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Abstract
The complete consensus genome sequences of avian paramyxovirus (APMV) serotype 2 strains
Bangor, England and Kenya were determined and compared with those of APMV-2 prototype
strain Yucaipa and other paramyxoviruses. The genome lengths of APMV-2 strains Bangor,
England and Kenya are 15024, 14904, 14916 nucleotides (nt), respectively, compared to 14904 nt
for Yucaipa. Each genome consists of six non-overlapping genes in the order of 3′N-P/V/W-M-F-
HN-L5′, with a 55-nt leader at the 3′end. The length of the trailer at the 5′ end of strain Bangor was
173 nt, compared to 154 nt for strains England, Kenya, and Yucaipa. In general, sequence
comparison of APMV-2 strains England and Kenya with strain Yucaipa have 94.5 and 88% nt and
96 and 92% aggregate amino acid (aa) identity, respectively. In contrast, strain Bangor has a much
lower percent nt identity (70.4, 69.4, and 70.8%) and aa identity (75.3, 76.2, and 76.3%) with
strains Yucaipa, England, and Kenya, respectively. Furthermore, strain Bangor has a single basic
aa residue (101TLPSAR↓F108) at the fusion protein cleavage site compared to the dibasic aa
(93DKPASR↓F100) found in those of other three strains. Reciprocal cross-hemagglutination
inhibition (HI) and cross-neutralization assays using post-infection chicken sera indicated that
strain Bangor is antigenically related to the other APMV-2 strains, but with a 4- to 8-fold
difference in homologous versus heterologous HI titer. These differences in antigenic relatedness
suggests that these four APMV-2 strains represent a single serotype with two antigenic subgroups,
and this is strongly supported by the dimorphism in nt and aa sequence identity.

Introduction
The family Paramyxoviridae is large and diverse and includes members that have been
isolated from many species of avian, terrestrial, and aquatic animals around the world (Lamb
and Parks, 2007; Wang and Eaton, 2001). Paramyxoviruses are pleomorphic, enveloped,
cytoplasmic viruses with a non-segmented negative-strand RNA genome. Paramyxoviruses
are divided into two subfamilies, Paramyxovirinae and Pneumovirinae, based on structure,
genome organization, and sequence relatedness (Lamb et al., 2005). Subfamily
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Paramyxovirinae comprises five genera; Respirovirus (including Sendai virus [SeV] and
human parainfluenza virus types 1 and 3 [HPIV-1 and -3]), Rubulavirus (including simian
virus type 5 [SV5], mumps virus [MuV], and human parainfluenza virus types 2 and 4
[HPIV-2 and -4]), Morbillivirus (including measles [MeV] and canine distemper [CDV]
viruses), Henipavirus (including Hendra [HeV] and Nipah [NiV] viruses), and Avulavirus
(comprising the nine serotypes of avian paramyxoviruses [APMV-1 to -9]). Subfamily
Pneumovirinae contains two genera, Pneumovirus (comprising human respiratory syncytial
virus [HRSV] and its animal counterparts) and Metapneumovirus (comprising human
metapneumovirus [HMPV] and its avian counterpart [AMPV].

The genome lengths of members of Paramyxoviridae range from 15 to 19 kb and contain 6–
10 genes arranged in tandem (Lamb and Parks, 2007). All members of Paramyxoviridae
examined to date encode a major nucleocapsid protein (N) that binds the entire length of the
genomic and the replicative antigenomic RNAs, a nucleocapsid phosphoprotein (P) that is a
polymerase co-factor, a large protein (L) that is the major polymerase subunit and bears
catalytic domains, a matrix protein (M) that lines the inner surface of the envelope, a fusion
glycoprotein (F) that is a surface antigen that mediates viral penetration and syncytium
formation and a major glycoprotein (G) or hemagglutinin-neuraminidase (HN) glycoprotein
that is a second surface antigen and mediates attachment.

The genome termini of members of Paramyxoviridae consist of extragenic regions, called
the 3′-leader and 5′-trailer: the 3′-leader region contains the genome promoter, and the trailer
encodes the 3′ end of the antigenome, which is the full-length positive-sense replicative
intermediate, which contains the antigenome promoter. Each gene starts with a conserved
gene start (GS) sequence and ends with a conserved gene end (GE) sequence. Transcription
begins at the 3′-leader region and proceeds in a sequential manner by a start–stop
mechanism that is guided by short, conserved GS and GE signals that flank each gene
(Lamb & Parks, 2007). The genes are separated by non-coding intergenic sequences (IGS)
that are conserved in length and sequence among the different gene junctions for some
genera (Respirovirus, Morbillivirus, and Henipavirus) and are non-conserved in sequence or
length for others (Rubulavirus, Avulavirus, Pneumovirus, and Metapneumovirus). For the
members of subfamily Paramyxovirinae, efficient genome replication depends on the total
genome nucleotide (nt) length being an even multiple of six, known as ‘rule of six’
(Kolakofsky et al., 1998), which is thought to reflect a requirement of nucleocapsid
structure. Most members of subfamily Paramyxovirinae encode three different proteins,
namely P, V and W (or I, in case of genus Rubulavirus), from the P/V gene due to frame-
shifting into alternative open reading frames (ORFs) by RNA editing. RNA editing involves
the insertion of one or more G residues at a specific motif midway along the P/V gene
during transcription; yielding subpopulations of P/V mRNA have frame shifts into each of
the three reading frames. In the case of genus Avulavirus, the unedited mRNA encodes the P
protein. The insertion of a single G residue at the P editing site shifts the reading frame to
access a downstream ORF encoding a highly conserved cysteine motif, resulting in the V
protein. The V protein of subfamily Paramyxovirinae has been implicated in the regulation
of viral RNA synthesis (Horikami et al., 1996; Lin et al., 2005) and in counteracting host
antiviral responses (Goodbourn et al., 2000). Alternatively, the insertion of two G residues
shifts the reading frame to access a third, shorter internal ORF that leads to production of the
W protein, whose function is not yet understood (Steward et al., 1993).

The APMVs have been classified into nine different serotypes based on hemagglutination
inhibition (HI) and neuraminidase inhibition (NI) assays (Alexander, 2003). Newcastle
disease virus (NDV) belongs to serotype 1. NDV is the most characterized member among
all the APMV serotypes because it produces severe disease in chickens (Alexander, 1980).
APMV-2 was first isolated in 1956 in Yucaipa, California from a diseased chicken that was
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also infected with infectious laryngotracheitis virus (Bankowski et al., 1960). Since then,
many APMV-2 strains have been isolated from chickens, turkeys and feral birds around the
world (Alexander et al., 1982; Asahara et al., 1973; Collings et al., 1975; Fleury and
Alexander, 1979; Goodman and Hanson, 1988; Lang et al., 1975; Lipkind et al., 1979, 1982;
Mbugua and Karstad, 1985; Nymadawa et al., 1977; Shihmanter et al., 1997; Weisman et
al., 1984; Zhang et al., 2006, 2007). APMV-2 strain Bangor was isolated from a finch
during a routine quarantine evaluation, and the biological and serological characterization
suggested that strain Bangor might represent a separate serotype or as a subgroup within
serotype 2 (McFerran et al., 1973; McFerran et al., 1974).

As noted, APMV-2 strains have been isolated from a wide variety of avian species from
different parts of the world. But little is known about the serological and genetic
relationships among these strains. The information is important for understanding virus
evolution and epidemiology and for development of vaccines against these viruses. To date,
a complete genome sequence is available only for the prototype strain Yucaipa (Subbiah et
al., 2008). As a first step towards understanding the serological and genetic relationship
among APMV-2 strains, we have determined the complete genome sequences of three other
strains of APMV-2; Bangor, England and Kenya, isolated from a finch, a chicken and a
gadwell duck, respectively, and describe comparison with the complete genome sequence of
prototype strain Yucaipa and other paramyxoviruses. Our sequence and antigenic analyses
suggested that APMV- 2 strains can be classified into two genetic subgroups under a single
serotype.

Materials and methods
Virus and cells

APMV-2/Chicken/Yucaipa/Cal/56 (APMV-2 Yucaipa) and APMV-2/Finch/N.Ireland/
Bangor/73 (APMV-2 Bangor) were received from the National Veterinary Services
Laboratory, Ames, Iowa, USA and APMV-2/Chicken/England/7702/06 (APMV-2 England)
and APMV-2/Gadwell/Kenya/3/80 (APMV-2 Kenya) were obtained from Veterinary
Laboratories Agency, Weybridge, UK. The viruses were grown in 9-day-old embryonated,
specific pathogen-free (SPF) chicken eggs. Hemagglutination (HA) titers were determined
using 0.5% chicken RBC at room temperature. The ability of the viruses to replicate in cell
culture was examined in two established cell lines, namely DF1 chicken fibroblast and Vero
African green monkey kidney cells. Both cell lines were grown in Dulbecco's MEM
containing 10% fetal bovine serum (FBS) in a 37°C incubator with 5% CO2.

Replication of viruses in cell cultures
Cell monolayers (DF1 and Vero) were infected with a 10−3 dilution of 28 HA units of egg-
grown APMV-2 strains Yucaipa, Bangor, England and Kenya and, after 1 h of adsorption,
the viral inoculum was replaced with maintenance medium containing 2% FBS with or
without the supplementation of exogenous protease (10% allantoic fluid or 1 μg/ml trypsin).
The cells were observed daily for cytopathic effects (CPE) and the supernatants of the
infected cells were collected every 24 h until the fifth day post-infection (dpi). Virus titers
were determined by serial end-point dilution on monolayers of DF1 cells in 96-well plates.
The infected cells were immunostained using polyclonal antisera raised against each of the
viruses in chickens. Virus titers (TCID50/ml) were calculated using the Reed & Muench
method (Reed & Muench, 1938). The ability of the viruses to produce plaques was tested in
both cell lines under various conditions, including 1% methylcellulose, 1% low melting
agar, or 0.8% noble agar with or without magnesium sulfate (25 mM) and 1%
diethylaminoethyl dextran (30 μg/ml), and with and without allantoic fluid. The monolayers
were stained with either crystal violet or neutral red in attempts to detect plaques.
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Serological analysis
Antisera against APMV-2 strains Yucaipa, Bangor, England and Kenya were prepared
separately by single infection of 2-week-old chickens via the intraocular (IO) and intranasal
(IN) routes, mimicking natural infection. Briefly, groups of three 2-week-old chickens per
group were infected with each virus (28 HAU) at separate times to avoid cross-infection.
Two weeks after infection, sera were collected and stored at −20°C. HN-specific antibody
titers in the serum samples were determined by HI assay using the homologous virus and
chicken RBC as described previously (Alexander, 1997). The cross-reactivity of the sera
was determined by HI assay against heterologous APMV-2 strains. The ability of
immunized chicken sera to cross-neutralize heterologous APMV-2 strains was determined
by a focus reduction microneutralization assay using standard procedures (Borisevich et al.,
2007). Briefly, different dilutions of sera were mixed with a constant titer of virus (103

TCID50/ml), incubated for 2 h at room temperature, and transferred to monolayers of DF1
cells in 96-well plates. The plates were incubated for three days at 37°C with 5% CO2. Each
plate included both uninfected and infected cell controls. On the third day, the culture
medium was removed and cells were fixed with methanol for 30 min and washed with PBS
three times. The fixed cells were immunostained to identify virus-containing wells, and a
50% focus reduction was considered as the end point of the titration.

Pathogenicity tests
The virulence of the APMV-2 strains was determined by two standard pathogenicity tests
for APMV-1: mean death time (MDT) in 9-day-old embryonated SPF chicken eggs and
intracerebral pathogenicity index (ICPI) test in 1-day-old SPF chicks (Alexander 1989).
Briefly, for MDT, a series of 10-fold (10-6-10-9) dilutions of fresh infective allantoic fluid in
PBS was made and 0.1 ml of each dilution was inoculated into the allantoic cavities of five
9-day-old SPF embryonated chicken eggs (BEE eggs company, PA), which were incubated
at 37°C. The eggs were candled 3 times a day for the next 7 days and the time of embryo
death, if any, were recorded. The minimum lethal dose (MLD) is the highest virus dilution
that kills all the embryos. The MDT is the mean time in hours for the MLD to kill all the
inoculated embryos. The MDT has been used to classify APMV-1 strains into the following
groups: velogenic strains (taking less than 60 h to kill); mesogenic strains (taking 60 -90 h to
kill); and lentogenic strains (taking more than 90 h to kill).

For ICPI, 0.05 ml (1:10 dilution) of fresh infective allantoic fluid of each virus was
inoculated into groups of ten 1-day-old SPF chicks via the intracerebral route. The
inoculation was done using a 27-gauge needle attached to a 1 ml stepper syringe dispenser
that was set to dispense 0.05 ml of inoculum per bird. The birds were inoculated by inserting
the needle up to the hub into the right or left rear quadrant of the cranium. The birds were
observed for clinical symptoms and mortality once every 8 h for a period of 10 days. At
each observation, the birds were scored: 0, if normal, 1, if sick and 2, if dead. The ICPI is
the mean score per bird over the 10-day period. Highly virulent (velogenic) viruses give
values approaching 2, and avirulent (lentogenic) viruses give values close to 0.

Virus RNA isolation and complete genome sequencing
The viral RNA was isolated from the allantoic fluid of virus-infected eggs using RNeasy kit
according to the manufacturer's instructions (QIAGEN, USA). Each of the APMV-2
genomes, except for the 3′ and 5′ termini, was amplified into cDNAs using primers designed
from the published APMV-2 strain Yucaipa (Table 1). All primers were commercially
synthesized from Integrated DNA Technologies Inc, USA. Briefly, the first-strand cDNA
was synthesized from viral RNA by Superscript II kit using random hexamers according to
manufacturer's instructions (Invitrogen). PCR was performed using virus specific or
consensus primers and Taq polymerase (Invitrogen). The PCR fragments were cloned into

Subbiah et al. Page 4

Virus Res. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TOPO TA cloning kit (Invitrogen) and the clones were sequenced using vector primers. In
addition, selected PCR products were purified by agarose gel electrophoresis and sequenced
directly. The DNA sequencing was carried out using BigDye® Terminator v3.1 cycle
sequencing kit (Applied Biosystems Inc, USA) in ABI 3130xl genetic analyzer. Every nt in
the genome was sequenced at least three times and once directly from RT-PCR product
without cloning, thus ensuring a consensus sequence. The sequences of the 3′ and 5′
genomic ends were determined from cDNA prepared by rapid amplification of cDNA ends
(RACE) as described previously (Subbiah et al., 2008).

Virus genome sequence alignment and phylogenetic analyses
Sequence compilation and prediction of ORFs were carried out using the SeqMan and
EditSeq programs in the Lasergene 6 (DNASTAR) software package
(http://www.dnastar.com). The search for matching protein sequences in GenBank was done
using the blastp program of the same package. The bootstrap values in phylogenetic tree
were calculated using 1000 replicas and the construction of phylogenetic trees was
performed by maximum parsimony method using MEGA 4 software (Tamura et al., 2007).

Database accession numbers
The complete genome sequences of APMV-2 strains Bangor, England and Kenya were
submitted to GenBank (accession number HM159995, HM159993 and HM159994,
respectively). Accession numbers for other paramyxovirus sequences used in this study
were: Avulaviruses: APMV-1, AF077761; APMV-2 strain Yucaipa, EU338414; APMV-3,
EU403085; APMV-4KR, EU877976; APMV-4HK, FJ177514; APMV-5, GU206351.1;
APMV-6TW, NC 003043; APMV-6HK, EU622637; APMV-6FE, EF569970; APMV-7,
FJ231524; APMV-8DEL, FJ215863; APMV-8WAK, FJ215864; APMV-9, EU910942.
Rubulaviruses: HPIV-2, NC_003443; SV5 (also known as Parainfluenza virus 5),
NC_006430; MuV, NC_002200; simian virus 41 (SV41), NC_006428. Respiroviruses:
HPIV-1, NC_003461; HPIV-3, NC_001796; SeV, NC_001552, BPIV-3, NC_002161.
Henipaviruses: NiV, NC_002728; HeV, NC_001906. Morbilliviruses: CDV, NC_001921;
MeV, AF266288; phocine distemper virus (PDV), NC_006383; rinderpest virus (RPV),
NC_006296; peste des petits ruminants virus (PPRV), NC_006383; dolphin morbillivirus
(DMV), NC_005283; other paramyxovirus: Atlantic salmon paramyxovirus (ASPV),
EF646380; Beilong virus (BeV), NC_007803; Fer-de-Lance virus (FDLV), NC_005084; J
virus (JV), NC_007454; Menangle virus (MenV), NC_007620; Mossman (MoV),
NC_005339; Tupaia paramyxovirus (TpV), NC_002199; Pneumoviruses: HRSV,
NC001781; BRSV, NC001989. Metapneumoviruses: AMPV, NC007652; HMPV,
NC004148.

Results
In vitro growth characteristics of APMV-2 strains Bangor, England and Kenya

APMV-2 strains Bangor, England and Kenya yielded titers of 210–212 HA units in 9-day-old
embryonated SPF chickens eggs at 4 dpi. The inclusion of exogenous protease, either 10%
allantoic fluid or 1 μg/ml trypsin, did not affect the efficiency of replication of these viruses
in cell culture, indicating a lack of requirement of external proteases for efficient cleavage of
the F protein. The viruses grew to one log higher titer in DF1 cells than in Vero cells (data
not shown). Viral CPE involved rounding and detachment of the cells. The growth kinetics
and the CPE of all the three strains were similar to those of APMV-2 prototype strain
Yucaipa. None of the strains produced syncytia or formed plaques but caused single cell
infections similar to that of APMV-2 strain Yucaipa (Fig. 1).
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Antigenic relationship among APMV-2 strains
The antigenic relationship among APMV-2 strains Yucaipa, Bangor, England and Kenya
was evaluated by reciprocal HI tests using strain specific convalescent sera raised by a
single infection of chickens via the IN/IO route. Each of the antiserum exhibited a 2 to 16-
fold difference in HI titer between the homologous and heterologous strains (Table 2).
Conversely, the HI titer of antisera specifically against strains Bangor, England and Kenya
were 4, 4 and 8-fold higher against the homologous strains than against the prototype strain
Yucaipa. The antiserum against strain Bangor showed 2-, 2-, and 4-fold higher HI titer
against strain Bangor than against strains England, Kenya, and Yucaipa. The antiserum
specific for strain England showed 4-fold higher titer against strain England and Kenya than
against strains Bangor and Yucaipa. The antiserum specific for strain Kenya showed 8-, 16-
and 2-fold higher titers against the homologous strain Kenya than against strains Yucaipa,
Bangor, and England, respectively. The ability of antisera to neutralize homologous and
heterologous APMV-2 strains was assessed by a microneutralization assay in DF1 cells. The
antiserum specific for strain Yucaipa showed 4-fold higher neutralization titer against
homologous strain Yucaipa and strains England and Kenya than against strain Bangor. On
the contrary, antisera specific for strain Bangor showed 4-fold higher neutralization titer
against homologous strain Bangor than against prototype strain Yucaipa and 2-fold higher
neutralization titer against homologous strain Bangor than against strains England and
Kenya. The antisera specific to strains England and Kenya showed 4-fold higher
neutralization titers against their homologous strains compared to those against strains
Yucaipa and Bangor, while showing 2-fold difference between either of the strains (Table
2). These reactions indicated the existence of a low level of antigenic differences among
APMV-2 strains. These results suggested that the strains Yucaipa, England and Kenya
represented one antigenically-distinct subgroup while strain Bangor represented a second
subgroup, a distinction that was not observed in most, but not every, comparison.

The pathogenicity of APMV-2 strains
The pathogenicity of APMV-2 strains Bangor, England and Kenya was evaluated by MDT
in 9-day-old embryonated SPF chicken eggs and ICPI test in 1-day-old chicks. The MDT
and ICPI values for all the three APMV-2 strains were >168 h and 0, respectively, similar to
those of APMV-2 strain Yucaipa (> 168 h and 0, respectively). These results indicated that
these APMV-2 strains are avirulent in chickens, similar to lentogenic NDV strains.

Determination of the complete genome sequences of APMV-2 strains Bangor, England and
Kenya

We determined the complete genome sequences of APMV-2 strains Bangor, England and
Kenya. A number of the initial cDNAs in this analysis was synthesized using primers
derived from the published sequence of APMV-2 strain Yucaipa (Table 1). The 3′ and 5′
ends of each genome were determined by RACE procedures (Materials and Methods). Every
nt in each complete sequence was confirmed in uncloned RT-PCR cDNA, providing a
consensus sequence. The genome of strain England is identical in length (14904 nt) to that
of strain Yucaipa, whereas the genome lengths of strains Bangor (15024 nt) and Kenya
(14916 nt) are slightly larger than that of strain Yucaipa (14904 nt). The nt lengths of the
genomes of all three strains are multiple of six, as in the case of the previously reported
sequence for strain Yucaipa. Thus all three strains conform to the rule of six, which is a
characteristic of the genome of all members of subfamily Paramyxovirinae (Kolakofsky et
al., 1998). All three APMV-2 strains have the gene order of 3′N-P/V/W-M-F-HN-L5′, which
is the same as previously reported for strain Yucaipa.

The complete genome and predicted proteins of strain Bangor have 70.4% nt and 75.3%
aggregate aa sequence identity with those of the previously sequenced strain Yucaipa, and
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have 69.4% and 70.8% nt and 76.15% and 76.3% aggregate aa sequence identity with
strains England and Kenya, respectively. In contrast, strains England and Kenya are much
more closely related to strain Yucaipa, with nt sequence identities of 94.5% and 88%,
respectively, and aggregate aa sequence identities of 96.1% and 92.4%, respectively. Thus,
strains Yucaipa, England and Kenya are genetically closely related, whereas strain Bangor is
somewhat distinct. This is consistent with the finding noted before that strain Bangor is
distinct antigenically, and provides unequivocal evidence for dimorphism within the
APMV-2 serotype.

The 3′-leader sequences of APMV-2 strains consist of 55 nt, a length that is conserved
among almost all the members of the subfamily Paramyxovirinae. The nt sequences of the
leader regions of strains Bangor and Yucaipa shows differences at 9 out of 55 nt positions,
while those of strains England and Kenya are 100% identical to strain Yucaipa (Fig. 2A).
The lengths of trailer regions of APMV-2 strains England and Kenya are 154 nt each, same
as strain Yucaipa. But the length of trailer region of strain Bangor is 173 nt (Fig. 2B). This
difference accounted for most of the difference in genome length between strain Bangor
versus the others. The sequence of trailer region of strains England and Kenya are 100%
identical to strain Yucaipa, but the sequence of strain Bangor had only 51.3% nt identity
with the other three strains. The proposed GS and GE signal sequences are highly conserved
among the APMV-2 strains (Table 3). In general, the conserved GS and GE sequences of all
the four strains are (mRNA-sense) 5′-GGGGGCGA(A/C)(A/T) and 5′-T(T/A)(A/T)(A/
G)NAAAAA respectively. In strain Bangor, the GS and GE sequences had a number of
single nt variations compared to the other three strains (Table 3).

The intergenic sequences (IGS) of APMV-2 strains vary in length from 3 to 23 nt and are
exactly conserved in length between the N, P, M and F genes (Table 3). The IGS sequences
of strain England are 100% identical in length and sequence to strain Yucaipa, and the IGS
sequences of strain Kenya are also are identical in length and sequence to strain Yucaipa
except between HN and L genes. In contrast, the IGS between the F and HN in strain
Bangor is only 4 nt in length compared to 9 nt in length in the other three strains, and the
IGS between HN and L is 8 nt in length in strains Bangor and Kenya compared to 3 nt in
length in the other two strains. In addition, the IGS sequences of strain Bangor have less
than 50% nt identity with those of strain Yucaipa.

The nucleocapsid protein (N) gene
The N gene of APMV-2 strains Bangor, England and Kenya is 1547 nt in length and
encodes a N protein of 457 aa (Table 3), as is the case for strain Yucaipa. The N protein of
strains Bangor, England and Kenya has 90.4%, 99.3% and 94.5% aa sequence identity,
respectively, with that of strain Yucaipa (Table 4). An amino acid sequence motif that is
highly conserved in the N proteins of members of subfamily Paramyxovirinae and is
involved in N–N self assembly, F-X4-Y-X3-φ -S-φ -A-M-G, where X represents any amino
acid residue and φ represents an aromatic amino acid residue (Morgan, 1991), is present
within the central domain of the N protein of each the four strains and is exactly conserved
among all four strains (324FAPANFSTLYSYAMG338).

The phosphoprotein (P) gene and P/V/W editing
The P gene of APMV-2 strains Bangor, England and Kenya is 1379 nt in length and encodes
a P protein of 399 aa (Table 3), as is the case for strain Yucaipa. The P protein of strains
Bangor, England and Kenya has 55.8%, 87.7% and 99.5% aa sequence identity,
respectively, with that of strain Yucaipa (Table 4). The P gene of all four APMV2 strains
contains a putative P gene editing site (3′-UUUUUCCCC (negative-sense), located at nt
position 2092–2100 in the viral RNA genome. The addition of a single G residue to the
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editing site would yield a predicted V protein and the addition of 2 G residues would yield a
predicted W protein, as is the case with NDV (Steward et al., 1993). For all four APMV-2
strains, the predicted V protein is 232 aa in length. For all four strains, the V protein domain
contains the conserved cysteine rich motif that is characteristic of most members of
subfamily Paramyxovirinae (Fig. 3). This 52-aa motif was completely conserved among
strains England, Kenya, and Yucaipa, whereas that of strain Bangor has a number of aa
difference. The predicted W protein of strains England and Kenya is 207 aa in length, as
also is the case for strain Yucaipa, while that of strain Bangor is only 153 aa in length (Table
3).

The matrix protein (M) gene
The M gene of APMV-2 strains England and Kenya is 1280 nt in length, as is the case for
strain Yucaipa, whereas that of strain Bangor is 1304 nt in length (Table 3). The increased
length found in strain Bangor is due to longer 5′and 3′ untranslated regions. The M gene of
all four strains encodes a M protein of 369 aa. The M protein of strains Bangor, England and
Kenya has 85.1%, 99.7% and 98.4% aa sequence identity, respectively, with that of strain
Yucaipa (Table 4).

The fusion protein (F) gene
The F gene of APMV-2 strains Yucaipa, England, and Kenya is 1707 nt in length and
encodes a F protein of 536 aa (Table 3), whereas that of strain Bangor is 1760 nt in length
and encodes an F protein of 544 aa. The difference in length is due increased lengths of the
3′ untranslated region and ORF in strain Bangor, which are partially offset by a shorter 5′
untranslated region. The F protein of strains Bangor, England and Kenya has 79.1%, 99.8%
and 98.1% aa sequence identity, respectively, with that of strain Yucaipa (Table 4). In
APMV-1, the cleavage sequence of the F protein has been shown to be a critical factor for
viral replication and pathogenesis. For APMV-2 strains England, Kenya and Yucaipa, the aa
sequences spanning the F protein cleavage site and adjacent upstream end of the F1 subunit
are identical (DKPASR↓F) and contain dibasic aa residues (Fig. 4). In contrast, in strain
Bangor, the sequence of the six amino acids preceding the cleavage site differ from the other
strains at four positions and contains only one basic aa residue (TLPSAR↓F). A similar
difference in the number of basic amino acids at cleavage site between strains of same
serotype has been reported in APMV-6 (Xiao et al., 2010). However, all the APMV-2
strains contain a phenylalanine residue at the F1 amino terminal end: this also is the case in
virulent APMV-1 strains, whereas avirulent APMV-1 strains have a leucine at this position
(Fig. 4) (Lamb and Parks, 2007).

The hemagglutinin-neuraminidase (HN) gene
The HN gene of APMV-2 strain England is 1899 nt long, as is the case for strain Yucaipa,
while the lengths of the HN genes of strains Bangor and Kenya are 1894 nt and 1906 nt,
respectively. These latter two strains have differences relative to the others and to each other
in the lengths of the 5′ and 3′ untranslated regions and the ORFs. The lengths of HN protein
of strains Yucaipa and England are 580 aa, while those of strains Bangor and Kenya are 583
and 582 aa, respectively (Table 3). The HN protein of strains Bangor, England and Kenya
has 75%, 96% and 76.2% aa sequence identity, respectively, with that of strain Yucaipa
(Table 4). In addition, all the four strains have the hexapeptide (NRKSCS) that forms part of
the sialic acid binding site (Mirza et al., 1994).

The large polymerase protein (L) gene
The L gene of APMV-2 strains England and Kenya is 6834 nt long, as is the case for strain
Yucaipa. The L gene of strain Bangor is 6863 in length, with the difference due to a longer
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3′ untranslated region. The L genes of all the four strains encode an L protein of 2242 aa
(Table 3). The L protein of strains Bangor, England and Kenya has 66.5%, 94.2% and
87.8% aa sequence identity, respectively, with that of strain Yucaipa (Table 4). In addition,
all four strains have the conserved motif GDNQ in the L protein domain III, as seen in all
non-segmented negative strand RNA viruses, which involved in L protein transcriptional
activity (Schnell and Conzelmann, 1995).

Phylogenetic analysis
A phylogenetic tree was generated from alignments of the complete nt sequences of the
genomes of APMV-2 strains Yucaipa, Bangor, England and Kenya with those of the
representative members of family Paramyxoviridae (Fig. 5). This shows the APMV-2 strains
clustering together on a branch that is distinct from other the paramyxoviruses, as would be
expected. Also, strains Yucaipa, England and Kenya are more closely related to each other
than to strain Bangor.

Discussion
Avian paramyxoviruses are classified into nine serotypes based on their serological
relationships in HI and NI tests (Alexander, 2003). Among these serotypes, APMV-1 causes
severe disease in poultry; hence, a great deal of information is available on the antigenic and
genetic relationships among APMV-1 strains isolated from different parts of the world
(Alexander, 1988). Recently we and others have reported complete genome sequences for
representative strains of APMV-2 to -9 (Subbiah et al., 2008; Kumar et al., 2008; Nayak et
al., 2008; Samuel et al., 2010; Chang et al., 2001; Xiao et al., 2009; Paldurai et al., 2009;
Samuel et al., 2009). However, very little information is available about the antigenic and
genetic relationships among the strains within serotypes 2 through 9 (Alexander, 2003). In
this study we have determined the antigenic and genetic relations among APMV-2 strains
Yucaipa, Bangor, England and Kenya isolated from a chicken, finch, chicken and gadwell
duck, respectively. Furthermore, these strains were isolated from different parts of the world
and in different years. Therefore, it was interesting to know the extent of antigenic and
genetic variation among these strains. The antigenic relationships among these four strains
were evaluated using cross-HI and cross-serum microneutralization assays, and genetic
variation was assessed by determining and comparing complete sequences for the viral
genomes and predicted proteins. This information will have implications for studies in
pathogenesis, epidemiology and for the development of vaccines against APMV-2.

To evaluate the antigenic relationships among the four APMV-2 strains described in the
present study, we raised chicken antisera against each strain individually by respiratory
infection mimicking a natural route of infection. Since serological responses tend to broaden
over time, and with repeated antigenic exposure, we limited the immunization to a single
infection and collected serum samples at an early time point (14 dpi). HI assays showed that,
in the majority of comparisons, antigenic relatedness was greater between stains Yucaipa,
England, and Kenya versus strain Bangor. Consistent with this, the results from the
microneutralization tests in cell culture suggested an antigenic dimorphism that would be
consistent with the existence of two antigenic subgroups within APMV-2, with strains
Yucaipa, England and Kenya belonging to one antigenic subgroup and with strain Bangor
belonging to the second antigenic subgroup, as seen with APMV-3 and -6 strains (Kumar et
al., 2010; Xiao et al., 2010). It was previously suggested that strain Bangor be classified as a
separate serotype or as a subtype of serotype 2 (McFerran et al., 1974) based on distinct
differences in neuraminidase activities (Alexander et al., 1974) and cross serum
neutralization tests between strains Bangor and Yucaipa. Our data support the classification
of strain Bangor as a separate subgroup within serotype 2 rather than a distinct new
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serotype. It will be interesting to extend this analysis to additional strains to further evaluate
antigenic variability among APMV-2 strains.

The genome lengths of strains Bangor, England and Kenya are 15024, 14904 and 14916 nt,
respectively, compared with 14904 for strain Yucaipa. Among the APMV-1 (NDV) strains,
there are three genome sizes: (1) 15,186 nt in early (>1930s) isolated strains, 2) 15,192 nt in
late (>1960s) isolated strains (due to a six nt insertion in the upstream of the N gene), and
(3) 15,198 nt (12 nt insertion in the P gene ORF) (Czeglédi et al., 2006). These different
genome sizes of NDV strains did not relate to the viral virulence, but seem to be related to
the time (year) of virus isolation with the genomes becoming progressively longer (Miller et
al., 2009; Czeglédi et al., 2006). However, in APMV-2, the genome length does not seem to
be decided by the year of isolation but rather by the host species. Strains Yucaipa and
England were both isolated from chicken and have the same genome length (14904 nt).
Despite the difference in the genome length, all the three strains follow the “rule of six”
consistent with this rule being a requirement for virus replication and survival.

Comparison of the complete consensus sequences for the genomes of the four APMV strains
showed that strain Bangor has 70.4, 69.4, and 70.8% nt and 75.3, 76.1, 76.8% aggregate aa
sequence identity with strain Yucaipa, England, and Kenya, respectively. In contrast, strains
England and Kenya are more closely related to strain Yucaipa, with a nt sequence identity of
94.5% and 88%, respectively, and an aggregate aa sequence identity of 96.1% and 92.4%,
respectively. Also, strains England and Kenya have 86.1% nt and 89.9% aggregate aa
sequence identity with each other. These results unequivocally show that strains Yucaipa,
England and Kenya are closely related genetically, while strain Bangor is somewhat distinct.
This is consistent with the proposed antigenic subgroups described above, and provides a
molecular basis for this antigenic dimorphism.

Comparison of the aa sequence relatedness of cognate proteins between the APMV-2 strains
revealed values ranging from 55.8 to 99.8% aa identity, with different proteins having
different ranges of identity. In particular, the P and L proteins of strain Bangor were among
the most divergent (55.3-60.8 and 66.5-68.2% aa identity, respectively), compared to the
Yucaipa, England, and Kenya strains. However, the percent identity for these proteins was
much higher among the latter three strains (87.2-99.5% for P and 86.1-94.2 for L),
consistent with these three strains representing a subgroup separate from strain Bangor. The
extent of variability in the APMV-2 P proteins is similar to that observed among APMV-6
strains (Xiao et al., 2010) but differs from that of the P proteins of the two subgroups of
HMPV and HRSV, which are more highly conserved (85 and 90% aa identity, respectively)
(Biacchesi et al., 2003). The V protein also was relatively divergent: the V protein of strain
Bangor had only 56.3, 55.4 and 56.3 % aa identities, respectively with that of strains
Yucaipa, England, and Kenya, whereas the V proteins of strains Yucaipa and Kenya had
100% aa identity and the V protein of both these strains had 99.1% aa identity with that of
strain England. In addition, it is interesting to note that the W protein of strain Bangor was
smaller in length, 153 aa compared to a length of 207 aa that was conserved for the other
three strains. A similar difference in W protein size between strains of same serotype has
been reported in APMV-8 (Paldurai et al., 2009). Since the role of W protein is not known,
the functional significance of the W protein size difference remains to be studied. It is also
interesting to find that the F and HN proteins of strain Bangor exhibited more divergence
(77.6-79.1% and 75-85.1% aa identity, respectively) with those of strains Yucaipa, England,
and Kenya, while the F and G proteins of the HMPV subgroups have 95% and 37% aa
identity, respectively, and that of the HRSV subgroups have 89% and 55% aa identity,
respectively (Biacchesi et al., 2003). Among the Yucaipa, England, and Kenya strains,
Yucaipa and England were more closely related on the nt level as well as for most of the
proteins. These two strains also were from the same host, namely the chicken. This was the
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most evident for the HN, and L proteins, for which strains Yucaipa and England were
substantially more closely related to each other than either was to strain Bangor. Curiously,
however, for the P protein, strains Yucaipa and Kenya were substantially more closely
related than either was to strain England.

Another difference between strain Bangor and the other three strains was observed in the
fusion protein cleavage site, which plays a major role in NDV pathogenesis (Lamb and
Parks, 2007). Virulent NDV strains have a multiple basic aa cleavage site R-X-K/R-R↓F,
which is cleaved intracellularly by ubiquitous cellular furin-like proteases, and also have a
phenylalanine (F) residue at the beginning of the F1 subunit, which also may play a role in
facilitating cleavage (Morrison et al., 1993). The avirulent NDV strains have one or a few
basic residues at the cleavage site and do not conform to the furin motif, and have a leucine
(L) residue at the first position of F1 subunit. Interestingly, the putative cleavage sites of
other APMV serotypes showed that the cleavage site sequences of some serotypes are not
necessarily predictive of the protease activation phenotype (Samuel et al., 2010). The
putative F protein cleavage site (DKPASR↓F) of the strains England and Kenya resembled
that of prototype strain Yucaipa and contained two basic residues and a phenylalanine
residue at the F1 terminal end, while that of strain Bangor (TLPSAR↓F) contained only one
basic amino acid. However, none of the sites conform to the preferred furin cleavage site (R-
X-(K/R)-R↓). Each of these strains replicated in a trypsin-independent manner in both of the
cell lines that we tested and the addition of trypsin or allantoic fluid did not substantially
increase virus replication, as we previously observed for the prototype strain Yucaipa in a
comparison involving nine different cell lines (Subbiah et al., 2008). Thus, on the basis of
cleavage site sequence, it will be difficult to predict the virulence of these strains, unlike in
the case of APMV-1 strains. Our results of MDT in chicken eggs and ICPI in day-old chicks
provided evidence of an avirulent phenotype for each of these strains in chickens. APMV-2
neither produced plaques nor syncytia in tissue culture. These viruses produced single cell
infection in the cell lines tested. These results indicate that APMV-2 is different from other
APMV serotypes in its infection mechanism. Our result suggests that unlike other APMV
serotypes, APMV-2 infection does not require cell to cell fusion. Hence, cleavage of F
protein is probably not needed for APMV-2 infection. This agrees with our observation that
addition of external proteases does not enhance growth of APMV-2. However, additional
experiment using reverse genetics of APMV-2 is needed to confirm our hypothesis.

In conclusion, the complete genome sequences were determined for APMV-2 strains
Bangor, England and Kenya. Comparison of the nt and predicted protein aa sequences
among four APMV-2 strains showed the existence of divergence between strains Yucaipa,
England, Kenya versus strain Bangor, suggesting that APMV-2 contains two antigenic
subgroups, as reported with the APMV-3 and -6 serotypes. This grouping based on sequence
relatedness and phylogenetic tree also is consistent with the antigenic analysis. This
indicated that APMV-2 strains represent two APMV-2 subgroups and we propose that the
prototype strain Yucaipa and strains England and Kenya represent one subgroup while strain
Bangor represents a second subgroup. It will be interesting in future to look at the antigenic
and genetic analyses of other APMV-2 strains isolated from different avian species.
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Fig. 1.
Single cell infection caused by APMV-2 strains Yucaipa, Bangor, England and Kenya in
DF1 and Vero cells, three days post infection. The infected cells were immunostained using
single-infection sera raised specifically against each of these strains in chickens.
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Fig. 2.
Nucleotide (nt) sequence alignment of the leader region (A) and of the 5′-terminal 60 nt of
the trailer region (B) of the indicated APMV-2 strains, shown 3′ to 5′ in negative sense. Dots
indicate identity with strain Yucaipa. Sequences are in negative-sense. Numbers indicate nt
position.
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Fig. 3.
Amino acid sequence alignment of the C-terminal domain of the V proteins of the indicated
APMV-2 strains. Conserved cysteine (C) residues are underlined; dots indicate identity with
strain Yucaipa. Numbers indicate the amino acid position.

Subbiah et al. Page 17

Virus Res. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Alignment of the F protein cleavage site sequences of the four APMV-2 strains with those of
other APMVs. Basic amino acids (R=arginine and K=lysine) are underlined and in bold.
Numbers indicate amino acid position.
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Fig. 5.
Phylogenetic tree of representative members of the family Paramyxoviridae. The
phylogenetic tree of representative members of the family Paramyxoviridae was constructed
with the complete genome sequences and using MEGA 4.1, Molecular Evolutionary
Genetics Analysis software. The numbers at the node represent the bootstrap values among
different viruses and the numbers under the lines indicate branch length.
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Table. 1

Primers used to amplify APMV-2 genome based on previously available genome sequence of APMV-2
prototype strain Yucaipa.

Primer name position within APMV-2 strain Yucaipa genome Primer sequence

Gene Start forward Gene start consensus * NNNNNNNGGGGGCGA

Gene End reverse Gene end consensus * NNNNNNNNNNNTTTTTTCTTAA

N Forward 388-415 ACATGCGAGCTCACGCAACCCTTGCAGC

N Reverse 1019-1044 GCCTGATCAAGGACGACATCTTCTTC

P Forward 1758-1781 CGAAGTCAAGGGCCCGCAAACAAC

P Reverse 2464-2484 CTGACTAATCTCATTCTTTAT

M Forward 3135-3157 CCAAAGAGTTGCAGCAGCAAATC

F Forward 5217-5242 AGTGTCACTACACCAAAAGGAGAAGG

HN Forward 6698-6719 CCAGTATGTATATCTCTCTGGG

L1 Forward 8869-8890 ATGCTAGTGAGACACACGCAGG

L1 Reverse 10422-10441 GAATACACAAAGAATGATTG

L2 Forward 11967-11986 ATATATCAGCAAATCATGCT

L2 Reverse 13314-13332 CAGCATACTTGTACCAGCT

L3 Forward 14170-14186 TCACCCTATTCGGACAG

*
N=A/T/C/G

Virus Res. Author manuscript; available in PMC 2011 September 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Subbiah et al. Page 21

Table 2

Antigenic analyses of APMV-2 strains Yucaipa, Bangor, England and Kenya using antisera from chickens
infected with the individual strains.

APMV-2 antiserum APMV-2 strains Cross HI titer a Neutralization titer b

Yucaipa 160 40

strain Yucaipa Bangor 20 10

England 40 40

Kenya 40 40

Yucaipa 20 10

strain Bangor Bangor 80 40

England 40 20

Kenya 40 20

Yucaipa 40 20

strain England Bangor 40 20

England 160 80

Kenya 160 40

Yucaipa 80 20

strain Kenya Bangor 40 20

England 320 40

Kenya 640 80

a
Cross HI titer is the reciprocal of the highest dilution of antisera that inhibited 4 HA units of the virus.

b
Neutralization titer was defined as the reciprocal of highest dilution of antisera that caused 50% reduction in the number of infected wells

compared to the positive control wells.
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