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Chapter I. Literature Review 
                      
1.  Avian Metapneumovirus 
Avian Metapneumovirus (AMPV) has been a major problem in 

Midwest turkey farms in recent years. AMPV, also known as turkey 

rhinotracheitis virus (TRTV; Yu et al, 1991), causes acute respiratory 

disease in turkeys with symptoms including swollen head syndrome 

(McDougall & Cook, 1986), coughing, nasal discharge (Jirjis et al, 

2000), snickering, rales, sinusitis, rhinitis, tracheitis (Kapczynski et al, 

2008) and poor egg production in laying turkeys. AMPV is a 

negative-sense RNA virus, first isolated and reported in the late 

1970’s in South Africa, from turkeys diagnosed with sinusitis (Njenga 

et al, 2003; Buys et al, 1980). Cases were also found later in Europe, 

where AMPV was first identified and designated as subgroups A and 

B (Turpin et al, 2003). Subgroups were based on serologic reactions 

to monoclonal antibodies and subsequent sequence analysis that 

revealed nucleotide sequence divergence in the attachment 

glycoprotein (Govindarajan et al, 2004). In 1996, the first American 

strain of AMPV was detected and isolated in Colorado and shortly 

there after in Minnesota. The strain was designated as subgroup C 

due to its genetic and antigenic differences from both subgroups A 
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and B (Seal, 1998). More recently, AMPV subtype C infections were 

also detected in commercial farms in Georgia, South Carolina, 

Arkansas and Ohio (Turpin et al, 2008). In addition, another subtype, 

subgroup D, was isolated in France and Korea (Bäyon-Auboyer et al, 

2000; Padhi and Poss, 2009).  

Pathological studies revealed that AMPV infections occur in two 

phases (Alexander et al, 1986). In the first phase, turkeys suffer from 

an acute but mild disease occasionally combined with a respiratory 

tract disease, which is caused solely by AMPV. The second phase 

involves turkey rhinotracheitis caused by the subsequent infection of 

other agents due to the severely altered turbinate epithelium during 

the first phase (Majo et al, 1996; Seal, 1998), resulting in mortality 

as high as 30% (Alvarez et al, 2004). Therefore, AMPV infections in 

turkeys can lead to high mortality and morbidity as they are often 

accompanied with subsequent infections (Majo et al, 1996; Yu et al, 

2006). AMPV infections have brought significant economic losses 

among turkey farms in United States, estimated at 15 billion U.S. 

dollars annually (Padhi et al, 2008). 

2.  Etiology of AMPV 

 2.1  Genetic Components
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AMPV is a single-stranded, non-segmented, negative-sense RNA    

virus, approximately 15kb nucleotides in length (Seal et al, 2000), 

with genetic components in the order: 3’-Leader-N-P-M-F-M2-SH-G-

L-Trailer-5’ (Govindarajan & Samal, 2004). It belongs to family 

Paramyxoviridae, genus Metapneumovirinae. The N, P, M, M2 and L 

genes encode core proteins that are used to catalyze and maintain 

virus reproduction, while F, SH and G encode for virus envelop 

proteins to communicate with target cell membranes (see Figure 1). 

 

 

Fig. 1 Schematic of pneumovirus virion and genome 

(University of Warwick. http://template.bio.warwick.ac.uk/staff/easton/diagrams.htm) 
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In addition to the eight viral genes that encode viral proteins, the 

viral genome also contains intergenic regions between adjacent 

genes and the 3’-leader and 5’-trailer regions. The intergenic regions 

that range from 1 to 200nt for Metapneumovirus (Neumann et al, 

2002), and 1 to 100nt for AMPV/C CO strain, are not transcribed and 

do not follow any common sequence pattern among different gene 

junctions (Govindarajan, 2005). 

2.2 AMPV Core Viral Proteins 
Negative-sense strand RNA viruses need to form a 

ribonucleoprotein (RNP) complex to initiate a series of virus cycle 

activities, including transcription and replication. The most important 

role of the nucleoprotein (the N protein, encoded by the N gene) is to 

be recognized by the P-L protein complex to start virus transcription 

and replication (Yu et al, 2006).  

The phosphoprotein (the P protein, encoded by the P gene) and 

RNA Dependent RNA Polymerase (RdRP; the L protein, encoded by 

the L gene) are generally considered transcription complexes due to 

their interactions and roles in viral transcription. They, together with 

the N protein, form the core of the RNP complex (Neumann et al, 

2002). 
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The RNA polymerase (the L protein) is considered, by analogy to 

other paramyxoviruses, the major part of the RdRP complex. It 

catalyzes transcription, replication, mRNA methylation and mRNA 

polyadenylation (Broor and Bharaj, 2007, Govindarajan, 2005; Graaf 

et al, 2008).  

The M/M2 genes encode the matrix and second matrix proteins (the 

M and M2 proteins). The Matrix protein is thought to form a layer in 

the inner surface of virion, maintaining the association of the 

nucleocapsid with the viral envelop (Broor and Bharaj, 2007). 

2.3 AMPV Life Cycle 
The life cycle of AMPV involves transcription, translation and 

replication. Negative-sense genomic RNA is wrapped by the 

nucleocapsid protein (the N protein), allowing the phosphoprotein-

polymerase complex (the P and L proteins) to recognize and initiate 

the transcription of negative-sense RNA into mRNA, which is further 

translated into viral proteins to maintain the propagation of virions. 

Meanwhile, negative-sense virus RNA is copied as complementary 

RNA by RNA polymerase (the L protein), which serves as progeny 

for viral RNA reproduction (Govindarajan, 2005; Figure 2). The 
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encapsidation of the RNA genome and the phosphoprotein-

polymerase complex are indispensable for the viral life cycle. 

 

Fig. 2 Crucial stages of life cycle of AMPV (Govindarajan, 2005) 

 

In addition to the gene sequences encoding viral proteins, each 

gene component contains start and end signal sequences that are 

used for recognition by the RNA-dependent RNA polymerase (the L 

protein) to initiate transcription. While mRNA is generated, these 

gene start/stop regions also serve as capping and polyadenylation 

signals, rendering AMPV transcription in a start-stop manner (Yu et 

al, 2006). The AMPV/C CO strain has a conserved gene end 

sequence (AGUUAUUUAAAAA) for all viral encoding genes, and 

has common gene start sequence (GGGACAAGU) except for the L 

gene (Lwamba et al, 2005).  
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When AMPV infects a turkey, it tends to target the cells in the upper 

respiratory tract. The entry of AMPV into cells is by cell fusion. 

Attachment of the glycoprotein (the G protein) mediates the tropism 

of the virus to cells. The viral fusion protein (the F protein) triggers 

the absorption of virus by associating the viral envelop with cell 

surface receptors (Graaf et al, 2009). After entry into the cytoplasm, 

viral transcription and replication begin. Integral envelop proteins are 

synthesized, secreted and allow mature viruses to bud out of the cell 

surface through routine pathways (Govindarajan, 2005). When the 

RNP complex is formed, the matrix protein mediates the 

nucleocapsid to migrate towards the fusion protein on the cell 

surface membrane, followed by virus packaging, using the host cell 

membrane as an envelop, followed by virus release from the cell.  

3 Diagnostics 

3.1  AMPV Antigen Detection
Immunofluorescence Assay (IFA) and Immunoprecipitation (IP) are 

most frequently used to detect AMPV antigens. Direct IFA with 

fluorescein-isothiocyanate-labelled turkey anti-AMPV globulins was 

used successfully to detect AMPV by Jones et al (1986). To date, 

the IFA remains useful and valuable to detect AMPV antigens in the 
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field (Cook and Cavanagh, 2002).  

 

3.2 AMPV Viral Genome Detection 
Reverse transcription polymerase chain reaction (RT-PCR) is robust 

in its sensitivity and specificity. It is widely used to detect viral 

genomic components including the AMPV N and F genes for 

identification purposes.  

4 AMPV Vaccines 

4.1  Types of AMPV Vaccines
Several kinds of vaccines are being used to prevent AMPV. Killed 

AMPV vaccines are not effective in protecting turkeys, and live 

attenuated AMPV produced from cultured cell substrates only yield 

partial protection for turkeys (Naylor et al, 2007). Recently the use of 

vaccines produced from AMPV attenuated in Vero cells (P63), as 

well as improved biosecurity, has reduced AMPV outbreaks. 

Vaccine-derived Avian Metapneumovirus (AMPV) shed from 

vaccinated turkeys can cause the same syndromes as wild-type 

AMPV in turkeys and more importantly, has been found 

indistinguishable from wild-type AMPV. 

4.1.1 Live Vaccines 
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The use of attenuated live vaccines triggers a strong immune 

response in the body. Since a single injection is not guaranteed to 

produce antibodies, a second dose is required. Alternatively, a live 

vaccine can be administered prior to a killed vaccine to achieve 

better results (OIE Terrestrial Manual, 2009). Patnayak et al (2002) 

reported an evaluation of a live attenuated AMPV vaccine (P63) that 

had been propagated in Vero cells. They found no clinical signs 

when turkeys received a virus challenge while non-vaccinated birds 

did. The use of the AMPV P63 attenuated vaccine rendered a 

certain degree of protection to turkeys. However, some AMPV 

vaccine strains are shed from vaccinated birds and display extended 

persistence, making them indistinguishable when mingled with field 

virus as new sources of infection (Catelli et al, 2006). 

4.1.2  Killed Vaccines 

Compared to a live vaccine, a killed vaccine is able to provide long-

term protection because antigens in the killed vaccine can trigger a 

milder antibody response. However, a killed vaccine does not raise 

as strong an immune response as does a live vaccine and therefore 

it may be less effective than a live vaccine. Kapczynski et al (2008) 

reported that a formalin killed vaccine failed to protect turkeys from 
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an AMPV challenge in terms of virus load and histopathologic 

lesions. The use of a killed vaccine after a live attenuated vaccine is 

therefore recommended as a vaccine strategy. 

 

4.1.3  Subunit Vaccines 

There have been engineered AMPV virus subunits developed as 

potential vaccines. Chary et al (2005) reported the successful 

induction of antibodies by using recombinant N protein, M protein or 

both N and M proteins from AMPV. In addition, Kapczynski and 

Sellers (2003) reported that the injection of an F gene expression 

plasmid as vaccine could protect turkeys. 

4.2 Cell Substrates for AMPV Propagation 
Chicken Embryo Fibroblast (CEF) cells are suitable substrates for 

AMPV propagation but only produce relatively low virus titers. Vero 

cells, on the other hand, are widely used (Patnayak et al, 2002; 

Govindarajan et al, 2006) and serve as the main vaccine substrate 

for AMPV due to their production of high titer virus. Kong et al (2007) 

established an avian immortal cell line (TT-1) from turkey turbinate 

tissue. They found that the G gene of AMPV/C displays truncation 

after 15 or more passages in Vero cells compared to its counterpart 
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in TT-1 cells. This finding, together with the report from Velayudhan 

et al, (2008) that a truncated G gene in AMPV/C isolated from 

domestic turkeys in United States, indicate that the extensively 

propagated AMPV produced in Vero cells is shorter in nucleotide 

size than the full-length virus shed from turkeys. Therefore, a full-

length attenuated virus is probably more efficacious as a vaccine 

candidate because it can invoke a more robust immune response. 

 

4.3   AMPV Vaccine Shedding
Besides wild-type AMPV, vaccine-derived AMPV is also a rich 

source for infection. Vaccine-derived virus shed from vaccinated 

birds may spread across flocks, leading to sickness in birds. Hess et 

al (2004) have reported the shedding of vaccine strains from turkeys. 

It was demonstrated that a vaccine strain of the AMPV virus persists 

in the field (Catelli et al, 2006), and isolated vaccine virus can cause 

similar symptoms to virulent field virus once inoculated into turkeys 

(Catelli et al 2006).  

5 Development of Reverse Genetics System for 
AMPV                                                                                           
Although nucleotide sequencing can be used to determine whether 

an isolated virus is a vaccine-derived strain or from the field, the 

vaccine or field virus may undergo genomic changes after being 
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passed several times among flocks, making it difficult to distinguish 

vaccine-derived strains from field virus strains. The introduction of a 

reverse genetics system not only provides a good way to produce a 

full-length, recombinant AMPV vaccine, whose sequence is known, 

but it also provides a useful tool to generate a recombinant AMPV 

vaccine with unique biomarkers that are strictly distinct from wild-

type, field viruses or vaccine viruses.  

In the early 1990s, a reverse genetics system was first established 

successfully to recover an engineered recombinant Influenza virus 

(Enami et al, 1990; 1991). After that, a similar rescue system was 

used successfully to recover different negative-sense RNA viruses, 

including human respiratory syncytial virus (Collins et al, 1995), 

Newcastle Disease Virus (Peeters et al, 1999), and Avian 

Metapneumovirus type C (Govindarajan et al, 2006).  

5.1  From RNA to DNA
RNA can be reverse-transcribed into its complementary DNA 

(cDNA). It is possible to obtain cDNA segments from wild-type RNA 

virus using the Reverse-Transcriptase Polymerase Chain Reaction 

(RT-PCR). The fragments can then be inserted into an expression 

plasmid in the order of the viral genome, all of which are placed 

downstream of a T7 promoter, which is widely used in molecular 
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cloning. Next, the recombinant construct bearing the full length viral 

cDNA can be transfected into eukaryotic cells that express T7 

polymerase, an enzyme that recognizes the T7 promoter and 

transcribes the contiguous cDNA fragments into a viral RNA genome.  

5.2  Supporting Viral Proteins
Unlike positive-sense RNA virus, the naked genome of negative-

sense RNA virus is not infectious until the formation of a 

ribonucleoprotein (RNP) complex is complete (with the help of a 

nucleocapsid protein as well as several other essential viral proteins). 

Co-transfection of both the complete viral AMPV cDNA plasmid and 

expression plasmids bearing viral genes encoding the AMPV N, M, 

P and L proteins allow for the recovery of an infectious recombinant 

virus. 

5.3  The Value of Reverse Genetics System
Unlike DNA viruses and positive-sense RNA viruses, negative-sense 

RNA viruses are difficult to modify without a reverse genetics system. 

The reverse genetics system allows RNA viruses to be reverse 

transcribed into cDNAs that then can be modified by insertion, 

deletion or rearrangement, thus benefiting the study of RNA viruses 

in terms of replication, infection and pathogenesis. More importantly, 

engineering recombinant viruses at the DNA level allows for the 
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insertion of detectable foreign genes, or biomarkers, into the viral 

genome, making it possible to generate a recombinant biomarker 

virus distinguishable from either recombinant AMPV or wild-type 

AMPV.  

 

5.4  Biomarkers
Biomarkers are frequently used in molecular biology, indicating 

certain biologic states, quantifying the accumulation of products, and 

for screening desired products. Biomarkers can be fluorescent or 

radioactive tags, catalytic enzymes, nucleic acid motifs, DNAs 

encoding known proteins or simply shuffled sequences of DNA. 

Among the many biomarkers, Green Fluorescent Protein (GFP), 

found in jellyfish, is a commonly used biomarker in molecular biology. 

GFP, as well as its derivatives, fluoresce when expressed, serving 

as a good indicator once combined into target constructs. The 

Hexahistidine tag (6xHis), with a six consecutive CAT or CAC 

sequences, is commonly used to purify recombinant proteins since 

the co-expression of 6xHis gene and a joint target gene results in 

hexahistidine which can be purified by its affinity to different 

substrates such as Ni2+(Knecht et al, 2009). The 6xHis is also a 

useful biomarker whose expression can be recognized specifically 
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by a commercially available hexahistidine antibody. The 6xHis tag 

can be used to quantify recombinant biomarker AMPV using either 

RT-PCR or ELISA. 
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Chapter II Development of a recombinant Avian 

Metapneumovirus (rAMPV) 

 

1. Introduction 
Avian Metapneumovirus infections have been a major problem 

among turkey farms in the Midwest, predominantly in Minnesota. 

The goal of this work is to develop a recombinant Avian 

Metapneumovirus (rAMPV) using a reverse genetics system that 

has the ability to be distinguished from field Avian Metapneumovirus, 

while serving as a candidate for vaccine production. To this end, the 

objectives include: 1) Generate a recombinant Avian 

Metapneumovirus (rAMPV); 2) Engineer the rAMPV to include 

biomarkers; 3) Verify the ability of rAMPV and biomarker rAMPV to 

infect tissue culture cell lines; 4) Verify the ability to discriminate 

biomarker rAMPV from wild-type AMPV. 
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2. Materials and Methods 
2.1 Generation of Recombinant AMPV 
2.1.1 Isolation and Propagation of AMPV 

AMPV-MN2a strain was kindly provided by Dr. David Halvorson 

(Veterinary and Biomedical Sciences, University of Minnesota). The 

virus was first propagated in Chicken Embryo Fibroblast (CEF) cells 

for three rounds using a multiplicity of infection (m.o.i) of 0.1. After 

72 hours post infection, virus were isolated using three to four cycles 

of freeze-thaw at the end of each round of propagation to cause the 

cells to lyse and release virion particles. Subsequently, the virus 

was propagated in the same manner in immortalized Turkey 

Turbinate (TT-1, passage 50) cells that were established in our 

laboratory. 

2.1.2 Viral RNA Extraction for Wild-Type AMPV (wtAMPV)

For each round of wtAMPV propagation in TT-1 cells, the cells and 

medium were harvested followed by three cycles of freeze-thaw. 

The whole mixture was then fractionated by centrifugation at 

1,200xg for five minutes. The cell pellets were treated with 0.75ml of 

Trizol (Invitrogen; Carlsbad, CA), followed by chloroform extraction, 

isoproponal precipitation and a 70% ethanol wash, according to the 
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manufacture’s instructions (TRIZOL Reagent, 

http://tools.invitrogen.com/content/sfs/manuals/15596018%20pps%20Trizol%20

Reagent%20061207.pdf). RNA was then stored in RNase-free water in 

-80 ºC. 

2.1.3 RT-PCR

Six pairs of primers containing motifs for specific restriction cloning 

sites were designed and synthesized at Biomedical Genomics 

Center, University of Minnesota, based on the complete sequence 

of the AMPV/C/Colorado strain from NCBI (GenBank Accession 

Number AY590688.1). The primer sets used to amplify the six cDNA 

fragments from AMPV are:  

Fragment 1 Forward: 5’-CCCCGGTACCACGAGAAAAAAACGCATATAAGACA 

ACTTCCAAACAAAACGGGACAAGTGAAAATGTCTCTTCAGGGGATTCAGCT

-3’  

Fragment 1 Reverse: 5’- GGGGCGGACCGACCGGTACGCGTATCGAT 

GCTAGCTTTTTTAATTACTCATAATCATTCTGGCCTTCC -3’  

Fragment 2 Forward: 5’-GGGGCTCGAGGGGACAAGTCAAAATGTCC 

TTTCCTGAGGGGAAAGATA-3’ 

Fragment 2 Reverse: 5’-GGGGACCGGTCCCCACGCGTGGGGATCGAT 

CCCCGCTAGCTCAAGTTCTGTTCTTATTAAGCTGG -3’ 

Fragment 3 Forward: 5’- GGGACAAGTGAAAATGTCTTGG -3’ 

Fragment 3 Reverse: 5’- CTTCTCCGATCGATTTTAATCATTGGATCACC 
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TGTTCTCG-3’ 

Fragment 4 Forward: 5’- TAAAATCGATCGGAGAAGGAAAAACGGGACAA 

GTCAACATGGAGGTCAAGGTAGAGAATG -3’ 

Fragment 4 Reverse: 5’-ATTAACTAACGCGTTTCTAAACTAACTCCAGCTGT 

ATG-3’ 

Fragment 5 Forward: 5’-CCCCCTCGAGGCATACGCGTTAGTTAATTAAAAA 

GAAGGACCAAGTTAAAAATGGATCCACTAAATGAAGGGG-3’ 

Fragment 5 Reverse: 5’-CCCCGTCGACTGCAACCGGTAGAGCTGAATAC 

AAAATTG-3’ 

Fragment 6 Forward: 5’-CTCTACCGGTTGCAAAATAAGTGTC-3’ 

Fragment 6 Reverse: 5’-AGCTCGGACCGCGAGGAGGTGGAGATGCCATGCC 

GACCCACGGCAAAAAAACCGTATTCATCCAA-3’ 

The extracted RNA was reverse transcribed using SuperScriptIII 

(Invitrogen; Carlsbad, CA) reverse transcriptase according to the 

manufacture’s instructions. The six cDNA fragments were 

designated as Fragments 1 through 6. The viral cDNA was used to 

amplify these six cDNA fragments with the above six sets of primers. 

The Fragment 2 Reverse primer contained cloning sites NheI (in 

blue), ClaI (in plum), MluI (in orange) and AgeI (in green), which 

allowed for stepwise integration of Fragments 3, 4 and 5. These six 

consecutive fragments represent the antigenomic strands of AMPV 

(See Figure 3). 
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Fig. 3 Schematic of the cDNA fragments of the AMPV viral genome 

(Fragment1: N gene; Fragment 2: P, M genes and 5’ portion of F gene; 

Fragment 3: 3’ portion of F gene, M2 and SH genes; Fragment 4: G gene; 

Fragment 5: 5’ portion of L gene; Fragment 6: 3’ portion of L gene.) 

Aliquots of the RT-PCR products of the fragments were fractionated 

by electrophoresis on 1% agarose gel, then photo-documented 

using the KODAK system (Model EDAS 290). 

2.1.4 TA Cloning 

Correctly sized RT-PCR products were purified using a Qiaquick 

PCR Purification kit (Qiagen; Valencia, CA) and subsequently 

cloned into either the pGEM T-easy vector (Promega; Madison, WI) 

or the pTOPO vector (Invitrogen; Carlsbad, CA), via T-A compatible 

ends. The recombinant vectors were used to transform TOP 10 

competent bacterial cells (Invitrogen; Carlsbad, CA). The 

transformed bacteria were grown on LB-Ampicillin agar plates 

containing IPTG/X-Gal overnight at 37 ºC, and colonies were 

subjected to blue-white screening. White colonies were inoculated 
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into LB-Ampicillin culture medium and the recombinant plasmids 

were recovered using Quicklyse Miniprep Kits (Qiagen; Valencia, 

CA), and confirmed to be correct by restriction digestion and nucleic 

acid sequencing (Biomedical Genomics Center, University of 

Minnesota).  

2.1.5 Construction of the AMPV Full-length cDNA 

Cloned cDNA fragments were digested with corresponding 

restriction enzymes, and these six fragments with sticky restriction 

site overhangs were fractionated by electrophoresis on 1% agarose 

gels. The GFX gel band purification kit (GE Healthcare, 

Buckinghamshire, UK) was used to separate and recover the 

fragments. 

The fragments were ligated, using T4 ligase (New England Biolabs; 

Ipswich, MA), into the pBlueScript KS (+) vector (Stratagene; La 

Jolla, CA), which had been digested with the corresponding 

compatible restriction enzymes. The ligations were conducted in an 

order of Fragments 6, 1, 2, 3, 4 and 5 (see Figure 4). The 

introduction of Fragment 2 provided the multiple cloning sites (NheI, 

ClaI, and MluI and AgeI) at the 3’ end of the fragment for 

subsequent integration of Fragments 3, 4 and 5. The ligation 
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products were used to transform XL-1 blue competent cells 

(Stratagene; La Jolla, CA) and spread onto LB/Ampicillin agar plates. 

When all six fragments were integrated into the pBluescript vector, 

the construct was subjected to DNA sequencing using either the 

original primers used to generate the fragments or with newly 

designed primers. The sequencing results were compared to the 

sequence of the cDNA of AMPV/C/Colorado (GenBank Accession 

Number AY590688.1). The construction of full-length pBluescript-

AMPV was designated as pAMPV (see Figure 4 next page). 

 

Fig. 4 A map of full length pBlueScript-AMPV (designated as pAMPV). The 

relationship of cDNA fragments and corresponding viral RNA is shown. The 

Biomarker 

T7 Promoter 
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XhoI cloning site (in bold) was used to introduce biomarkers into the AMPV 

genome. 

 

2.1.6 Construction of Full-length pAMPV Containing 

Biomarkers 

i. The XhoI restriction cloning site (CTCGAG) was used to 

engineer biomarkers into the pAMPV construct. A region of the 

enhanced Green Fluorescent Protein (GFP) gene was generated 

from the pEGFP vector (obtained from Dr. Byung-Whi Kong, 

University of Arkansas) using GFP specific primers (Forward: 5’-

ACGTCTCGAGGGGACAAGTGAAAATGGTGAGCAAGGGCGAGGAGC-3’; 

Reverse 5’-GGGGCTCGAGTTTTTTAATTACTTGTACAGCTCGTCCATG-3’) 

that contain the N gene start/stop regions and a XhoI cloning site 

(underlined). The PCR product was sub-cloned into the pGEM T-

easy vector (Promega; Madison, WI), followed by restriction 

digestion with XhoI. The full-length pAMPV plasmid was also 

digested with XhoI, and the GFP/XhoI insert was ligated into the 

pAMPV/XhoI vector using T4 ligase (New England Biolabs; Ipswich, 

MA). This plasmid was designated as the pAMPV-GFP construct.  

ii. A pair of complementary oligonucleotides containing the N 

gene start/stop regions, a 6xHistidine tag (6xHis; bold below) and a 
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XhoI restriction cloning site (CTCGAG, underlined below) was 

designed as: (Forward: 5’-ACGTCTCGAGGGGACAAGTGAAAATG 

CACCACCACCACCACCACTGATTAAAAAACTCGAGCCCC-3’;  

Reverse 5’-GGGGCTCGAGTTTTTTAATCAGTGGTGGTGGTGGTGGTG 

CATTTTCACTTGTCCCCTCGAGACGT-3’) 

The two strands were annealed using an annealing program (99ºC 

for 5 minutes followed by 20 ºC for 30 seconds). The product was 

digested with XhoI and purified using a QIAquick PCR Purification 

Kit (Qiagen; Valencia, CA). The purified insert was ligated into 

pAMPV/XhoI digested vector using T4 ligase (New England Biolabs; 

Ipswich, MA). This plasmid was designated as the pAMPV-6xHis 

construct. 

iii. An insert containing a complementary sequence of GFP from 

pGEM-GFP was ligated into pAMPV/XhoI digested vector using T4 

ligase (New England Biolabs; Ipswich, MA). This plasmid was 

designated as the pAMPV- ‘reverse GFP’ construct, meaning a 

known, but non-coding sequence, was present within the pAMPV 

construct. This biomarker was generated since the insert could be 

flipped in either orientation during the ligation step. The pAMPV-

GFP, pAMPV-6xHis and pAMPV-‘reverse GFP’ constructs were 

sequenced (Biomedical Genomics Center, University of Minnesota) 
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with primers flanking the XhoI site in the pAMPV plasmid, in order to 

confirm the orientation and correct sequence of the biomarkers. 

2.1.7 Construction of plasmids for supporting viral replication 

The construction of the pCITE-N, pCITE-M, pCITE-P and pCITE-L 

vectors was performed by Drs. Byung-Whi Kong (University of 

Arkansas) and Douglas Foster (University of Minnesota). The N, M, 

P and L genes of AMPV were amplified via PCR with corresponding 

primers based on the NCBI sequences (GenBank Accession 

Numbers: AF176590.1 for the N gene; AF176592.1 for the M gene; 

AF176591.1 for the P gene; AY394492.1 for the L gene).  

The products were cloned into the pCite vector (Novagen, EMD; 

Madison, WI) that contained the T7 promoter. The four constructs 

were sequenced with respective primers to confirm the orientation 

and correct sequence of the inserts. 

2.1.8 Transfection into a Eukaryotic Host 

Passage 3 Baby Hamster Kidney/T7 (BHK/T7) cells (obtained from 

ATCC), which express the T7 polymerase, were used to recover the 

four kinds of recombinant AMPVs. Cells were grown in GMEM 

(Gibco, Invitrogen; Carlsbad, CA) supplemented with 5% Fetal 

Bovine Serum (Gibco, Invitrogen; Carlsbad, CA) at 37 ºC, in a 5% 

CO2 incubator. Cells were co-transfected with either pAMPV or 
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biomarker pAMPV constructs (2µg of either pAMPV, pAMPV-GFP, 

pAMPV-6xHis or pAMPV-‘reverse GFP’ plasmid), as well as 2µg 

each of pCite-N, pCite-M, pCite-P and pCite-L constructs. The co-

transfections were performed using Fugene 6 reagent (Roche; 

Madison, WI) using the manufacture’s instructions (Fugene 6 reagent, 

http://www.roche-applied-science.com/pack-insert/1815091a.pdf). After co-

transfection, cells were incubated at 37 ºC, in a 5% CO2 incubator 

for 48 hours. The recovered recombinant AMPVs were designated 

as rAMPV, rAMPV-GFP, rAMPV-6xHis and rAMPV-reverse GFP 

respectively. 

 

2.2 Propagation of AMPVs 
TT-1 cells (Passage 45) were grown in DMEM (Gibco, Invitrogen; 

Carlsbad, CA) supplemented 10% Fetal Bovine Serum (Gibco, 

Invitrogen; Carlsbad, CA) at 37 ºC, in a 5% CO2 incubator. When 

the cells became 70% confluent, they were infected with each type 

of recombinant AMPV (rAMPV, rAMPV-GFP, rAMPV-6xHis and 

rAMPV-reverse GFP) using a 0.1 multiplicity of infection (m.o.i). 

After overnight incubation, the cells were re-fed with DMEM 

supplemented with 3% Fetal Bovine Serum and grown for up to 72 

hours. The infected cells and cell medium were harvested and 
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fractionated by centrifugation at 1,200xg for 5 minutes. The 

supernatant was collected and used to infect TT-1 cells grown in the 

same conditions as above for the next round of propagation. The 

propagation of wtAMPV was performed in the same manner for 

comparison with the different recombinant AMPVs (rAMPVs). 

Immortal African Monkey Kidney (Vero) cells (Passage 3, ATCC) 

were used to compare TT-1 cells for wtAMPV virus propagation, as 

well as rAMPVs. 

 

2.3 Verification of Infection 
2.3.1 CPE Observation

To confirm rAMPV infection, both TT-1 and Vero cells were 

observed every 24 hours post-infection using inverted microscopy 

(Nikon TMS). The appearances of non-infected cells were used as a 

negative control. All photo-documention of cells was taken under 

10X and 20X magnification using Zeiss microscopy (Model Axiovert 

200). 

2.3.2 Virus Titration

Titering is a way to determine the amount of virions in a virus stock, 

represented by the highest degree of dilution of the virus stock that 

can yield cytopathic effects (CPE). 
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Vero cells (Passage 24) were seeded on 24-well plates, grown in 

180μL of DMEM medium supplemented with 10% FBS for each well 

at 37 ºC, in a 5% CO2 incubator. At the end of each round of virus 

propagation, three cycles of freeze-thaw were performed and the 

mixtures were fractionated by centrifugation. Twenty μL of 

supernatant was used to inoculate the Vero cells in the first well, 

then after gentle tituration, 20μL of the medium was transferred to 

the next well, so that the viral samples were serially diluted by 10-

fold. The cells were incubated at 37 ºC overnight, then re-fed with 

medium supplemented with 3% of Fetal Bovine Serum. The titer of 

wtAMPV, as well as rAMPVs, was determined by the end-point of 

infection: wells of greatest dilution with observable CPE. The final 

titer was determined to be the dilution number (the exponential 

number of 10), times the number of syncytia present on that well. 

2.3.3 RT-PCR

At the end of each round of virus propagation, three cycles of 

freeze-thaw were performed and the mixtures were fractionated by 

centrifugation. The cell pellets were treated with 0.75ml of Trizol 

(Invitrogen; Carlsbad, CA) to isolated total RNA, followed by 

chloroform extraction, isoproponal precipitation and a 70% ethanol 
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wash, according to the manufacture’s instruction (TRIZOL Reagent, 

http://tools.invitrogen.com/content/sfs/manuals/15596018%20pps%20Trizol%20

Reagent%20061207.pdf). The extracted total RNA was further 

processed in a two-step RT-PCR: cDNA synthesis using superscript 

III (Invitrogen, 

http://tools.invitrogen.com/content/sfs/manuals/superscriptIIIfirststrand_pps.pdf), 

followed by PCR using the AMPV N gene specific primer set (N41 

forward: 5’-GGGACAAGTGAAAATGTCTCTTCAGGGGATTCAGCTTAGT-3’;  

N1236 reverse: 5’-ACTCATAATCATTCTGGCCT-3’) and a primer set that 

flanked the XhoI cloning site (AMPV/XhoI forward: 5’-CAACATAAATGAGG 

AAGGCCA-3’; AMPV/XhoI reverse: 5’-GCTGCTTTTGCAGCTTCATT-3’). 

2.3.4 Sequencing 

The cDNA of rAMPVs were sequenced at the Biomedical Genomics 

Center at the University of Minnesota using the N, M, P, L and G 

gene primer sets, to identify if genomic changes in rAMPVs 

occurred after propagation in TT-1 cells and Vero cells. Sequencing 

was performed because the N, M, P, L genes are important 

components encoding core viral proteins and the correct open 

reading frame must be maintained to produce functional proteins. 

Finally, the region of the XhoI cloning site where each type of 

biomarker was integrated into the AMPV viral genome was 
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sequenced to verify the ability to discriminate biomarker 

recombinant AMPV from wtAMPV. 

 

3 Results 
3.1 The Generation of pBluescript-AMPV (pAMPV) 
The insertion of Fragment 1 and Fragment 6 was previously done by 

Dr. Byung-Whi Kong (University of Arkansas). This was 

accomplished by using the KpnI/XhoI cloning sites for Fragment 1 

and AgeI/RsrII cloning sites for Fragment 6 respectively. Starting 

with the pBluescript vector containing Fragments 1 and 6 and a 

small linker in between, a plasmid construct with the pBluescript 

backbone and full-length AMPV cDNA was successfully generated 

(designated as pAMPV), based on a stepwise construction protocol 

(Figures 5 through 10). Every fragment in the final construct was 

sequenced and verified to be correct (data not shown). 
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Figure 5. The pBluescript vector with Fragments 1 and 6 served as the 
starting material of generating the pBluescript-AMPV (pAMPV) construct. A 
small linker was present between XhoI and AgeI cloning sites. When a 
fragment was introduced using these two cloning sites, a portion of the small 
linker was replaced by the introduced fragment. 

Fig. 5 

Insert: 
Frag 2 
(2.2Kb) 

vector 6kb--

Fig. 6 

Figure 6. Step 1. Fragment 2 was inserted into pAMPV- Fragment 1-6 
using the XhoI and AgeI cloning sites. The integration of Fragment 2 
introduced NheI, ClaI and MluI cloning sites for the subsequent integration 
of Fragments 3, 4 and 5. The double digestion analysis of the ligated 
products is shown on the right (1% Agarose gel). The insert and vector 
are shown by arrows. 

3kb--
4kb--

 
2kb--
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Fig. 7 

8kb--- 
6kb--- 

Insert: 
Frag 3 
(3Kb) 

vector 

3kb--- 
2kb--- 

Figure 7. Step 2. Fragment 3 was inserted into pAMPV- Fragment 1-2-6 using 
the NheI and ClaI cloning sites. The vector plasmid was grown in a dam- host 
bacteria (such as XL-1 blue cells) that did not methylate the plasmid DNA 
otherwise, the methylated ClaI cloning site could not be digested by ClaI 
restriction enzyme. The double digestion analysis of the ligated products is 
shown on the right (1% Agarose gel). The insert and vector are shown by 
arrows. 

Figure 8. Step 3. Fragment 4 was inserted into pAMPV- Fragment 1-2-3-6 
using the ClaI and MluI cloning sites. The vector plasmid was grown in a 
dam- host bacteria (such as XL-1 blue cells) that did not methylate the 
plasmid DNA. The double digestion analysis of the ligated products is shown 
on the right (1% Agarose gel). The insert and vector are shown by arrows. 

Fig. 8 

 
10kb-- 

 
2kb--- Insert: 

Frag 4 
(2 Kb) 

vector 
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Fig. 9 

4kb---
6kb--- 

Figure 9. Step 4. Fragment 5 was inserted into pAMPV- Fragment 1-2-3-4-6 
using the MluI and AgeI cloning sites. The double digestion analysis of the 
ligated products is shown on the right (1% Agarose gel). The insert and vector 
are shown by arrows. 

 
10kb--- 

Insert: 
Frag 5 
(5 Kb) 

vector 

T7 Promoter 

Fig. 10 

Fig. 10. The construct of pBluescript with full-length AMPV, designated as 
pAMPV, was successfully generated. 
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3.2 The Generation of pAMPV-Biomarkers
Using the unique XhoI cloning site in the full-length pAMPV 

backbone, three biomarkers (GFP, 6xHis tag and reverse GFP) 

were separately inserted into the full-length recombinant pAMPV 

backbone. The three biomarker pAMPV constructs and the PCR 

results are shown in Figures 11 and 12. The biomarker pAMPV 

products were examined by PCR using a pair of primers that flanked 

the XhoI cloning site (shown below) followed by sequencing (data 

not shown). This pair of primers can amplify approximately 100bp in 

the pAMPV construct if no biomarker is present, 800bp if the GFP 

biomarker is present and 150bp if 6xHis tag biomarker is present. 
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Fig.11 The figure on the left represents how the pAMPV-GFP construct was 

generated. The biomarker construct was confirmed via PCR using a set of 

primers flanking the XhoI cloning sites in the backbone, followed by sequencing 

(data not shown). The result of the PCR was shown in the gel on the right (GFP 

was 700 bp in size). Arrow indicates the GFP insert in the gel. pAMPV-‘reverse 

GFP’ was generated in the same way, except for the sequence of GFP is in 

reverse orientation. 

 

1kb----     

700 bp

750bp --    

PCR product 
(800bp) 
(700bp GFP 
insert with 
additional 100bp 
vector sequence) 
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Fig. 12 The figure on the left represents the pAMPV-6xHis construction. The 

biomarker construct was confirmed by PCR using primers that can bind 

specifically to the flanking regions of the XhoI cloning sites in the backbone, 

followed by sequencing. The result of the PCR is shown on the right. The whole 

6xHis biomarker is 50bp in size. The PCR product from pAMPV-6xHis construct 

is 150bp, containing the 6xHis biomarker sequence (50bp) in addition to 100bp of 

sequence within the backbone pAMPV construct. 

 

3.3 Generation of the Four Supporting Viral Protein 

Plasmids
Each one of AMPV N, M, P and L genes was successfully inserted 

into the pCITE vector containing T7 promoter by Drs. Byung-Whi 

50bp

1. PCR 
product 
with 
6xHis 
tag 

100bp 

2. PCR product 
without insert: 
pAMPV vector 
control 

 36



Kong (University of Arkansas) and Douglas Foster (University of 

Minnesota). The resulting constructs were subjected to restriction 

digest analysis (Figure 13) and sequencing (data not shown). 

                                               

 

 

                                                

 

Fig. 13 pCITE-N (A), pCITE-P (B), pCITE-L (C) and pCITE-M (D) digested with 

EcoR I. The insert fragments and the sizes for the N, M, P and L genes are 

shown by the arrows. 

 

N gene 
(1.2 Kb) P gene 

(0.9 Kb) 

L gene (6.2 Kb) 

M gene 
(0.87 Kb) 

pCITE 
(4 kb) 

pCITE 
(4 kb) 

pCITE (4 kb) 

(A) pCITE-N (B) pCITE-P 

(C) pCITE-L (D) pCITE-M 

pCITE 
(4 kb) 
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3.4 The Conversion of pAMPV/pAMPV-Biomarker 

Constructs into Infectious Viruses 
 

Each of the AMPV constructs (pAMPV, pAMPV-GFP, pAMPV-6xHis 

and pAMPV-‘reverse GFP’), was transfected into BHK/T7 cells 

along with the expression plasmids for the N, P, M and L genes. 

CPE was observed in BHK/T7 cells (data not shown). Therefore the 

recombinant viruses (rAMPV, rAMPV-Biomarkers) were considered 

to be productive and infectious. 

 

 

3.5 Verifying the Infectious Nature of rAMPV and rAMPV-

Biomarkers 
3.5.1 CPE

During propagation of rAMPV and rAMPV-Biomarkers in TT-1 cells, 

the formation of CPE was observed and recorded. CPE was not 

observed clearly until Round 6 of propagation in TT-1 cells, with 

CPE shown in Round 7 (Figures 14 and 15). The onset of CPE was 

earlier in wild-type AMPV infected TT-1 cells (24 to 48 hours) than in 

rAMPV infected cells (48 to 72 hours). There was more CPE in 

wtAMPV infected TT-1 and Vero cells, compared to rAMPV infected 

TT-1 and Vero cells, respectively. 
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Fig.14 Photomicroscopy showing (A) uninfected TT-1 cells and the appearance 

of CPE in TT-1 cells infected with (B) wtAMPV, (C) rAMPV and (D) rAMPV-GFP. 

The arrows indicate the location of CPE (syncytia). 

 

 

(A)  Uninfected TT-1 cells 
(Passage 58). 10X magnification 

(B) TT-1 cells (Passage 58) infected with 
Round 8 wtAMPV. 10X magnification 

(C) TT-1 cells (Passage 58) infected 
with Round 7 rAMPV. 20X magnification

(D) TT-1 cells (Passage 58) infected with 
Round 7 rAMPV-GFP. 20X magnification 
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Fig. 15 Cultured Vero cells showing: uninfected cells (A); and the appearance of 

CPE of infected cells with either wild-type AMPV (B) or rAMPV (C). Arrows 

indicate the location of CPE (syncytia). 

 

 

 

 

 

A. Uninfected Vero cells. 10X magnification 

C. Vero cells infected with Round 7 
rAMPV. 20X magnification 

B. Vero cells infected with Round 8 
wtAMPV. 20X magnification 

 40



3.5.2 Titration Results

The titers for both rAMPV and rAMPV-GFP were 101, which were 

much lower than those for wtAMPV (Table 1). This result is in 

agreement with the difference in the observed CPEs between 

rAMPVs and wtAMPV infected TT-1 cells. It was observed that there 

were more abundant and wide-spread syncytia present in wtAMPV 

infected cells than those in the rAMPVs infected cells. 

 

 

 

Table 1. The comparison of titers for wtAMPV and rAMPVs 

 

3.5.3 Molecular Detection of The AMPV N Gene 

RT-PCR was performed with N gene specific primers for AMPV 

(N41 and N1236, see schematic below). This primer set has proved 

best for the amplification of the AMPV N gene. Samples were 

collected for total RNA from TT-1 cells infected with wtMPV, rAMPV 

or rAMPV-GFP (Figure 16). The wt-AMPV (Round 8) was used as a 

positive control for N gene amplification. The rAMPV and rAMPV-

GFP from both Round 1 and Round 10 were chosen to verify that 

rAMPV and rAMPV-GFP contained the correct, complete AMPV N 

TTTT--11 Vero 
wt-AMPV 1X106 3X104 

rAMPV 2X101 1X101

rAMPV-GFP 1X101 1X101

Propagated in 
Types of virus 
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gene and were infectious as they were propagated in TT-1 cells 

from Round 1 to Round 10. 

A 1.2 Kb band was amplified from wtAMPV, rAMPV and rAMPV-

GFP. All of the PCR products were subjected to nucleic acid 

sequencing using the N41 primer. The results show that they were 

the correct N gene from AMPV/C (data not shown), suggesting that 

the rAMPV and rAMPV-GFP were infectiously being propagated in 

TT-1 cells.  

 

  

Fig. 16. The 700bp GAPDH gene (a house-keeping gene) was used as a positive 

control (Lane 1) for PCR from wtAMPV infected TT-1 cells. In addition, PCR was 

performed using N gene specific primers, with template from TT-1 cells infected 

with: Round 8 wt-AMPV (Lane 2) as a positive control for AMPV N gene; Round 

1 rAMPV (Lane 3); Round 1 rAMPV-GFP (lane 4); full-length plasmid pAMPV 

(Lane 5); Round 8 wt-AMPV (Lane 6), Round 10 rAMPV (Lane 7) or Round 10 

Lanes:             1       2         3       4     5                                           6    7    8   
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rAMPV-GFP (Lane 8).  

 

3.6 Discrimination Between rAMPV-GFP and wtAMPV

To test the ability to discriminate biomarker rAMPV from wt-AMPV, 

the N41 forward and AMPV/XhoI reverse primers were used. PCR 

was performed using templates from cDNA of Round 8 wtAMPV 

and Round 10 rAMPV-GFP (Figure 17). 

                                  

                    

 

 

Figure 17. PCR using N41 forward and AMPV/XhoI reverse primer. The 

template was from Round 8 wtAMPV (Lane 1) or Round 10 rAMPV-GFP 

(Lane 2).  

 

1. For wtAMPV 

2. For rAMPV-GFP 

2 kb product (with GFP biomarker) 2 Kb 
1.4 Kb 

1 Kb 
1.3 kb product (without GFP biomarker) 

Lanes    1    2 
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The product sizes were as expected. The product for wtAMPV was 

approximately 1.3 kb in size (1.2 kb of N gene plus 100 bp 

downstream of the AMPV XhoI cloning site). The product for 

rAMPV-GFP was approximately 2 kb in size (1.3 kb from AMPV in 

addition to 0.7 kb from GFP). 

In order to confirm the presence of a GFP biomarker as well as the 

ability to discriminate recombinant AMPV from wild-type AMPV in a 

more straightforward way, another PCR analysis was performed 

using AMPV/XhoI forward and reverse primers, with template from 

Round 8 wtAMPV or Round 10 rAMPV-GFP. 

 

The product sizes were as expected: an approximately 100 bp 

sequence can be amplified by the AMPV/XhoI primer set in wtAMPV 

without biomarkers, while an approximately 700 bp GFP biomarker 

can be amplified in the rAMPV-GFP (data not shown). The two PCR 

products from (iii) were subjected to nucleic acid sequencing using 

AMPV/XhoI forward primer. The sequencing results indicate that the 

insert in rAMPV-GFP is the correct enhanced GFP, while the same 

region in wtAMPV does not contain the GFP biomarker (data not 

 44



shown). These results indicate that the recombinant biomarker 

AMPV could be discriminated from wtAMPV using RT-PCR and 

nucleic acid sequencing of the biomarker region. 

 

4. Discussion 
4.1 Reverse Genetics System 
Recombinant AMPVs (rAMPVs; including rAMPV, rAMPV-GFP, 

rAMPV-6xHis and rAMPV-‘reverse GFP’) were successfully 

generated using a reverse genetics system. Since a reverse 

genetics system was first successfully used to recover influenza 

virus in the early 1990s, several other RNA viruses, both segmented 

and non-segmented, have been reported to be recovered using 

reverse genetics, including human respiratory syncytial virus (Collins 

et al, 1995), Sendai virus (Garcin et al, 1995), Newcastle Disease 

Virus (Peeters et al, 1999) and Avian Metapneumovirus subgroup C 

(Govindarajan et al, 2006). During almost 20 years of development, 

the system is increasingly approachable to general biological 

laboratories as standard molecular biology techniques, including 

RT-PCR, TA cloning, restriction digestion, ligation and transfection, 

are now very common.  
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4.1.1 Key Components for Reverse Genetics

The critical components for the reverse genetics system are: a 

plasmid vector, a cell line containing T7 polymerase gene, and a 

supporting system to initiate the production of virus. In this study, 

the pBlueScript plasmid vector served as a convenient and high 

copy number vector, suitable for DNA fragment cloning. Moreover, 

the presence of the T7 polymerase gene in BHK cells was critical for 

recovering rAMPV, without which the cDNA could not be converted 

into RNA, let alone as an infectious recombinant RNA virus. Lastly, 

a supporting system, comprising the N, M, P, L proteins, made 

possible the recovery of rAMPV, since a naked strand of AMPV viral 

RNA is not infectious unless the ribonucleoprotein (RNP) complex 

can be formed. The N protein wraps around the AMPV viral genome 

so that the P-L protein complex can recognize the viral genome, and 

begins the transcription/translation process to maintain the life cycle 

of the virus. In fact, transcription and replication cannot be finished 

without the ribonucleocapsid (N protein) and the transcriptase-

replicase complex (P-L proteins) (Ballart et al, 1990). In earlier 

reverse genetics system applications, the target cells, which had 

been transfected with a reverse genetics plasmid, were infected with 
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helper wild type virus, in order to provide viral proteins to form RNPs 

and further initiate the propagation of recombinant virus 

(Govindarajan, 2005). However, such a system requires a highly 

reliable technique to separate recombinant virus from wild-type 

helper virus, thus hindering the application of the reverse genetics 

system. More recently, co-transfecting target cells with expresion 

plasmids bearing the key viral genes was found to work equally well 

and thus was a favorable choice for recovering recombinant virus. 

4.1.2 The Significance of Using Reverse Genetics 

The system has greatly facilitated the understanding of the 

transcription and replication cycle of negative-sense RNA virus 

(Govindarajan, 2005). Also, it aids in revealing the functions of viral 

proteins, by altering the coding regions, either by deletion or site-

specific mutations. Using this system, the SH and G genes were 

found not to be essential for AMPV viability (Naylor et al, 2004). 

The unique multiple restriction cloning sites that have been 

designed within the recombinant virus to provide a convenient way 

to introduce foreign proteins into the virus. This allows for the 

introduction of biomarkers and for generating a recombinant virus 

that is distinguishable from wild-type virus. Besides the start codon 
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(ATG) and stop codon (TGA) for general open reading frames, the 

AMPV specific N gene start sequence (GGGACAGTGAAA) and N 

gene stop sequence (TTAAAAAA) were also designed to flank the 

open reading frame of a specific foreign gene. This necessary 

start/stop component allows the transcriptase-replicase complex (P-

L protein complex) to recognize and transcribe the gene flanked with 

the N gene start and stop sequences. The ability to control biological 

function by molecular alteration is encouraging. However, given that 

the start/stop codons and viral start/stop sequences have been 

introduced into the viral genome, the expression of biomarker 

sequences can not be fully guaranteed. It is possible that the 

biomarker genes are not transcribed or would be “kicked out” 

following serial passage of the recombinant virus in cell cultures. For 

this reason, we need to monitor the expression of biomarkers in the 

rAMPVs following passage in domestic turkeys or by long-term 

passage in vitro.  

In addition, recombinant AMPV can serve as an effective live-

attenuated AMPV vaccine, because it can produce the full-length 

genome of AMPV. More importantly, when mutations in wt-AMPV 

accumulate, the genome of recombinant AMPV can be modified 
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accordingly to produce a more effective vaccine by site-directed 

changes to the AMPV cDNA construct (pAMPV). The full-length 

AMPV cDNA generated in this study can also serve as a vaccine 

vector for other closely related paramyxoviruses for avian species. 

Using the cloning sites within the pAMPV construct, changes in 

specific viral gene sequences are possible by introducing viral 

genes for other viruses, giving dual or multiple specificities as a 

vaccine. 

 

4.2 The Propagation of wtAMPV and rAMPVs 
4.2.1 Cytopathic Effect (CPE) 

The AMPV fusion protein (F protein) not only allows the virus to fuse 

into target cells, but also causes the cell membrane to fuse with 

neighboring cell membranes, forming a cluster and releasing nuclei 

from cells, as a syncytia. In fact, syncytia are present in infected 

cells for many other viruses that encode fusion proteins, including 

Human Respiratory Syncitia Virus (hRSV) and Canine Distemper 

Virus (CDV). The syncytia, in turn, aid the spread of AMPV from 

infected cells to uninfected cells by cell-cell fusion (Walsh, 1983). 

Therefore, the appearances of syncytia are evidence of virus 

propagation in the cells. The abundance of syncytia is also a 
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parameter to judge the viability and the titer of viruses.  

In this project, more abundant and well-spread syncytia were found 

in wtAMPV infected cells than those in rAMPVs (rAMPV, rAMPV-

GFP, rAMPV-6xHis) infected cells when using the same host cell 

line (TT-1 or Vero), indicating the infectivity of wtAMPV was higher 

than rAMPVs. This was in agreement with the titer results and the 

fact that the CPE emerged earlier in wtAMPV infected cells than 

rAMPV infected cells. It is not surprising that rAMPVs produce lower 

titers than wtAMPV since the latter is the natural virus, while the 

rAMPVs are artificial virus which might lack certain necessary viral 

elements found in the wtAMPV. 

Also, the appearance of CPE is different between infected TT-1 cells 

and Vero cells, regardless of the types of AMPV used. The CPE 

observed in infected TT-1 cells is larger in size compared to infected 

Vero cells where the CPE appears smaller and more scattered, 

indicating that there is a different susceptibility for AMPV infection. 

This is reasonable because Vero cells were isolated from 

mammalian kidney cells while TT-1 cells were immortalized from 

turkey turbinate tissue. The mechanism for AMPV entrance and 

propagation in the cells could be different between mammalian and 
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avian cell lines. Potential distinctions between live-attenuated AMPV 

vaccines produced from Vero cells and from TT-cells could be the 

result of different host-virus interactions. However, the current 

AMPV vaccine used in the Midwest is a live attenuated vaccine 

propagated in Vero cells. TT-1 cells have not been used for AMPV 

vaccine production yet since it is a newly established cell line. It will 

be useful to evaluate and collect data for an AMPV vaccine 

produced in TT-1 cells, to compare the current AMPV vaccine 

produced from Vero cells. 

4.2.2 Propagation Rates and Titers 

In this study, it appears that the wild-type AMPV propagate faster 

than rAMPVs regardless of the host cell type, as evidenced by the 

occurrence of CPE (24 hours post infection for wtAMPV versus 48 

hours post infection on average for rAMPV). It appears that the host 

cells are more susceptible to wtAMPV compared to rAMPVs. 

It was shown that the titers of rAMPV and rAMPV-GFP are 

approximately 101 regardless of host cell types, while the titers of 

wtAMPV are 104 to 106. For a recombinant AMPV vaccine, a higher 

titer in TT-1 cells passages is preferred. The TT-1 cells originated 

from embryonic turkey turbinate tissue, and it may be possible to 
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modify the TT-1 cells to obtain higher titers of AMPVs. Yamaguchi et 

al (2006) reported a newly modified Vero cells (Vero-DST cells) 

which resulted in much higher titers of Canine Distemper Virus, a 

member of the paramyxoviridae family. The modified Vero cells can 

stably express the signaling lymphocyte activating molecule (SLAM) 

tag for canine, which is the cell surface receptor for Canine 

Distemper Virus. This finding is potentially encouraging for 

improving the titers of recombinant AMPV in the future given a more 

in-depth study focusing on the receptor for AMPV in TT-1 cells. Yet, 

the exact receptor for AMPV in targeted cells is not well understood. 

However, it was shown that the AMPV G gene comprises a CX3C 

chemokine sequence flanked by two mucin-like regions (Alvarez et 

al, 2003). The CX3C motif in the G gene of Human Respiratory 

Syncytia Virus (hRSV) binds to the CX3CRI cell surface receptor, 

triggering immunological pathways (Alvarez et al, 2003). By analogy 

to the hRSV G gene, general similarities have been observed 

between the AMPV and hRSV G genes (Ling et al, 1992). It is 

presumed that the recombinant AMPV G gene binds to the CX3CRI 

receptor or other closely related cell surface receptors in TT-1 cells. 

Therefore, it may be worth evaluating titers of recombinant AMPV 
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propagated in TT-1 cells that over-express the CX3CRI gene. An 

alternative way to improve the titers would be to modify the rAMPV 

instead of the tissue culture cells. 

 

4.3 Discrimination Between wtAMPV and rAMPVs 
We have not found the presence of fluorescence in TT-1 cells or 

Vero cells infected with rAMPV-GFP. For titers as low as 101, it is 

not surprising that the GFP is unable to be observed visually. The 

experiments can be optimized and repeated through more rounds of 

propagation to obtain an expected higher titer, but it is possible that 

there is a discrepancy between AMPV propagation in vivo and in 

vitro, considering the severely altered upper respiratory tract 

epithelium in infected turkeys. The rAMPVs (rAMPV, rAMPV-GFP, 

rAMPV-6xHis and rAMPV-reverse GFP) need to be tested on 

unvaccinated domestic turkeys to test the hypothesis. Thus far, 

discrimination between rAMPV-GFP and wtAMPV has only been 

demonstrated by using PCR with AMPV/XhoI primer set and by 

using nucleic acid sequencing on the biomarker region with 

AMPV/XhoI forward primer. This molecular diagnostic detection can 

still be used to discriminate shedding recombinant vaccines from 

wtAMPV. 
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4.4 Designing Primers for RT-PCR 
Reverse transcription polymerase chain reaction (RT-PCR) is robust 

in its sensitivity and specificity. For diagnostic purposes, primers can 

be designed for highly sensitive detection of AMPV, regardless of 

the subgroup, based on the sequence of the viral genome. Unlike 

the highly variable G gene, the N gene is the most conserved region 

within and among all subgroups of AMPV (Alvarez and Seal, 2005). 

The N gene is a critical component in AMPV and it was shown that 

the virus replication was inhibited when the expression of N gene 

was silenced (Ferreira et al, 2007). 

 

4.5 Variation in Glycoprotein Gene (G gene) 
The AMPV glycoprotein (G protein) is responsible for the viral 

attachment to target cells (Alvarez et al, 2003). The AMPV 

glycoprotein includes a hydrophilic intracellular domain, a 

hydrophobic transmembrane domain and a hydrophilic extracellular 

domain with predicted receptor binding sites and potential 

glycosylation sites, allowing the virion to bind to the cell membrane 

and become mature, glycosylated proteins (Govindarajan et al, 

2004). In addition, the glycoprotein is the major immunity 

determinant for AMPV (Bayon-Auboyer et al., 2000; Alvarez et al, 
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2003), as a result of the binding of the glycoprotein to cell surface 

receptors followed by immunological signaling. Therefore, the AMPV 

glycoprotein plays an important efficacious role for an AMPV 

vaccine. Be that as it may, the diversity of G gene has complicated 

the designing of an effective AMPV vaccine since the size of G gene 

in AMPV vaccine may provide different degrees of protection 

against AMPV strains with different sizes of the G gene. 

The AMPV G gene is the most variable viral gene among and within 

the different subtypes (Lee et al, 2007). Toquin et al. reported that 

AMPV/C CO strain shows at most 21% sequence similarity for the G 

gene to those in subgroups A or B (Toquin et al., 2003). In fact, the 

high genetic diversity of G gene sequences has been observed 

within AMPV/C, where most reports show either 1,798 nucleotide nt 

(Govindarajan et al, 2004) or 785 nt (Toquin et al., 2003).  

A study comparing the G gene sequence among different isolates of 

AMPV/C from domestic turkeys over seven years from 1996 to 2003 

also revealed a truncation in the G gene after 7 rounds’ propagation 

in Vero cells, regardless of the year of isolation (Velayudhan et al., 

2008). The finding of Velayudhan et al (2008) was in agreement with 

an earlier report about the observed G gene truncation when AMPV 
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was passaged in avian TT-1 cells then propagated in mammalian 

Vero cells (Kong et al, 2008). In fact, the commercial AMPV 

vaccines in the U.S. are live AMPV attenuated in Vero cells. 

Considering that AMPV infections emerge from time to time among 

turkey farms, it will be of great value to test the effectiveness of a 

TT-1 attenuated AMPV vaccine (a presumably full-length AMPV) in 

turkeys. For this purpose, TT-1 cells were used to propagate wild-

type AMPV as well as rAMPVs to produce a virus as vaccines 

candidate with the full-length G gene in this study.  

 

4.6 The Bio-security Issue for AMPV 
Wild birds are considered to be concurrently playing an important 

role in transmitting AMPV to domestic turkeys. This is further 

confirmed by the seasonal pattern of AMPV outbreaks in the United 

States, mainly in spring (April to May) (Broor and Bharaj, 2007) and 

fall (Njenga et al, 2003), in accordance with the seasonal migratory 

traits of wild birds. The excrement from infected migrating wild birds 

is able to transmit AMPV to and among turkey farms. The sources of 

AMPV infections cannot be identified unless a recombinant AMPV 

vaccine containing biomarkers is introduced as a vaccine into 

domestic turkey farms. With the recombinant vaccine being used in 
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the future, one can isolate the AMPV when a seasonal outbreak 

occurs and determine whether it is a vaccine-derived strain or 

originating from wild-birds, by testing for the presence of biomarkers. 

In addition, the spread of AMPV is sometimes due to the poor bio-

security in turkey farm management. Domestic turkeys cannot come 

into contact with turkeys from other farms, but farm staff can walk in 

and out of turkey farms. Careless, direct contact with infectious 

pathogens and later with clean farm equipment by the same person 

can cause the transmission of AMPV among turkey farms. In the 

future, an AMPV vaccine produced from a recombinant AMPV that 

contains biomarkers not only can discriminate vaccine-derived 

AMPV from wild-type AMPV using the identifiable biomarkers 

(GFP,6xHis tag, reverse GFP), but also provide an efficient way to 

examine the strength of bio-security in turkey farms. 

 

4.7 Detection of Biomarkers in Recombinant Vaccine 
In this study, it was shown that rAMPV-GFP could be discriminated 

from wtAMPV by detection of the biomarker region using PCR and 

nucleic acid sequencing on the GFP biomarker region. For 

recombinant biomarker AMPV vaccine, there are several ways to 

discriminate them from wild-type AMPV. 
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1) For rAMPV-GFP vaccine, the green fluorescence, which is not 

present in wild-type AMPV, can be observed visually using UV light. 

Also the GFP marker, 700bp in size, can be diagnostically amplified 

by PCR using a pair of primers that flank the XhoI cloning site in the 

rAMPV-GFP or else sequenced with the AMPV/XhoI forward primer 

adjacent to the end of N gene and the XhoI cloning site. In addition, 

an Enzyme-linked immunosorbent assay (ELISA) could be 

developed using GFP specific protein to discriminate rAMPV-GFP. 

2) The rAMPV-6xHis vaccine could be detected by ELISA using 

antibody specific to 6xHistidine which could not recognize wild-type 

AMPV; also the 6xHistidine region in rAMPV-6xHis vaccine can be 

sequenced. 

3) The rAMPV-reverse GFP vaccine can be identified by PCR 

using primers that flank the XhoI cloning site in rAMPV or 

sequenced to discriminate it from wild-type AMPV. 

 

4.8 Integrity of rAMPV Vaccines 
An increasingly higher pathogenicity of wild-type AMPV isolates was 

observed based on histopathology and immunohistochemistry 

analysis for AMPV isolates from 1997 to 2003 (Velayudhan et al, 

2008). Therefore, a more recent isolate could provide sequence 
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information that could be used in our reverse genetics system to 

produce a more efficacious vaccine. In this recombinant AMPV 

project the AMPV-MN 2a strain, which was isolated in 1999 and 

whose genetic sequence was known, was used as starting material 

to generate the full-length recombinant AMPV. Considering that the 

pathogenicity of AMPV isolates is increasing, future work will include 

efforts to produce a more infectious recombinant vaccine from the 

generated rAMPVs. One of the methods is by site-directed 

mutagenesis. When an AMPV isolate from a higher pathogenic 

strain is isolated, and subjected to nucleic acid sequencing, the 

sequence of this new AMPV isolate can be aligned with the rAMPVs 

constructed in this thesis to scan for major nucleic acid 

discrepancies. RT-PCR could be performed to amplify the mutated 

region from the newly mutated AMPV isolate by using a set of 

primers that contain the desired cloning sites. The PCR product that 

contains the mutated region could be digested with restriction 

enzymes and used as a cassette to be reinstalled into the pAMPV 

vector constructed in this thesis. 
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5. Conclusions 
i. Infectious recombinant AMPVs were generated by using a 

reverse genetics system, which consisted of the full-length 

antigenomic cDNA and four supporting viral protein plasmid 

constructs in vectors that contained a T7 promoter, followed by 

transfection into a eukaryotic host cell that expressed T7 polymerase. 

ii. The desired biomarkers were engineered into the viral genome 

of the rAMPV construct at a specific cloning site. 

iii. The recombinant AMPVs (with or without biomarker) were 

infectious and could be propagated by passage in TT-1 cells or 

Vero cells. 

iv. Molecular detection techniques including PCR and nucleic acid 

sequencing analysis of the biomarker region allowed for the 

discrimination of biomarker recombinant AMPV from wild-type 

AMPV. 
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