolated from outbreaks in chicken and 

goose flocks in some regions of China during 1985–2001. Arch. Virol. 148, 1387–1403. 

doi:10.1007/s00705-003-0014-z 

Lomniczi, B., Wehmann, E., Herczeg, J., Ballagi-Pordány, A., Kaleta, E.F., Werner, O., 

Meulemans, G., Jorgensen, P.H., Manté, A.P., Gielkens, A.L., Capua, I., Damoser, J. 1998. 

Newcastle disease outbreaks in recent years in western Europe were caused by an old (VI) 

and a novel genotype (VII). Arch Virol. 143, 49-64. doi:10.1007/s007050050267 

Maminiaina, O.F., Gil, P., Briand, F.X., Albina, E., Keita, D., Andriamanivo, H.R., 

Chevalier, V., Lancelot, R., Martinez, D., Rakotondravao, R., Rajaonarison, J.J., Koko, M., 

Andriantsimahavandy, A.A., Jestin, V., de Almeida, R. S., 2010. Newcastle disease virus in 

Madagascar: Identification of an original genotype possibly deriving from a died out ancestor 

of genotype IV. PLoS ONE. 5, e13987. doi:10.1371/journal.pone.0013987  

Mayo, M. A., 2002a. Virus taxonomy-Houston 2002. Arch Virol. 147, 1071–1076. 

doi:10.1007/s007050200036 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

35 
 

Mayo, M. A., 2002b. A summary of taxonomic changes recently approved by ICTV. Arch 

Virol. 147, 1655–1656. doi:10.1007/s007050200039 

Meng, C., Qiu, X., Jin, S., Yu, S., Chen, H. Ding, C., 2012. Whole genome sequencing and 

biological characterization of Duck/JS/10, a new lentogenic class I Newcastle disease virus. 

Arch. Virol. 157, 869–880. doi:10.1007/s00705-012-1248-4 

Miller, P.J., Decanini, E.L., Afonso, C.L., 2010a. Newcastle disease: Evolution of genotypes 

and the related diagnostic challenges. Infect. Genet. Evol. 10, 26-35. 

doi:10.1016/j.meegid.2009.09.012 

Miller, P.J., C.L. Afonso, E. Spackman, M.A. Scott, J.C. Pedersen, D.A. Senne, J.D. Brown, 

C.M. Fuller, M.M. Uhart, W.B. Karesh, I.H. Brown, D.J. Alexander, D.E. Swayne, 2010b. 

Evidence for a new avian paramyxovirus serotype 10 detected in rockhopper penguins from 

the Falkland Islands. J. Virol. 84 (21), 11496–11504. doi:10.1128/JVI.00822-10 

Miller, P.J., Haddas, R., Simanov, L., Lublin, A., Rehmani, S.F., Wajid, A., Bibi, T., Khan, 

T. A., Yaqub, T., Setiyaningsih, S., Afonso, C.L., 2015. Identification of new sub-genotypes 

of virulent Newcastle disease virus with potential panzootic features. Infect. Genet. Evol. 29, 

216-229. doi:10.1016/j.meegid.2014.10.032 

Miller, P.J., Kim, L.M., Ip, H.S., Afonso, C.L., 2009. Evolutionary dynamics of Newcastle 

disease virus. Virology 391 (1), 64–72. doi:10.1016/j.virol.2009.05.033 

Miller, P.J., King, D.J., Afonso, C.L., Suarez, D.L., 2007. Antigenic differences among 

Newcastle disease virus strains of different genotypes used in vaccine formulation affect viral 

shedding after a virulent challenge. Vaccine 25, 7238–7246. 

doi:10.1016/j.vaccine.2007.07.017 

Miller, P.J., Koch, G. 2013. Newcastle Disease, Other Avian Paramyxoviruses, and Avian 

Metapneumovirus Infections; Newcastle Disease. In: Diseases of Poultry, 13th edition. 

Swayne, D.E. e.i.c., Glisson, J.R., McDougald, L.R., Nolan, L.K., Suarez, D.L., Nair, V., eds. 

Wiley-Blackwell, Hoboken, New Jersey. 89-138. 

Mohamed, M.H., Kumar, S., Paldurai, A. Samal, S.K., 2011. Sequence analysis of fusion 

protein gene of Newcastle disease virus isolated from outbreaks in Egypt during 2006. Virol. 

J. 8, 237. doi:10.1186/1743-422X-8-237 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

36 
 

Mulisa, D. D., Alemu, R.B., Keno, M.S., Furaso, A., Heidari, A., Chibsa, T.R., Chunde, 

H.C., 2014. Characterization of Newcastle disease virus and poultry-handling practices in 

live poultry markets, Ethiopia. SpringerPlus 3, 459. doi:10.1186/2193-1801-3-459 

Munir, M., Cortey, M., Abbas, M., Qureshi, Z.U., Afzal, F., Shabbir, M.Z., Khan, M.T., 

Ahmed, S., Ahmad, S., Baule, C., Stahl, K., Zohari, S., Berg, M., 2012a. Biological 

characterization and phylogenetic analysis of a novel genetic group of Newcastle disease 

virus isolated from outbreaks in commercial poultry and from backyard poultry flocks in 

Pakistan. Infect. Genet. Evol. 12, 1010–1019. doi:10.1016/j.meegid.2012.02.015 

Munir, M., Shabbir, M.Z., Yaqub, T., Shabbir, M.A., Mukhtar, N., Khan, M.R., Berg, M., 

2012b. Complete genome sequence of a velogenic neurotropic avian paramyxovirus 1 

isolated from peacocks (Pavo cristatus) in a wildlife park in Pakistan. J. Virol. 86, 13113–

13114. doi:10.1128/JVI.02358-12 

Munir, M., Linde, A.M., Zohari, S., Stahl, K., Baule, C., Holm, K., Engstrom, B., Berg, M., 

2010. Complete genome analysis of an avian paramyxovirus type 1 strain isolated in 1994 

from an asymptomatic black-headed gull (Larus ridibundus) in southern Sweden. Avian Dis. 

54, 923–930. doi:10.1637/9086-092409-RESNOTE.1 

Murulitharan, K., Yusoff, K., Omar, A.R., Molouki, A., 2013. Characterization of Malaysian 

velogenic NDV strain AF2240-I genomic sequence: a comparative study. Virus Genes. 46, 

431–440. doi:10.1007/s11262-012-0874-y 

Muzyka, D., Pantin-Jackwood, M., Stegniy, B., Rula, O., Bolotin, V., Stegniy, A., 

Gerilovych, A., Shutchenko, P., Stegniy, M., Koshelev, V., Maiorova, K., Tkachenko, S., 

Muzyka, N., Usova, L., Afonso, C.L., 2014. 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. 80, 5427–

5438. doi:10.1128/AEM.00733-14 

Nagai, Y., Klenk, H.-D., Rott, R., 1976. Proteolytic cleavage of the viral glycoproteins and 

its significance for the virulence of Newcastle disease virus. Virology. 72, 494–508. 

doi:10.1016/0042-6822(76)90178-1 

Nei, M. Kumar, S., 2000. Molecular Evolution and Phylogenetics. Oxford University Press, 

New York. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

37 
 

World Organization for Animals Health (OIE). 2012. Newcastle disease. Manual of 

diagnostic tests and vaccines for terrestrial animals: mammals, birds and bees, 7th ed., vol 1, 

part 2, chapter 2.3.14, pp. 555-574. Biological Standards Commission, World Organization 

for Animal Health, Paris, France. 

Panigrahy, B., Senne, D.A., Pearson, J.E., Mixson, M.A., Cassidy, D.R., 1993. Occurrence of 

velogenic viscerotropic Newcastle disease in pet and exotic birds in 1991. Avian Dis. 37, 

254-258. doi:10.2307/1591484 

Pchelkina, I.P., Manin, T.B., Kolosov, S.N., Starov, S.K., Andriyasov, A.V., Chvala, I.A., 

Drygin, V.V., Yu, Q., Miller, P.J., Suarez, D.L., 2013. Characteristics of Pigeon 

Paramyxovirus Serotype-1 Isolates (PPMV-1) from the Russian Federation from 2001 to 

2009. Avian Dis. 57, 2–7. doi:10.1637/10246-051112-Reg.1 

Pedersen, J.C., Senne, D.A., Woolcock, P.R., Kinde, H., King, D.J., Wise, M.G., Panigrahy, 

B., Seal, B.S., 2004. Phylogenetic relationships among virulent Newcastle disease 

virusisolates from the 2002-2003 outbreak in California and other recent outbreaks in North 

America. J. Clin. Microbiol. 42, 2329–2334. doi:10.1128/JCM.42.5.2329-2334.2004 

Pedersen, K., Marks, D.R., Arsnoe, D.M., Afonso, C.L., Bevins, S.N., Miller, P.J., Randall, 

A.R., DeLiberto,T.J., 2014. Avian paramyxovirus serotype 1 (Newcastle disease virus), avian 

influenza virus, and Salmonella spp. in mute swans (Cygnus olor) in the Great Lakes region 

and Atlantic Coast of the United States. Avian Dis. 58, 129–136. doi:10.1637/10638-081413-

Reg.1 

Perozo, F., Marcano, R., Afonso, C.L., 2012. Biological and phylogenetic characterization of 

a genotype VII Newcastle disease virus from Venezuela: efficacy of field vaccination. J. 

Clin. Microbiol. 50, 1204–1208. doi:10.1128/JCM.06506-11 

Qiu, X., Sun, Q., Wu, S., Dong, L., Hu, S., Meng, C., Wu, Y., Liu, X., 2011. Entire genome 

sequence analysis of genotype IX Newcastle disease viruses reveals their early-genotype 

phylogenetic position and recent-genotype genome size. Virol. J. 8, 117. doi:10.1186/1743-

422X-8-117 

Qiu, X., Sun, Q., Yao, C., Dong, L Wu, Y Hu, S., Liu, X., 2009. Full-length genome analysis 

of two genotype III velogenic Newcastle diseases virus strains reveals their close relationship 

with vaccine Mukteswar. Wei Sheng Wu Xue Bao=Acta microbiologica Sinica. 49, 302–308. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

38 
 

Ramey, A.M., Reeves, A.B., Ogawa, H., Ip, H., Imai K., Bui, V.N., Yamaguchi, E., Silko, 

N.Y., Afonso, C.L., 2013. Genetic diversity and mutation of avian paramyxovirus serotype 1 

(Newcastle disease virus) in wild birds and evidence for intercontinental spread. Arch. Virol. 

158, 2495–2503. doi:10.1007/s00705-013-1761-0 

Rehmani, S.F., Wajid, A., Bibi, T., Nazir, B., Mukhtar, N., Hussain, A., Ahmad Lone, N., 

Yaqub, T., Afonso, C.L., 2015. Presence of virulent Newcastle disease virus in vaccinated 

chickens in farms in Pakistan. J. Clin. Microbiol. 53, 1715–1718. doi:10.1128/JCM.02818-14 

Rosenberger, J.K., Krauss W.C., Slemons, R.D., 1974. Isolation of Newcastle disease and 

type-A influenza viruses from migratory waterfowl in the Atlantic Flyway. Avian Dis. 18, 

610–613. doi:10.2307/1589019 

Rue, C.A., Susta, L., Brown, C.C., Pasick, J.M., Swafford, S.R., Wolf, P.C., Killian, M.L., 

Pedersen, J.C., Miller, P.J., Afonso, C.L., 2010. Evolutionary changes affecting rapid 

identification of 2008 Newcastle disease viruses isolated from double-crested cormorants. J. 

Clin. Microbiol. 48, 2440–2448. doi:10.1128/JCM.02213-09 

Sakaguchi, T., Toyoda, T., Gotoh, B., Inocencio, N. M., Kuma, K., Miyata, T., Nagai, Y. 

1989. Newcastle disease virus evolution: I. Multiple lineages defined by sequence variability 

of the hemagglutinin-neuraminidase gene. Virology, 169, 260-272. doi:10.1016/0042-

6822(89)90151-7 

Samuel, A., Nayak, B., Paldurai, A., Xiao, S., Aplogan, G.L., Awoume, K.A., Webby, R.J., 

Ducatez, M.F., Collins, P.L., Samal, S.K., 2013. Phylogenetic and pathotypic 

characterization of Newcastle disease viruses circulating in West Africa and efficacy of a 

current vaccine. J. Clin. Microbiol. 51, 771–781. doi:10.1128/JCM.02750-12 

Seal, B.S., 2004. Nucleotide and predicted amino acid sequence analysis of the fusion protein 

and hemagglutinin-neuraminidase protein genes among Newcastle disease virus isolates. 

Phylogenetic relationships among the Paramyxovirinae based on attachment glycoprotein 

sequences. Funct. Integr. Genomics. 4, 246–257. doi: 10.1007/s10142-004-0113-2 

Seal, B.S., Wise, M.G., Pedersen, J.C., Senne, D.A., Alvarez, R., Scott, M.S., King, D.J., Yu, 

Q., Kapczynski, D.R., 2005. Genomic sequences of low-virulence avian paramyxovirus-1 

(Newcastle disease virus) isolates obtained from live-bird markets in North America not 

related to commonly utilized commercial vaccine strains. Vet. Microbiol. 106, 7–16. 

doi:10.1016/j.vetmic.2004.11.013 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

39 
 

Senne, D.A., Pearson, J.E., Miller, L.D., Gustafson, G.A., 1983. Virus isolations from pet 

birds submitted for importation into the United States. Avian Dis. 27, 731-744. doi: 

10.2307/1590316 

Shabbir, M.Z., Abbas, M., Yaqub, T., Mukhtar, N., Subhani, A., Habib, H., Sohail, M.U., 

Munir, M., 2013. Genetic analysis of Newcastle disease virus from Punjab, Pakistan. Virus 

Genes. 46, 309–315. doi:10.1007/s11262-012-0862-2 

Shabbir, M.Z., Goraya, M.U., Abbas, M., Yaqub, T., Shabbir, M.A., Ahmad, A., Anees, M., 

Munir, M., 2012. Complete genome sequencing of a velogenic viscerotropic avian 

paramyxovirus 1 isolated from pheasants (Pucrasia macrolopha) in Lahore, Pakistan. J. 

Virol. 86, 13828–13829. doi:10.1128/JVI.02626-12 

Snoeck, C.J., Adeyanju, A.T., Owoade, A.A., Couacy-Hymann, E., Alkali, B.R., Ottosson, 

U., Muller, C.P., 2013a. Genetic diversity of Newcastle disease virus in wild birds and 

pigeons in West Africa. Appl. Environ. Microbiol. 79, 7867–7874. doi:10.1128/AEM.02716-

13 

Snoeck, C.J., Marinelli, M., Charpentier, E., Sausy, A., Conzemius, T., Losch, S., Muller, 

C.P., 2013b. Characterization of Newcastle disease viruses in wild and domestic birds in 

Luxembourg from 2006 to 2008. Appl. Environ. Microbiol. 79, 639–645. 

doi:10.1128/AEM.02437-12 

Snoeck, C.J., Owoade, A.A., Couacy-Hymann, E., Alkali, B.R., Okwen, M.P., Adeyanju, 

A.T., Komoyo, G.F., Nakoune, E., Le Faou, A., Muller, C.P., 2013c. High genetic diversity 

of Newcastle disease virus in poultry in West and Central Africa: Cocirculation of genotype 

XIV and newly defined genotypes XVII and XVIII. J. Clin. Microbiol. 51, 2250–2260. 

doi:10.1128/JCM.00684-13 

Sun, M., Dong, J., Wang, Z., Li, L., Yuan, J., Jiao, P., Hu, Q., Ren, T., 2013. Complete 

genome sequence of a newly emerging Newcastle disease virus isolated in China. Genome 

Announc. 1, e00169-13. doi:10.1128/genomeA.00169-13 

Susta, L., Hamal, K.R., Miller, P.J., Cardenas-Garcia, S., Brown, C.C., Pedersen, J.C., 

Gongora, V., Afonso, C.L., 2014a. Separate evolution of virulent Newcastle disease viruses 

from Mexico and Central America. J. Clin. Microbiol. 52, 1382–1390. 

doi:10.1128/JCM.00066-14 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

40 
 

Susta, L., Jones, M.E.B., Cattoli, G., Cardenas-Garcia, S., Miller, P.J., Brown, C.C., Afonso, 

C.L., 2014b. Pathologic Characterization of Genotypes XIV and XVII Newcastle Disease 

Viruses and Efficacy of Classical Vaccination on Specific Pathogen-Free Birds. Vet. Pathol. 

doi:10.1177/0300985814521247 

Susta, L., Miller, P.J., Afonso, C.L., Brown, C.C., 2011. Clinicopathological characterization 

in poultry of three strains of Newcastle disease virus isolated from recent outbreaks. Vet. 

Pathol. 48, 349–360. doi:10.1177/0300985810375806 

Tamura, K., Nei, M., Kumar, S., 2004. Prospects for inferring very large phylogenies by 

using the neighbor-joining method. Proc. Natl. Acad. Sci. USA. 101, 11030-11035. 

doi:10.1073/pnas.0404206101 

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar S., 2013. MEGA6: Molecular 

Evolutionary Genetics Analysis version 6.0. Mol. Biol. Evol. 30, 2725-2729. 

doi:10.1093/molbev/mst197 

Tang, X., Xie, Z., Liu, J., Pang, Y., Deng, X., 2005. Cloning and sequence of fusion protein 

gene of Newcastle disease virus isolates in Guangxi. Zhongguo Shouyi Ke-ji. 35, 333–340. 

Terregino, C., Aldous, E.W., Heidari, A., Fuller, C.M., De Nardi, R., Manvell, R.J., Beato, 

M.S., Shell, W.M., Monne, I., Brown, I.H., Alexander, D.J., Capua, I., 2013. Antigenic and 

genetic analyses of isolate APMV/wigeon/Italy/3920-1/2005 indicate that it represents a new 

avian paramyxovirus (APMV-12). Arch Virol. 158, 2233–2243. doi: 10.1007/s00705-013-

1735-2 

Toyoda, T., Sakaguchi, T., Hirota, H., Gotoh, B., Kuma, K., Miyata, T., Nagai, Y., 1989. 

Newcastle disease virus evolution. II. Lack of gene recombination in generating virulent and 

avirulent strains. Virology. 169, 273–282. doi:10.1016/0042-6822(89)90152-9 

Ujvari, D., 2006. Complete nucleotide sequence of IT-227/82, an avian paramyxovirus type-

1 strain of pigeons (Columba livia). Virus Genes. 32, 49–57. doi: 10.1007/s11262-005-5845-

0 

Umali, D.V., Ito, H., Shirota, K., Katoh, H., Ito,T., 2014. Characterization of complete 

genome sequence of genotype VI and VII velogenic Newcastle disease virus from Japan. 

Virus Genes. 49, 89–99. doi: 10.1007/s11262-014-1075-7 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

41 
 

Umali, D.V., Ito, H., Suzuki, T., Shirota, K., Katoh, H., Ito, T., 2013. Molecular 

epidemiology of Newcastle disease virus isolates from vaccinated commercial poultry farms 

in non-epidemic areas of Japan. Virol. J. 10, 330. doi:10.1186/1743-422X-10-330 

Usachev, E.V., Fediakina, I.T., Shchelkanov, M.Iu., L'vov, D.N., Prilipov, A.G., Iamnikova, 

S.S., 2006. Molecular genetic characteristics of the Newcastle Sterna/Astrakhan/Z275/2001 

virus isolated in Russia. Mol. Gen. Mikrobiol. Virusol. 1, 14–20. 

Uthrakumar, A., Vijayarani, K., Kumanan, K., Bhuvaneswari, S., Kuchipudi, S.V., 

Elankumaran, S., 2014. Complete genome sequence of a velogenic Newcastle disease virus 

isolated from an apparently healthy village chicken in South India. Genome Announc. 2, 

e00597–14. doi:10.1128/genomeA.00597-14 

Van Borm, S., Obishakin, E., Joannis, T., Lambrecht, B., van den Berg,T., 2012. Further 

evidence for the widespread co-circulation of lineages 4b and 7 velogenic Newcastle disease 

viruses in rural Nigeria. Avian Pathol. 41, 377–382. doi:10.1080/03079457.2012.696311 

Vidanovic, D., Sekler, M., Asanin, R., Milic, N., Nisavic, J., Petrovic, T., Savic, V., 2011. 

Characterization of velogenic Newcastle disease viruses isolated from dead wild birds in 

Serbia during 2007. J. Wildl. Dis. 47, 433–441. doi:10.7589/0090-3558-47.2.433 

Wan, H., Wu, Y., Liu, X., Zhang, R., 2002. Sequence analysis of the fusion (F) protein genes 

of four Newcastle disease virus strains causing clinical disease in geese. Wei Sheng Wu Xue 

Bao 42, 208–213. 

Wehmann, E., Czegledi, A., Werner, O., Kaleta, E.F., Lomniczi, B., 2003. Occurrence of 

genotypes IV, V, VI and VIIa in Newcastle disease outbreaks in Germany between 1939 and 

1995. Avian Pathol. 32, 157-163. doi:10.1080/0307945021000071623 

Wei, D., Yang, B., Li, Y.L., Xue, C.F., Chen, Z.N., Bian, H., 2008. Characterization of the 

genome sequence of an oncolytic Newcastle disease virus strain Italien. Virus Res. 135, 312–

319. doi:10.1016/j.virusres.2008.03.003 

Wise, M.G., Suarez, D.L. , Seal, B.S., Pedersen, J.C., Senne, D.A., King, D.J., Kapczynski, 

D.R., Spackman, E. 2004. Development of a Real-Time Reverse-Transcription PCR for 

Detection of Newcastle Disease Virus RNA in Clinical Samples. J Clin Microbiol. 42, 329-

338. doi:10.1128/JCM.42.1.329-338.2004 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

42 
 

Wobeser, G., Leighton, F.A., Norman, R., Myers, D.J., Onderka, D., Pybus, M.J., Neufeld, 

J.L., Fox, G.A., Alexander, D.J., 1993. Newcastle disease in wild water birds in western 

Canada, 1990. Can. Vet. J. 34, 353–359. 

Wu, S., Wang, W., Yao, C., Wang, X., Hu, S., Cao, J., Wu, Y., Liu, W., Liu, X., 2011. 

Genetic diversity of Newcastle disease viruses isolated from domestic poultry species in 

Eastern China during 2005–2008. Arch. Virol. 156, 253–261. doi:10.1007/s00705-010-0851-

5 

Xiao, S., Paldurai, A., Nayak, B., Samuel, A., Bharoto, E.E., Prajitno,T.Y., Collins, P.L., 

Samal, S.K., 2012. Complete genome sequences of Newcastle disease virus strains 

circulating in chicken populations of Indonesia. J. Virol. 86, 5969–5970. 

doi:10.1128/JVI.00546-12 

Xie, Z., Xie, L., Chen, A., Liu, J., Pang, Y., Deng, X., Xie, Z., Fan, Q., 2012. Complete 

genome sequence analysis of a Newcastle disease virus isolated from a wild egret. J. Virol. 

86, 13854–13855. doi:10.1128/JVI.02669-12 

Xie, Z., Xie, L., Xu, Z., Liu, J., Pang, Y., Deng, X., Xie, Z., Fan, Q., Luo, S., 2013. 

Identification of a genotype IX Newcastle disease virus in a Guangxi white duck. Genome 

Announc. 1, e00836-13. doi:10.1128/genomeA.00836-13 

Yamamoto, E., Ito, H., Tomioka, Y., Ito, T., 2015. Characterization of novel avian 

paramyxovirus strain APMV/Shimane67 isolated from migratory wild geese in Japan. J. Vet. 

Med. Sci. doi.org/10.1292/jvms.14-0529. 

Yu, L., Wang, Z., Jiang, Y., Chang, L., Kwang, J., 2001. Characterization of newly emerging 

Newcastle disease virus isolates from the People's Republic of China and Taiwan. J. Clin. 

Microbiol. 39, 3512–3519. doi:10.1128/JCM.39.10.3512-3519.2001 

Yuan, X., Wang, Y., Li, J., Yu, K., Yang, J., Xu, H., Zhang, Y., Ai, H., Wang, J., 2013. 

Surveillance and molecular characterization of Newcastle disease virus in seafowl from 

coastal areas of China in 2011. Virus Genes. 46, 377–382. doi:10.1007/s11262-012-0863-1 

Yurchenko, K.S., Sivay, M.V., Glushchenko, A.V., Alkhovsky, S.V., Shchetinin, A.M., 

Shchelkanov, M.Y., Shestopalov, A.M., 2015. Complete Genome Sequence of a Newcastle 

Disease Virus Isolated from a Rock Dove (Columba livia) in the Russian Federation. 

Genome Announc. 3, doi:10.1128/genomeA.01514-14. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

43 
 

Zanetti, F., Berinstein, A., Pereda, A., Taboga, O., Carrillo, E., 2005. Molecular 

characterization and phylogenetic analysis of Newcastle disease virus isolates from healthy 

wild birds. Avian Dis. 49, 546–550. doi:10.1637/7381-051605R.1 

Zhang, J.T., Wan, H.Q., Wang, X.B., Wu, L.L., Song, H.Q., Li, S.S., Chen, L., Wang, B.A., 

2008. Molecular epidemiologic investigation of Newcastle disease viruses that caused 

clinical disease in geese during 2005 and 2006. Chinese J. Vet. Sci. 10, 011.Zhang, R., Pu, J., 

Su, J., Zhao, J., Wang, X., Zhang, S., Li, X., Zhang, G 2010. Phylogenetic characterization of 

Newcastle disease virus isolated in the mainland of China during 2001–2009. Vet. Microbiol. 

141, 246–257. doi:10.1016/j.vetmic.2009.09.020 

Zhang, S., Wang, X., Zhao, C., Liu, D., Hu, Y., Zhao, J., Zhang, G., 2011. Phylogenetic and 

pathotypical analysis of two virulent Newcastle disease viruses isolated from domestic ducks 

in China. PLoS ONE. 6, e25000. doi:10.1371/journal.pone.0025000 

Zhang, Y.Y., Shao, M.Y., Yu, X.H., Zhao, J., Zhang, G.Z., 2014. Molecular characterization 

of chicken-derived genotype VIId Newcastle disease virus isolates in China during 2005–

2012 reveals a new length in hemagglutinin-neuraminidase. Infect. Genet. Evol. 21, 359–

366. doi:10.1016/j.meegid.2013.12.003 

Zhu, W., Dong, J., Xie, Z., Liu, Q., Khan, M.I., 2010. Phylogenetic and pathogenic analysis 

of Newcastle disease virus isolated from house sparrow (Passer domesticus) living 

aroundpoultry farm in southern China. Virus Genes. 40, 231–235. doi:10.1007/s11262-009-

0436-0. 



Table 1. Estimates of evolutionary distances between class I and class II genotypes1,2 

 
Genotype (number of 
analyzed sequences) 

No. of base substitutions per site (SE)3 

I II III IV V VI VII VIII IX X XI XII XIII XIV XVI XVII XVIII 

CLASS II 

I (n=136)                 

II (n=154) 0.129                 

III (n=8) 0.115 0.144               

IV (n=4) 0.102 0.131 0.082               

V (n=87) 0.192 0.211 0.181 0.147             

VI (n=222) 0.189 0.210 0.184 0.140 0.165             

VII (n=460) 0.187 0.218 0.179 0.143 0.164 0.139           

VIII (n=5) 0.145 0.169 0.136 0.097 0.131 0.124 0.129           

IX (n=25) 0.107 0.132 0.094 0.078 0.173 0.177 0.173 0.127         

X (n=11) 0.119 0.122 0.143 0.129 0.212 0.207 0.209 0.167 0.129         

XI (n=14) 0.202 0.231 0.192 0.128 0.232 0.240 0.248 0.200 0.173 0.227       

XII (n=8) 0.197 0.234 0.189 0.155 0.171 0.136 0.125 0.132 0.187 0.216 0.254       

XIII (n=40) 0.186 0.218 0.184 0.144 0.166 0.144 0.122 0.129 0.171 0.208 0.237 0.116     

XIV (n=50) 0.226 0.266 0.229 0.185 0.195 0.177 0.153 0.161 0.224 0.240 0.289 0.143 0.142     

XVI (n=4) 0.164 0.194 0.159 0.117 0.161 0.158 0.166 0.117 0.152 0.184 0.224 0.168 0.159 0.195   

XVII (n=48) 0.183 0.225 0.190 0.153 0.171 0.156 0.137 0.143 0.177 0.216 0.235 0.127 0.120 0.135 0.176   

XVIII (n=16) 0.191 0.220 0.186 0.149 0.170 0.142 0.129 0.137 0.176 0.211 0.238 0.123 0.116 0.137 0.168 0.108  

CLASS I genotype 1 (n=199) 0.412 0.441 0.423 0.429 0.448 0.444 0.451 0.431 0.439 0.410 0.463 0.440 0.436 0.450 0.432 0.437 0.412 
1Inferred from the complete nucleotide F gene sequence 
2The isolates from genotype XV appear to represent recombinant strains and are not included in this analysis. 
3The number of base substitution per site from averaging all sequence pairs between class II genotypes is shown. Values in 
parentheses above the diagonal are standard error estimates, obtained by a bootstrap procedure (500 replicates). Analyses were 
conducted using the Maximum Composite Likelihood model [Tamura et al., 2004]. The rate variation among sites was modeled with a 
gamma distribution (shape parameter = 1). The analysis involved 1491 nucleotide sequences. Codon positions included were 1st, 2nd, 
3rd and noncoding. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA6 
(Tamura et al., 2013). Shaded cells represent inter-genotype nucleotide distances that are lower than 10%. 
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