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The replication characteristics of Avian pneumovirus (APV) subtype C were studied by
generation of a growth curve and by northern blot hybridization of cell-infected RNA with APV
N and M genes. APV/C was detected in cell culture media by 24 hours post-infection replicating
to a maximum titer of 10° by six days post-infection. APV/C transcription could be detected by
northern blot hybridization within 24 hours post-infection and continued for 5 days. The N, P, M,
F, and M2 genes for the APV subtypes A, B and C were sequenced. Phylogenetic analysis of the
APV N, P, M, F and M2 contiguous sequences confirmed the presence of three APV subgroups.
Finally, polyacrylamide gel electrophoresis was performed on purified APV/C proteins to
determine if the attachment protein, G, was present since it has yet to be cloned. A putative G
protein was detected by Coomassie and glycoprotein staining.
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CHAPTER 1

INTRODUCTION

Avian pneumovirus is the etiologic agent of a respiratory disease of poultry,
which causes symptoms including coughing, nasal discharge, tracheal rales, foamy
conjunctivitis and sinusitis in turkeys of all ages. Laying birds may also experience a
drop in egg production. The disease is also known as turkey rhinotracheitis and swollen
head sydrome in chickens. Secondary bacterial infections can lead to increased mortality
among infected flocks.

Avian pneumovirus is a member of the Paramyxoviridae family, which has two
subfamilies. The Paramyxovirinae subfamily encompasses Avian Paramyxovirus types
one through nine and Newcastle Disease Virus. The second subfamily is the
Pneumovirinae that contains avian pneumovirus and its relatives, the human, bovine,
ovine, and caprine respiratory syncytial virus and pneumonia viruses of mice.

Avian pneumovirus, like other Paramyxoviruses, has a nonsegmented, negative-
sense RNA genome that, by itself, is not infectious. The genome of most pneumoviruses
consists of 8 to 10 genes coding for the two nonstructural proteins, NS1 and NS2; the
nucleoprotein, N; the phosphoprotein, P; a matrix protein, M; a fusion protein, F; the
second matrix protein, M2; an RNA dependent RNA polymerase, L; a small hydrophobic
protein, SH; and a surface glycoprotein, G. Pneumoviruses are distinguished from other

Paramyxoviruses in that there is no hemagglutination or neuraminidase activity



associated with its proteins. Unlike its mammalian counterparts, avian pneumovirus
lacks the NS1 and NS2 genes.

Avian pneumovirus was discovered during the 1970s in South Africa. It was
soon isolated from poultry in Europe, Israel, and Asia. Two distinct subtypes, A and B,
were initially characterized. Avian pneumovirus was first isolated in the US during 1996
in Colorado. Subsequently, there have been outbreaks of avian pneumovirus in
Minnesota. There was no cross-reactivity using serological reagents from the European
A or B subtypes with the Colorado Pneumovirus. Thus, it was characterized as a third, C,
subtype.

The first objective of this study was to study the replication characteristics of
APV/CO by performing a one-step growth curve and northern blots with viral protein
genes. Next, SDS-PAGE electrophoresis was performed with Coomassie staining and
glycoprotein staining to determine if the G protein is present in APV/CO. Finally,
nucleotide sequencing was completed for the APV/A, APV/B and APV/Co M, N, P, F,
and M2 protein genes and phylogenetic analysis was performed on the three subtypes
using a contiguous protein sequence.

The hypothesis was that APV/CO would contain the G protein upon protein gel
staining as it is present in the APV/A and APV/B subtypes. The APV/A and APV/B N
protein gene sequences, which have been published, have shown identical sequences for
APV/A and APV/B. The hypothesis was that these two proteins would have differing
sequences since all other proteins for the two subtypes which were published, G, M, and
F had differing sequences. The APV/B P and M2 protein gene sequences had not been
previously published. The phylogenetic analysis was expected to reinforce the different

subtypes of APV/A, APV/B and APV/C.



CHAPTER 2

LITERATURE REVIEW

History of Avian Pneumovirus

The first documented outbreak of avian pneumovirus (APV) occurred in South
Africa during the late 1970s, although the causative agent was not identified until 1986
(reviewed by Jones, 1996; Alexander, 1997). Since then, APV has been isolated in
Europe, Asia, Israel, and South America. Until February 1997 when the National
Veterinary Services Laboratory (NVSL, APHIS, USDA) isolated APV from commercial
turkeys in Colorado (APV/CO), the United States had been considered APV free (Seal,
1998). Due to the lack of cross-reactivity of the US strain with reagents produced in
Europe, APV/CO went undetected during the first ten months of the US outbreak (Seal,
1998). An ELISA test developed by the NVSL using purifed APV/CO virus as the
antigen demonstrated infection among flocks in the Northern Midwest of the United
States, including Minnesota, North Dakota, and South Dakota (Senne, 1998). The lack of
serologic activity by APV/CO infected birds with APV from previous isolates
demonstrates the emergence of new strains in North America (Seal, 1998).

As discussed by Jones (1996), the initial origin of APV is still unknown.
However, the emergence of APV in the most easterly region of Europe lends credence to

the hypothesis that the virus was spread by migratory birds, which fly long distances



(Jones, 1996). The role of migratory birds does not necessarily explain the rapid spread

of APV throughout Europe or the appearance of APV/CO in the central United States.

Clinical Disease

APV is the causative agent of turkey rhinotracheitis (TRT) and contributes to
swollen head syndrome (SHS) in chickens (reviewed in Jones, 1996; Alexander, 1997).
The virus may not be the primary pathogen in SHS, because SHS is sometimes detected
with Eschericia coli and infectious bronchitis virus infections of chickens (reviewed by
Cook, 2000). Clinically APV is indistinguishable from Bordetella avium infection in
turkeys (Jones, 1996; Alexander, 1997). APV infects turkeys of all ages. It has a
morbidity rate of 90-100% and a mortality rate of 0-30%, with an increase of mortality up
to 90% in the presence of a secondary bacterial infection (Jones, 1996; Randhawa et al.,
1996a; Alexander, 1997; Kleven, 1997). Clinical signs of infected turkeys are primarily
respiratory and include snicking, rales, sneezing, foamy nasal discharge, conjunctivitis,
and submarndilar edema (Jones, 1996; Alexander, 1997). In chickens, a subclinical
infection may be almost undetectable. Clinical signs of infection in chickens are also
respiratory, but may include sinus swelling, torticolis, cerebral disorientation, and
depression (Jones, 1996; Alexander, 1997). The detection of APV in the lungs
demonstrates that the virus may be capable of causing lower respiratory tract infections,
although upper respiratory tract infection is usually observed (Jones, 1996). Virus has
been recovered from cilia of turbinate, trachea, and lung epithelial tissues in
experimentally infected turkey poults and chickens (Majo et al., 1995; Majo et al., 1996;
Majo et al., 1997). Presence of APV in the reproductive tracts of experimentally infected
laying turkeys correlates with a drop in egg production observed during APV infections

(Majo et al., 1995; Cook et al., 1996). Although viral replication occurs in the mature



oviduct, there is no evidence of egg transmission among turkeys or chickens (Jones,
1996). The replication of APV in the turbinates causes severe rhinitis associated with
APV infection, and allows for secondary bacterial infections (Majo et al., 1997; Jones et
al., 1988). Reverse transcriptase polymerase chain reaction (RT-PCR) can be used to
detect viral genomic RNA from tracheal swabs 14 days post infection (Jing et al., 1993)
and antibodies to the virus can be detected by ELISA or virus neutralization several

weeks after infection of adult turkeys (Jones et al., 1988).

Diagnosis of Viral Infection

Clinical signs alone cannot be used for diagnosis of APV because these are
similar to other respiratory illnesses such as infectious bronchitis virus, avian influenza,
Bordetella avium and Newcastle disease virus. Diagnosis of APV infections can be made
by one of three methods. First, virus can be demonstrated by isolation and viral antigens
may be detected by direct fluorescent antibody procedure (Kapur et al., 1998). Virus
isolation of APV is difficult because the virus is only present for a short period after
infection (Cook et al., 1991). Virus is best isolated from the upper respiratory tract rather
than from the trachea since that is where the virus is present in the highest titer (Cook et
al., 1991). Primary isolation of virus can be performed by viral replication in tracheal
organ cultures from specific pathogen free (SPF) chickens or turkey embryos (Wyeth and
Alexander, 1989).

Second, virus specific antibodies in the serum of infected birds, can be
demonstrated by indirect flourescent antibodies (IFA), enzyme-linked immunosorbant
assay (ELISA), or virus neutralization (VN) (Grant et al, 1987; O’Loan et al, 1989; Jones,
1996; Kapur et al, 1998). When ELISA is utilized, the antibody must cross-react with

APV. ELISA has been used to diagnose APV infections among turkeys in Canada



(Heckert et al., 1994). No APV was found, but the ELISA kit used antigens from
European strains of APV and these reagents do not cross react reliably with the North
American strain of APV/CO (Senne et al., 1998). ELISA tests are now available for the
US strain of APV that utilize inactivated APV/CO as an antigen (Senne et al., 1998) or
expressed recombinant matrix protein of APV/CO (Gulati et al., 2000).

A third technique used to diagnose APV infection is by use of polymerase chain
reaction (PCR) coupled with reverse transcription (RT) for viral nucleic acid detection
(Kapur et al., 1998). RT-PCR, using APV/A fusion gene primers, has been used to detect
APV (Jing et al., 1993). Moreover, RT-PCR has been used to differentiate between the A

and B strains of APV (Jing et al., 1993; Naylor et al., 1997).

Control of APV Infection

Live-attenuated, oil-adjuvant and inactivated vaccines are currently used for
control of APV in turkeys and chickens. Live-attenuated cell-culture adapted APV
strains have proven effective as vaccines (Jones et al., 1986; Jones, 1996). Vaccines
developed utilizing APV/ A confer protection for turkeys against infection with APV/A
and APV/B strains (Cook et al., 1995). Maternal antibodies made in response to APV do
not protect turkey poults (Naylor et al., 1997). Vaccination with both the live and
inactivated vaccines protected laying turkeys from both respiratory infection and decrease
in egg production (Cook et al., 1996). It is not known if these APV vaccines will protect
turkeys from infection with APV/CO. Also, prototype live attenuated APV vaccines may
cause disease in young poults. This is apparently due to virulent viral subpopulations that
must be removed from current vaccine preparations (Naylor and Jones, 1994). A
recombinant vaccine made with F protein gene in a fowlpox viral vector gave a partial

protective immune response to APV challenge (Qingzong et al., 1994). Treatment of



poultry with cyclophosphamide, used to suppress B-cell responses, prior to vaccination
with APV still conferred partial protection (Jones et al., 1992). This infers that cellular
immune responses may be more important than humoral responses for protection against
APV (Jones et al., 1992). The safety and protective mechanisms of current APV
vaccines remains controversial. One of the best methods to control APV is the use of
good management practices and biosecurity (reviewed by Cook, 2000). During the early
outbreaks of APV/CO in the United States, biosecurity was important in control of
APV/CO because a vaccine is currently unavailable. Antibiotics may help to decrease
the mortality rate associated with APV when secondary bacterial infections are present

(Jones et al., 1992; Cook, 2000).

Classification

APV is classified as a member of the order Mononegalovirales.
Mononegalovirales includes viruses with a single stranded, nonsegmented RNA genome
of negative sense. Members of the Mononegalovirales order are enveloped viruses,
which derive the envelope from the host cell plasma membrane during assembly. Three
viral families make up the order Mononegalovirales: the Filoviridae, the Rhabdoviridae
and the Paramyxoviridae (Lamb and Kolakofsky, 1996).

APV is a member of the family Paramyxoviridae, which is comprised of two
subfamilies, Paramyxovirinae and Pneumovirinae. Paramyxovirinae is divided into three
genera: Rubulavirus, Morbillivirus, and Paramyxoviruses. Included in the Rubulavirus
genus is Newcastle Disease virus, which also causes respiratory infections in poultry.
Pneunovirinae contains only one genus, Pneumovirus. Members of the Pneumovirus
genome include APV, human respiratory syncytial virus (HRSV), bovine respiratory

syncytial virus (BRSV), and pneumonia virus of mice (PVM). APV is the only avian



pneumovirus, and due to its differing gene order from the mammalian pneumoviruses,
smaller polymerase gene, and the lack of nonstructural proteins it has been proposed to
be the type species of a new genus, Metapnuemovirus, within the subfamily
Pneumovirinae (Pringle, 1998; Randhawa et al., 1996a).

APV was initially classified as a pneumovirus based on morphological analysis,
electrophoretic mobility of its proteins, and the number of MRNA species (Randhawa et
al., 1996a). Based on electron microscopy, APV has a pleomorphic shape, contains a
nucleocapsid 14 nm in diameter with a helical component, pitch of 7 nm, and well-
defined surface projections of 13-14 nm in length (Collins and Gough, 1988). These
findings correlate with HRSV, which has nucleocapsid dimensions of 14 nm in diameter
with a helical pitch of 6.5 nm (Collins and Gough, 1988). These dimensions are distinct
from those of other paramyxoviruses.

Purified APV was found to have electorophoretic mobility of proteins similar to a
pneumovirus, and plaques appeared similar to those of RSV and PVM (Ling and Pringle,
1988). APV has 7 viral polypeptides, 2 of which were glycosylated (Collins and Gough,
1988; Ling and Pringle, 1988). RSV has 10 polypeptides, 2 of which are glycosylated
(Collins and Gough, 1988). APV lacked the hemagglutination and neuraminidase
activities, characteristic of Paramyxoviruses, such as NDV (Alexander, 1997). Further
characterization of APV by molecular methods confirmed genomic similarity to
Pneumoviruses (reviewed in Jones, 1996; Alexander, 1997).

When APV isolates were characterized with monoclonal antibodies and by
ELISA, it was found they could be differentiated into two distinct subgroups (Cook et al.,
1993; Collins et al., 1993). The UK and French isolates were differentiated from isolates
from Hungary, Spain, and Italy (Cook et al., 1993; Collins et al., 1993). The nucleotide
and predicted amino acid sequence of the G protein, which is the most variable protein of

RSV, confirmed two distinct subgroups analogous to those of RSV (Juhasz and Easton,



1994). These subgroups were designated A and B, the same nomenclature used for RSV
subgroups (Juhasz and Easton, 1994; reviewed in Jones, 1996). APV/A contains isolates
from UK and France, while APV/B contains isolates from Hungary, Spain and Italy.
APV/B has also been detected in Great Britain more recently (Naylor et al., 1997).
Nested PCR developed for A and B strains have shown that APV/A was present in one of
the initial outbreaks in Germany during the 1980s (Hafez et al., 2000). APV/A had
previously been thought to have not been present in continental Europe. APV/CO does
not react serologically with APV/A or APV/B. APV/CO has been shown to be only
partially related to APV/A by IFA or VN tests and was not demonstrated to be related to
APV/B (Panigrahy et al., 2000). The nucleotide and predicted amino acid sequence of
the APV/CO matrix protein gene (M), which is conserved, showed that it was 78%
similar to APV/A and 77% similar to APV/B (Seal, 1998). The APV/A and APV/B
subtypes had 89% amino acid sequence identity (Seal, 1998). This led to the putative
placement of APV/CO into a third subgroup, APV/C.

Two French isolates, Fr/85/1 and Fr/85/2 reacted poorly with APV/A and APV/B
in ELISA tests and they were not neutralized by either APV/A or APV/B antisera
(Béyon-Auboyer et al., 2000). In addition, they cannot be detected using PCR primers
against the G protein gene for APV/A and APV/B proving that they are potentially non-A
and non-B avian pneumoviruses (Bayon-Auboyer et al., 2000). The nucleotide
sequencing of the F, L, and G proteins of Fr/85/1 and Fr/85/2 revealed differences to
APV/A, APV/B and APV/C suggesting that they belong to a possible fourth subgroup,

APV/D (Béayon-Auboyer et al., 2000).
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Genome Characteristics

Pneumoviruses contain a negative-sense genome of approximately 15kb in length
generally encoding 10 genes, versus six or seven as in other paramyxoviruses such as
NDV (Alexander, 1997). Genes encoded by pneumoviruses include the nonstructural
proteins (NS1 and NS2), the matrix protein (M), the phosphoprotein (P), the
nucleoprotein (N), the small hydrophobic protein (SH), the second matrix protein (M2),
the fusion protein (F), the attachment protein (G), and the viral RNA dependent RNA
polymerase (L). The lack of hemagglutination and neuraminidase activity, associated
with the attachment protein, is an important factor in distinguishing pneumoviruses from
other paramyxoviruses (Collins et al., 1996).

Genomic sequence analysis has been completed for several European isolates and
information has been published for the N (Li et al, 1996), M (Yu et al., 1992a; Randhawa
etal., 1996b), M2 (Yu et al., 1992b; Ling et al., 1992), SH (Ling et al., 1992), G (Ling et
al., 1992; Juhasz and Easton, 1994), F (Yu et al., 1991; Naylor et al., 1998), P (Ling et
al., 1995), and L (Randhawa et al., 1996a) genes. In addition, M (Seal et al., 1998) and F
(Seal, 2000) gene sequences of APV/CO have been published. The sequences have
correlated with those of other members of the Pneumovirus genus most closely in every
case. The gene order of APV is 3’-N-P-M-F-M2-SH-G-L-5" (Ling et al., 1992) which is
different from the gene order of mammalian pneumoviruses, whose gene order is 3’-NS1-
NS2-N-P-M-SH-G-L-5’. The gene order of APV is similar to that of Rubulavirus, except
Rubulavirus lacks the M2 (22K) gene, which is unique to Pneumoviruses (Randhawa et
al., 1996a). APV'’s lack of the nonstructural genes, NS1 and NS2 (Pringle, 1996;
Randhawa et al., 1997), and it has a smaller L gene than other members of Pneumovirus
(Randhawa et al., 1996a). This accounts for the 13.3 kb genome of APV, compared to

the average 15 kb of other pneumoviruses. Since APV has the M2 gene, characteristic of
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pneumovirus but lacks the NS1 and NS2 genes, it has been suggested that it be
considered a new representative of Pneumovirinae, termed Metapneumovirus (Pringle,

1996; Pringle, 1998).

The Attachment Protein

The attachment, G, protein of pneumoviruses is the major antigenic determinant
of pneumoviruses. Based on the sequence variation between different isolates, APV was
separated into two subgroups, A and B (Juhasz and Easton, 1994). This subgrouping of
A and B is similar to that of HRSV (Mufson et al., 1985; Johnson et al., 1987), based on
the variable G protein. The sequence of the G protein gene of APV/A contains 1193
nucleotides, while the APV/B sequence contains 1260 nucleotides. The two subgroups
had 98.5-99.7% sequence identity within the group, but only 38% identity between the
two groups (Juhasz and Easton, 1994). This correlates with earlier data that could
serologically place the isolates into two subgroups (Collins et al., 1993; Cook et al.,
1993). This difference in viral proteins could account for the need for reaction
differences when using different antigens for serology (Eterradosi et al., 1995).

The APV G proteins of APV/A, APV/B, Fr/85/1 and Fr/85/2 have several
common characteristics. First, they are of comparable length and they have orientation
typical of type Il glycoproteins and they have a mucin-like composition (Bayon-Auboyer
et al., 2000). They have potential for O and N linked glycosylation as well as N
myristylation (Béyon-Auboyer et al., 2000). These proteins have high concentrations of
cysteine residues, which possibly contribute to secondary structure by disulphide bridges.
Finally, they all have a common hydrophobicity / hydrophilicity profile.

The G protein mediates attachment of the virus to the host cell (Collins et al.,

1996). In HRSV, antigenic changes have been shown to be related to mutations of the G
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protein (Martinez et al., 1999). Examples of these types of mutations include changes in
protein-linked carbohydrates, and amino acid changes resulting from terminal mutations,
substitution mutations, A-G transitions and frameshift mutations (Bayon-Auboyer et al.,

2000).

The Fusion Protein

The fusion, F, protein is the second major antigenic protein of the
Pneumoviruses. The F protein mediates fusion of the virus envelope to the host cell
membrane (Naylor et al., 1998). There are five main characteristics of the fusion protein
of Pneumoviruses. First, there is a N-terminal hydrophobic region that functions as a
signal sequence for membrane translocation (Yu et al., 1991). Second, there is a stretch
of basic amino acids, Arg-Lys rich, where cleavage can occur from F into F1 and F2
subunits (Yu et al., 1991; Naylor et al., 1998). Next, there is a characteristic N-terminal
region of the F1 fusion associated subunit. Also, there are approximately 22 hydrophobic
residues near the C-terminal of the membrane spanning sequence (Yu et al., 1991).
Finally, there is a C-terminal hydrophilic sequence that spans 25 residues. All five of
these characteristics are present in the APV F proteins, which further helped to classify it
as a Pneumovirus (Yu et al, 1991).

The F gene sequence information for all three subgroups, A (Yuetal., 1991), B
(Naylor et al., 1998), and C (Seal et al., 2000), has been published. The APV/A isolate
has an F mRNA comprised of 1636 nucleotides with a predicted amino acid sequence
538 residues in length (Yu et al., 1991). The APV/B isolate also has 538 amino acid
residues predicted, but has 1640 nucleotides in the mRNA (Naylor et al., 1998). The F1
subunit is composed of 436 amino acids and the smaller F2 subunit is composed of 102

amino acids (Yu et al., 1991). The F gene starts with the sequence GGGACAAGUA,
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which is characteristic of all APV genes sequenced (Yu etal., 1991). The US isolates
have 98% amino acid sequence identity amongst themselves, but they only have 72% and
71% amino acid sequence identity to APV/A and APV/B respectively (Seal et al., 2000).
The APV/CO isolates also differ in their cleavage site with respect to APV/A and APV/B
(Seal et al., 2000). This further qualifies that the US isolates belong in a third subgroup,
APV/C.

The Fr/85/1 and Fr/85/2 strains of APV have 73.9%, 80.5% and 70.9% identity
with the F1 portions of the fusion protein of APV/A, and APV/B and APVI/C,
respectively (Bayon-Auboyer et al, 2000). This combined with the low sequence
similarities of the G protein of the French isolates with those of APV/A and APV/B have
led to the proposal that these isolates should form subgroup APV/D (Bayon-Auboyer et

al., 2000).

The Matrix Protein

The matrix, M, protein has been hypothesized to coordinate the assembly of virus
components at the cell membrane prior to viral budding, and to help regulate viral gene
transcription (Randhawa et al., 1996b). The M protein is an internal protein that is
associated between the nucleocapsid and the envelope (Collins et al., 1996). The M
protein is the most abundant protein and its contact with the N protein may be the driving
force for budding of the virus from the cell (Collins et al., 1996). The M protein of APV
is 254 amino acids in length, almost identical to the length of RSV but considerably
shorter than that of other paramyxoviruses, which confirms its placement in the family
Pneumovirinae (Yu et al., 1992a; Randhawa et al., 1996b). The M protein is very
conserved among paramyxoviruses (Rima, 1989) and can be reliably used for molecular

epidemiology (Seal, 1996). Nucleotide sequences of the M protein genes of APV/A and
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APV/B isolates have 89% identity with each other, but the APV/CO isolates have 78%
identity with A and 77% identity with B (Randhawa et al., 1996b; Seal et al., 1998). This
agrees with serological data that APV/CO should be placed into a separate subgroup.

The amino acid sequences of APV/A, APV/B and APV/CO are more highly conserved in
the coding regions than in the noncoding regions, as would be expected (Randhawa et al.,

1996b; Seal et al., 1998).

The Nucleoprotein

The nucleoprotein, N, gene is identical in length to that of human, bovine, and
ovine respiratory syncytial viruses (Li et al., 1996). This agrees with the high level of
sequence conservation observed among nucleoproteins of pneumoviruses. APV N gene
is the most promoter proximal of the three major structural proteins (Li et al., 1996). The
gene is 1197 nucleotides in length and is composed of a single open reading frame coding
for 391 amino acid residues (Li et al., 1996). The nucleoprotein is the major
nucleocapsid protein and is complexed with the phosphoprotein, P, and the viral RNA-
dependendent RNA polymerase, L, around the virion RNA (VRNA) (Randhawa et al.,

1996a; Collins et al., 1996).

The Phosphoprotein

The phosphoprotein, P, gene of APV is composed of one open reading frame of
278 amino acids, which potentially encodes two peptides (Ling et al., 1995). The
phosphoprotein is part of the nucleocapsid complex consisting of the N, P, and L proteins
associated with the genomic RNA (Ling et al., 1995). The phosphoprotein acts as a

transcription and replication factor and as a chaperone that binds soluble L and N proteins
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(Collins et al., 1996). This complex is responsible for various mechanisms of RNA
synthesis such as genome replication accompanied by transcription and therefore vital to
virus replication in the host cell (Ling et al., 1995). The highly negative charged C
terminus of APV P protein has been hypothesized to possibly interact with the basic part
of the N protein as part of the nucleocapsid complex (Ling et al., 1995).

The phosphoprotein genes of Pneumoviruses are distinct from other
Paramyoviruses because they contain one open reading frame while other
Paramyxoviruses are polycistronic (Ling et al., 1995). However, the P genes of APV are
distinct from its mammalian viral counterparts in that they potentially encode two
proteins while the mammalian pneumoviruses only encode one protein (Ling et al.,

1995).

The Second Matrix Protein

The second matrix, M2, protein is also designated the 22K protein. The
M2 protein is distinct to the Pneumovirinae family of Paramyxoviruses. It is not
known what the function of the M2 protein is, but it is hypothesized to possibly
carry out the function of some of the larger proteins present in other
paramyxoviruses (Yu et al., 1992b; Ling et al., 1992). The M2 protein gene is
787 nucleotides in length and contains two open reading frames (Yu et al., 1992b;
Ling et al., 1992). The location of M2 in the virion is unclear, but it may be
associated with the same internal structures as N and P in RSV, but in a different

location than M (Yu et al., 1992b).
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The RNA Dependent RNA Polymerase

The RNA-dependent RNA polymerase protein, (L) gene is the polymerase
component for replication and transcription (Randhawa et al., 1996a). The L gene is
included in the innercore of the paramyxovirus nucleocapsid and is complexed with viral
RNA, the N and the P protein (Randhawa et al., 1996a). Transfection of plasmids
encoding the BRSV minigenome under a T7 promoter into vaccinia virus cells with T7
polymerase gave rise to functional progeny proving that N, P, and L are necessary and
sufficient for transcription and replication of the BRSV minigenome (Yunus et al., 1998).

The L gene of avian pneumovirus consists of 6099 nucleotides encoding 2004
amino acids in a single open reading frame (Randhawa et al., 1996a). It is the smallest L
gene described for any nonsegmented, negative stranded virus (Randhawa et al., 1996a).
Avian pneumovirus L gene contains six linear non-contiguous domains, a putative ATP
binding site and four polymerase motifs previously described for the L protein of

negative stranded viruses (Randhawa et al., 1996a).



CHAPTER 3

MATERIALS AND METHODS

Generation of a One-Step Growth Curve

Primary chicken embryo fibroblast (CEF) cells and VERO cells were cultured
using MEM media with 10% fetal bovine serum and antibiotics. APV/CO was
propagated in chicken embryo fibroblast cells using standard techniques (Alexander,
1997; Wyeth and Alexander, 1989). Following replication in CEF cells, APV/CO was
used to infect seven separate flasks of VERO cells. The flasks were incubated for
different amounts of times ranging from one to seven days post-infection. The viral
infected cells from each day post-infection were titrated using serial ten-fold dilutions in
media. Uninfected VERO cells were used as a negative control. The titer was
determined as 1 over the dilution for the last dilution where cytopathic effects (CPE) was

determined to be present.

Northern Blot Hybridization

RNA was purified by guanidium extraction (Chirgwin et al., 1979) of infected
cells and ultracentrifugation through a 5.5M CsCl gradient (Glisin et al., 1974). The

cell-infected RNA was used to perform northen blot hybridization.
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Equal amounts (6 ng), as determined by using spectroscopy, of APV/CO cell-
infected RNA from one to six days post infection were fractionated by denaturing gel
electrophoresis in 1% agarose using MOPS buffer [final concentration of 20mM 3-(N-
morpholino)-propane sulfonic acid, 5mM sodium acetate, 10mM EDTA, pH 7.21]
(McMaster and Carmichael, 1977; Seal et al., 1991). Integrity of RNA was tested by UV
illumination of ethidium bromide stained RNA.

Following gel electrophoresis, RNA was transferred (Seal, 1994) to prewetted
Boehringer-Mannheim positively charged nylon membranes. The membrane was baked
for 30 minutes at 120°C. The blot was prehybridized and hybridized using DIG easy hyb
buffer (Boehringer Mannheim). Hybridization was accomplished (Seal et al., 1985)
using APV/CO M and N gene probes, which were PCR generated, using a reaction
mixture containing the specific gene, forward and reverse primers, enzyme, PCR buffer
with MgCl,, dNTPs and DIG labeled dNTPs, as directed in the DIG PCR probe synthesis
kit (Boehringer Mannheim). Positive and negative reactions with and without labeled
dNTPs were also run. Following overnight hybridization to the probe, the membranes
were washed according to the DIG hybridization kit (Boehringer Mannheim) and
detection was completed after overnight exposure to NBT (nitroblue tetrazolium salt) /

BCIP (5-bromo-4-chloro-3-indolyl phosphate).

Polyacrylamide Gel Electrophoresis

Following infection of cells in cultures with APV/CO, virions were purified by
sucrose gradient centrifugation (Collins and Gough, 1988). Detection of APV/CO
proteins was accomplished by running proteins diluted in sample buffer (200mM tris-
HCI, pH 6.8, 2%SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.002% bromphenol blue)

and electrophoresed (Hames, 1981) in a discontinuous 4-15% SDS-polyacrylamide
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Criterion precast gel manufactured by BioRad (Hercules, CA). The molecular weight
markers, 10kDA marker and Kaleidoscope marker were purchased from BIORAD
(Hercules, CA). NDV proteins were also electrophoresed by PAGE. Proteins resolved
by SDS-PAGE were observed by staining with BIOSAFE Coomassie stain as directed by
the manufacturer (BIORAD, Hercules, CA). Avian pneumovirus glycoproteins were
observed by staining with GelCode Glycoprotein staining Kit utilizing Schiff’s reagent

(Alexander and Collins, 1977) as directed by the manufacturer (PIERCE, Rockford, IL).

Synthesis of cDNA and Cloning

Isolates used in synthesis of cDNA, cloning, and sequence analysis are listed in

Table 1.

Table 1. The avian pneumovirus isolates and subtypes used in nucleotide sequence and

phylogenetic analysis.

I S O L A T E S UBTY PE
APV/UK(14.1)/A A
APV/Hungary/B B
APV/US(CO)/C C

The APV/A, APV/B, and APV/CO isolates were propagated in VERO cells
using standard techniques (Wyeth and Alexander, 1989; Alexander, 1997). Following
replication in VERO cells, RNA was purified by guanidinium extraction (Chirgwin et al.,

1979) of infected cells and ultracentrifugation through CsCl (Glisin et al., 1974). The
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cDNA was synthesized by RT-PCR (Belavsky et al., 1989) utilizing an oligo-dT primer
(GGGAGGCCCTs) with a conserved APV 5’primer. Specific genes were amplified
from cDNA utilizing a PCR elongase reaction (Seal, 1998) using 5’primers designed
from the PRIMERZ2 (Scientific Education Software) program and the oligo-dT primer.

The primers used are listed in Table 2.

Table 2. Primers used to clone avian pneumovirus N, P, M2, F, and M protein genes.

PRIMER PRIMER SEQUENCE GENE
NAME
APVN1 GGGACAAGTIAAAATGTCTCT N
APVP1 GGGACAAGTIAIAATGTCITT P
APVM2- GGACAAGTGAAGATGTCTIG M2
1b
APVF1 GGGACAAGTGAAAATGTCTTGG F
APVM1 GGGGACAAGTIAAIATGGAGTC M

Amplified products were cloned using TOPOXL cloning systems (Mead et al.,
1991) according to the directions of the manufacturer (Invitrogen, Carlsbad, CA).
Ligated plasmids were transformed into E.coli using standard transforming buffer and
plated on LB media with kanamycin. Colonies were picked and grown in overnight
cultures of LB broth with kanamycin. The colonies were purified using miniprep
procedure (Zhou et al., 1990) and the QIAGEN miniprep purification system following
the directions of the manufacturer. Following purification, colonies were analyzed by

digesting purified plasmids with EcoRI and electrophoresis in an agarose gel.
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Nucleotide Sequencing Analysis

Double stranded sequencing (Sanger et al., 1977) with Taq polymerase (Applied
Biosystems Inc.) and flourescently labeled dideoxynucleotides was performed with an
automated sequencer (Smith et al., 1986). Editing of nucleotide sequences, prediction of
amino acid sequences, and protein computer structure predictions were completed using
the DNASTAR (Madison, WI) and GeneWorks 2.3 (Intelligenetics, Mountain View, CA)
programs. Contiguous coding sequences of the N, P, M, F, and M2 genes were aligned
(Thompson et al., 1994). Relationships among APV isolates were determined by analysis
performed by Phylogenetic Analysis Using Parsimony (PAUP; Swofford, 1989) with

BRSV as an outgroup (Bucholz et al., 1999).



CHAPTER 4

RESULTS

Replication Characteristics of APV/CO

To study the replication characteristics of APV/CO, a one-step growth curve was
generated by infecting VERO cells and harvesting media at various times post-infection
(Fig. 1A). APV/CO can be detected in cell culture media by 24 hours post-infection.
There was no increase in viral titer past six days post infection (data not shown). Viral
titer increased linearly reaching a titer of 10° by six days post-infection. The
transcription of viral genes was studied by performing northern blot hybridization of
RNA from APV/CO infected cells, which had been collected one to seven days post-
infection. The APV/CO M and N protein genes were utilized as probes to detect
transcription. The northern blot for APV/CO M gene is presented in Fig. 1B. Viral
transcription is present at one day post-infection in both northern blots and it continues
until five days post-infection. The increase in viral transcription can be identified by the

greater intensity of the bands present in both northern blots.

Polyacrylamide Gel Electrophoresis

Polyacrylamide gel electrophoresis was performed on APV/CO followed by

staining to visualize the glycoproteins, which are present in APV/CO. The glycoprotein
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Figure 1. A) The one-step growth curve of APV/CO. Titer is expressed on the y-axis

and days post infection on the x-axis. B) Northern blot of APV/CO with M gene. Days

post-infection are expressed under the corresponding bands.
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stained gel is present in Figure 2A. Two bands are present in APV/CO and have been
hypothesized to be the glycoprotein, G, and the fusion protein, F. The APV G protein is
predicted to be 43,000 Da and would be the smaller of the two bands. The APV F gene is
58,000 Da prior to cleavage and the F1 particle is 47,000 Da. The large glycoprotein
present in NDV is the HN protein, which is 64,000 Da. The F protein in NDV is also
58,000 Da and the F1 protein after cleavage is 47,000 Da. A second protein gel was run
on APV/CO and was stained with Coomassie Blue to differentiate all proteins present in

APV/CO. The coomassie stained protein gel is presented in Figure 2B.

Nucleotide Sequencing Analysis

Nucleotide sequences were determined for APV/A and APV/B N, P, and M2
protein genes. The APV/B N, P, and M2 protein genes were not previously sequenced
and their sequences have been submitted to GenBank. The GenBank accession numbers
are included in Table 3.

The APV/A and APV/B N gene are 1186 nucleotides in length. They contain a
single ORF, which ranges from position 14 to position 1186. The APV/CO N gene is
1195 nucleotides in length. APV/CO N gene contains a single ORF, which ranges from
position 14 to position 1195. The sequence identity amongst APV/CO, APV/A and
APV/B N genes is 55%. The sequence identity of APV/CO with APV/A is 54%,
APV/CO with APV/B is 67%, and APV/A with APV/B is 74%.

The APV/B N gene nucleotide sequence codes for a protein, which is 391 amino
acids in length. The APV/A N protein is also 391 amino acids in length while the
APV/CO N protein is 394 amino acids in length. There is 45% identity amongst all three
isolates N protein. APV/A and APV/B N proteins share 72% identity, while APV/A and

APV/CO N proteins share 53% identity and APV/B and APV/CO N proteins have 51%
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Figure 2. A) The glycoprotein stain of polyacrylamide gel electrophoresis. NDV is on
the right and APV/CO is on the left. The proteins are labeled beside their respective
bands. B) The coomassie stain of the polyacrylamide gel electrophoresis. NDV is on
the right and APV/CO is on the left. The proteins are labeled beside their respective

bands.

Table 3. Accession numbers for avian pneumovirus type B sequences which have been

submitted to GenBank.

GenBank
ISOLATE SUBTYPE GENE ACCESSION

NUMBER
Hungary/657/4 APV/B N AF325442
Hungary/657/4 APV/B P AF325443
Hungary/657/4 APV/B M2 AF356650
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identity. The APV/B N amino acid sequence is presented in Fig. 3 with the alignment of
amino acid sequences for APV/A and APV/CO.

The APV/B P gene is 850 nucleotides in length, and it codes for an ORF which
ranges from nucleotide position 14 to position 850. The APV/A P gene is 847
nucleotides in length and it contains a single ORF which ranges from position 14 to
position 847. The APV/CO P gene contains an ORF which ranges from position 14 to
position 894 and the gene is 894 nucleotides in length. The nucleotide sequence identity
amongst all three isolates P gene is 32%. The APV/A P gene and the APV/B P gene
nucleotide sequences share 51% identity, while APV/CO and APV/A P genes share 45%
nucleotide sequence identity. APV/CO and APV/B P genes share 53% nucleotide
sequence identity.

The APV/B P gene codes for a protein predicted to be 279 amino acids in length.
The APV/A P gene codes for a protein predicted to be 278 amino acids in length and the
APV/CO P protein is predicted to be 294 amino acids in length. All three isolates share
45% amino acid sequence identity. APV/A and APV/B share 72% P protein identity
while APV/CO and APV/A share 53% P protein identity and APV/CO and APV/B share
51% P protein identity. The APV/B P amino acid sequence was aligned with the
predicted amino acid sequences for the P protein APV/A and APV/CO (Fig. 4).

The APV/B M2 gene was 749 nucleotides in length. The M2 gene codes for a
major protein with an ORF from position 14 to position 571 with a second minor ORF
ranging from position 531 to position 749. The APV/A M2 gene is also 749 nucleotides
in length with a major ORF from position 14 to position 571 and a second minor ORF
from position 531 to position 749. The APV/CO M2 gene is slightly smaller with a
nucleotide sequence 737 nucleotides in length and the major ORF ranging from position
14 to position 565 and the second minor ORF extending from nucleotide position 525 to

nucleotide position 737. All three isolates shared 39% nucleotide sequence identity of
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the M2 gene. APV/A and APV/B M2 genes shared 68% nucleotide sequence identity
while APV/A and APV/CO M2 genes shared 41% nucleotide sequence identity and
APV/B and APV/CO M2 genes shared 57% nucleotide sequence identity.

The APV/B M2 gene codes for a major protein predicted to consist of 186 amino
acids. The APV/A M2 major protein is also predicted to consist of 186 amino acids,
while the APV/CO M2 major protein is predicted to be 184 amino acids in length. The
M2 proteins of all three isolates share 68% amino acid sequence identity. The amino acid
sequence identity shared by APV/A M2 and APV/B M2 is 89%, while APV/CO M2 has
70% and 72% amino acid sequence identity with APV/A and APV/B, respectively. The
APV/B M2 amino acid sequence was aligned with the predicted amino acid sequences
for the M2 protein of APV/A and APV/CO (Fig 5).

Phylogenetic analysis was performed on avian pneumovirus isolates using the
contiguous nucleotide coding sequences of N, P, M, F and M2 genes. A parsimony-
based analysis was performed using 2000 bootstrap replications. APV/CO separates from
APV/A and APV/B with 99% confidence, and APV/B separates from APV/A and

APV/CO with 100% confidence. The phylogenetic analysis is presented in Figure 6.
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Fig 3. Comparative amino acid sequence among nucleocapsid (N) proteins among avian
pneumovirus isolates. Amino acid sequence differences are denoted by the single letter

code with the consensus sequence below.
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Fig 5. Comparative amino acid sequence of second matrix (M2) proteins among avian
pneumoviruses. Amino acid sequence differences are denoted by single-letter code with

the consensus below.
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Fig 6. Phylogenetic relationships among avian pneumoviruses. After the contiguous

coding sequences of the N, P, M, F, M2 genes had been aligned, a rooted phylogram was
generated by maximum parsimony analysis using bovine respiratory syncytial virus as an
outgroup. Absolute distances are shown above each branch. The number in parentheses

is the bootstrap confidence level after 2000 bootstrap replications.



CHAPTER 6

DISCUSSION

Growth Characteristics of APV/CO

Growth characteristics of APV/CO were studied by determination of a one-step
growth curve. The APV/CO was detected in cell culture media (VERO cells) by 24
hours post-infection and it replicated to a peak titer of 10° by six days post infection.
This corresponds closely to what has been reported for other types of avian pneumovirus
in different culture systems. Avian pneumovirus has been noted to replicate to a
maximum titer in 3 to 5 days post-infection in the nose and trachea (Jing et al., 1993) and
in tracheal organ cultures (Cook, 2000). Cavanagh and Barrett (1988) have reported
maximum virus titers at 4 to 5 days post infection for APV/A. These findings also
closely correlate with observations of field viruses. APV/CO infected turkeys have been
observed to have the intensity of viral symptoms peak during the 4™ to 5" day post-
infection (Edson, 1997). The slight difference in the time to reach peak viral titer could
have been affected by the VERO cells as the culture system or due to prior passaging of
the APV/CO isolate.

The transcription of APV/CO mRNA was detected at 24 hours post-infection and
continues to five days. This was demonstrated by Northern blot hybridization with the
APV/CO M and N genes. In RSV, the transcription of genes follows a 3’ to 5° order

from a single promoter (Collins et al., 1996), and this would make N and M two of the

32
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first genes to be transcribed separated only by the transcription of the P gene. This is also
true for avian pneumovirus. RSV proteins can be detected intracellularly by 6 hrs post-
infection with a peak of protein synthesis at 18 to 20 hrs post-infection with quantitative
increases based on the increased number of transcribing nucleocapsids (Collins et al.,
1996). This corresponds well with the data found for avian pneumovirus which shows
that both the M and N genes were being transcribed by 24 hours post-infection. While
the increasing band intensity corresponds with greater levels of transcription, it also

increases with the linear viral titer increases from days one to six post-infection.

Polyacrylamide Gel Electrophoresis

The polyacrylamide gel electrophoresis, which was performed on APV/CO,
showed two glycoproteins when stained with glycoprotein staining reagents. This agrees
with the two glycosylated proteins which were found by Collins and Gough (1988) for
APV/A. RSV has also been shown to have two envelope glycopolypeptides (Peeples and
Levine, 1979). The two proteins found are predicted to be the attachment (G) and the
fusion (F) glycoproteins. While it is thought that the smaller band is the G (43kDa)
protein, it is not possible to rule out that it is the cleaved F1 (47kDa) protein, which is
predicted to be approximately the same size. The NDV stained glycoproteins are HN
(68kDa) and F (58kDa). The smaller protein which would correspond to F is the same
size as the larger glycoprotein of APV and the F proteins of both NDV and APV are
58,000 Da. The F1 cleaved proteins are both 47,000 and the smaller band in the APV
stain is not present in the NDV stain, and it is predicted that the smaller band could
indeed be the G protein. To better determine if APV/CO does have the G protein present,

mADbs directed against the APV G protein would be needed.
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APV/A and APV/B were placed into different subgroups based on their divergent
G protein sequence. The G gene has failed to be sequenced for APV/CO and this
glycoprotein stain confirms that it is possibly present. The APV/CO G protein is
important because it will allow further phylogenetic analysis to be performed to better

determine how the APV isolates are related and how they may have evolved.

Nucleotide Sequence Analysis

The avian pneumovirus N gene of APV/A and APV/B both were 1186
nucleotides long and had a predicted sequence of 391 amino acids. The APV/CO N gene
was 1195 nucleotides long and had a predicted protein sequence of 394 amino acids. All
isolates contained a single open reading frame, and the predicted amino acid sequences
were well conserved amongst all three isolates. APV/A and APV/B had the greatest
nucleotide sequence similarity of 73%. APV/CO and APV/B shared 67% nucleotide
sequence identity while APV/CO and APV/A shared 54% nucleotide sequence identity.
APV/A and APV/B N genes are more closely related than APV/CO and APV/A or
APV/B. The predicted amino acid sequences of APV/A and APV/B were 91% similar,
and APV/CO shared 70% amino acid sequence similarity with APV/A and APV/B. The
higher conservation of the amino acid sequence relative to the nucleotide sequence
demonstrates that most of the nucleotide changes are in the third position of the amino
acids therefore resulting in synonomous changes.

The nucleotide sequence of all three isolates began with GGGACAAGT, which
is common for all avian pneumovirus genes (Li et al., 1996). There was greater
conservation at the C-terminal end of the N protein predicted amino acid sequence
amongst APV/A, APV/B and APV/CO. This conservation of the C-terminal end has

been found in all pneumoviruses as well as the very conserved stretch from amino acid
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250 to 330 (Li et al., 1996). The conserved region may possibly be important in the
nucleocapsid protein’s role in binding RNA or another viral component (Collins et al.,
1996) or it may be important in maintaining structural integrity (Li et al., 1996).

The phosphoprotein gene of avian pneumovirus is highly variable, and there was
only 32% nucleotide sequence identity amongst all three isolates. APV/CO and APV/B,
with 53% nucleotide sequence identity, were slightly more related than APV/A and
APV/B, which had 51% nucleotide sequence identity. APV/CO and APV/A shared 45%
nucleotide sequence identity. The protein sequences amongst all isolates shared 45%
identity while APV/A and APV/B shared the highest level of amino acid sequence
identity, 72%. This also shows that many of the nucleotide sequence differences occur in
the third codon position. APV/CO and APV/A shared 53% amino acid sequence identity,
while APV/CO and APV/B shared 51% amino acid sequence identity.

There were only two small conserved regions in the predicted amino acid
sequences of APV/A, APV/B, and APV/CO P proteins. The first occurred at the N
terminal end for the first 18 amino acids. The second conserved region occurred from
amino acid 134 to amino acid 220 with 3 highly divergent spacers at position 160,
position 170-171, and position 214. RSV also has two highly conserved regions from
position 1 to position 58 and from amino acid 86 to amino acid 241 with a divergent
spacer at position 186 (Collins et al., 1996). These conserved regions may be important
in the P protein’s roles as a transcription and regulation factor and as a chaperone that
binds soluble L and N (Collins et al., 1996).

The P gene of other paramyxoviruses has also been found to have a modular
organization with two conserved regions (Lamb and Kolakofsky, 1996). The C-terminus
has been found to be very important, and the P genes of other paramyxoviruses lose
function with deletion of the C-terminal region (Lamb and Kolakofsky, 1996). The C-

terminus has also been shown to be very acidic (Lamb and Kolakofsky, 1996), and all
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three APV isolates contain acidic amino acids at the C-terminal end despite the high
degree of variability. The N-terminus is where most of the phosphorylation occurs
(Lamb and Kolakofsky, 1996).

The M2 gene of avian pneumovirus contains two overlapping reading frames.
APV/A and APV/B M2 genes contained a major ORF of from nucleotide position 14 to
position 571 and a second ORF from nucleotide position 531 to position 749. The
APV/CO M2 gene contained a major ORF from nucleotide position 14 to position 565
and from nucleotide position 525 to position 737. This agrees with the two overlapping
reading frames reported for APV/A and for RSV (Yu et al., 1992b). The nucleotide
sequences amongst all three APV isolates were found to share 39% identity. The
nucleotide sequence of APV/A and APV/B were the most closely related sharing 68%
identity. APV/CO M2 gene shared 41% and 57% nucleotide sequence identity with
APV/A and APV/B, respectively. The predicted amino acid sequences were well
conserved amongst all three isolates, they shared 68% protein identity. APV/A and
APV/B shared 89% amino acid sequence identity; while APV/CO shared 70% and 72%
amino acid sequence identity with APV/A and APV/B, respectively. This was
comparable to the amount of conservation present in the N gene.

The M2 gene is only found in pneumoviruses. It is an internal protein, which is
consistent with data showing that there are no extensive hydrophobic regions, which are
usually present on envelope proteins (Yu et al., 1992b). The N-terminal region of the
APV M2 gene was very well conserved with the exception of a divergence at amino acid
11. The N-terminus of the APV M2 gene has also been shown to be well conserved with
the RSV M2 gene. The function of the M2 gene is not yet known for pneumoviruses, but
it is thought to be associated with the N, P, L and RNA complex which is formed during

transcription (Yu et al., 1992b). The high level of conservation, which is observed in the
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APV M2 genes, agrees with this and could possibly be important for binding viral
proteins or RNA.

The phylogenetic analysis which was performed on the contiguous coding
sequences of the N, P, M, F, and M2 genes of APV/A, APV/B, and APV/CO showed that
the avian pneumoviruses form a single clade with respect to their mammalian
counterparts. There were three distinct types of avian pneumoviruses from this analysis
and APV/A and APV/B appear to be more closely related, which was confirmed by the
genes, which were sequenced. APV/A and APV/B were placed into two separate
subgroups based on their highly divergent sequence of the attachment (G) protein (Juhasz
and Easton, 1994). This was consistent with the two subtypes found in HRSV (Johnson
etal., 1987). APV/CO was first isolated in the US during 1997, and was first tentatively
characterized as a third subtype due to its lack of cross-reactivity with APV/A and
APV/B subtypes (Seal, 1998). APV/CO was placed in a third subtype based on its M
gene sequence (Seal, 1998). The phylogenetic analysis performed, using APV genes
sequenced to date, further confirms that APV/CO is a third subtype of avian

pneumoviruses.
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