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ABSTRACT 

 Respiratory viral diseases are common in commercial poultry, and major diseases such as 

infectious bronchitis (IBV), Newcastle disease (NDV), infectious laryngotracheitis (ILTV), and 

avian metapneumovirus (AMPV) can severely affect the performance of poultry, causing high 

costs to the industry resulting in significant economic loss and even trade restraints and 

embargos on poultry products. Constant surveillance and identification of the etiologic agent 

within an infected poultry flock are crucial, so appropriate countermeasures can be promptly 

implemented. To aid accurate and rapid diagnosis of respiratory viruses in the field, a panel 

consisting of ten sets of TaqMan™-based quantitative RT-PCR assays that shared the same 

thermocycling conditions with fast run times was developed and the potential of introducing 

serotyping ELISA for IBV was examined. Internal positive controls (IPC) were incorporated in 

five of TaqMan™-based quantitative RT-PCR assays, and the analytical sensitivity and 

specificity of all tests were evaluated rigorously using synthetic DNA standards that were 

identical with the target sequence and by using clinical and biological tissue specimens. All 

developed IBV screening and serotyping qRT-PCR assays achieved linearity over a 5 log10 



dynamic range with a reproducible limit of detection of ≤10 target copies per reaction, and 

amplification efficiencies ranging between 90%-115%. NDV, ILTV, AMPV-A, AMPV-B qRT-

PCR assays also achieved the same dynamic range and limit of detection, with amplification 

efficiencies ranging between 86.8%-98.2%. Further validation of specificity using clinical and 

biological specimens was also successful and met all the initial requirements. In a separate, but 

complementary, study, the potential of VSV particles expressing IBV spike proteins as 

serotyping ELISA antigens was examined. Genes of the IBV spike protein were incorporated 

into the outer shell of the viral envelope of VSV and the functionality of these VSV particles 

bearing different IBV spikes (Mass, Ark) as serotyping ELISA antigens was studied. This proof 

of concept study proved some potential of the IBV spike pseudotyped VSV particles as 

serotyping antigens. The primary focus of this whole study was the development and provision 

of a board panel of diagnostic assays and practical concepts that could aid in identifying 

respiratory viral etiologic agents that are distributed worldwide. 
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CHAPTER 1 

INTRODUCTION 

 

 Respiratory viral diseases are common in poultry and constitute an important cause of 

economic loss throughout the industry. Among such viral diseases, infectious bronchitis, 

Newcastle disease, infectious laryngotracheitis and avian metapneumovirus are the viruses that 

frequently affect the respiratory tract of chickens. Infectious bronchitis is a highly contagious 

upper respiratory tract disease of chickens that is caused by avian coronavirus infectious 

bronchitis virus (IBV) that can negatively affect production and egg quality (12). Infectious 

laryngotracheitis (ILTV) is an upper-respiratory disease of poultry from the family 

Herpesviridae that causes sporadic cases of disease around the world associated with acute 

respiratory signs (5, 10). Newcastle disease virus (NDV), which was formally known as avian 

paramyxovirus 1 (APMV-1), can lead to trade embargoes and quarantine depending on the type 

and virulence of the strain (35). Lastly, avian metapneumovirus (AMPV) a member of 

Paramyxoviridae, is the etiologic agent for severe rhinotracheitis in turkeys, causing increased 

mortality in conjunction with secondary bacterial infections (19, 32).  

It is crucial to rapidly detect and differentiate these viruses within an infected poultry 

flock so that appropriate measures against those diseases can be implemented promptly. In other 

words, demonstrating the presence of the virus and identifying the etiologic agent along with 

differentiating between possible candidates, which can be similar in the early stages of the 

presentation of the disease is essential (9, 11, 33). As vaccines play a critical role in the 
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containment of such viral diseases in commercial poultry (3, 14, 16, 27), it is advantageous to 

identify the etiologic agent accurately and rapidly. However, diagnosis of avian respiratory virus 

infections using traditional methods such as viral culture and/or serology are insensitive, 

laborious and time-consuming for routine clinical detection (6, 9, 13, 18, 35). Thus, the two 

primary goals of this research are to develop diagnostic tools for rapid identification of these 

viruses and to express spike protein of different common IBV serotypes as pseudotyped virus 

particles that can be applied for diagnostic serology.  

Real-time PCR has nowadays become one of the most common methods of gene 

quantitation due to its large dynamic range, high sensitivity, and high sequence-specificity (36). 

Real-time PCR has been very useful for detecting viral agents of infectious diseases (25). The 

first and second aim of this research was to develop of TaqMan®-based RT-PCR methods for 

rapidly detecting and serotyping IBV as well as ILTV, NDV, AMPV. The purpose of using 

synthetic DNA templates was to provide authentic standards to generate a standard curve to 

quantify the presence of the target gene of each virus. An internal positive control was 

incorporated in some assays to verify the integrity of the test, and its effect on sensitivity and 

specificity was evaluated. Lastly, clinical and biological tissue specimens from naturally and 

experimentally infected birds were processed for validating the authenticity of these assays. 

          The third aim was to generate VSV particles that are pseudotyped with IBV spike proteins 

derived from different serotypes. Spike proteins which are located on the outside of all 

coronaviruses, are responsible for inducing serotype and virus-neutralizing antibodies (21). 

Vesicular stomatitis virus (VSV) has been widely used to produce pseudotyped virus particles, 

which have been used as a research tool to study many aspects of negative-strand RNA virus 

entry and replication, as well as for immunological assays and other purposes (2, 4, 15, 26). One 
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of the substantial advantages of using VSV is that they are not particularly selective in regards to 

the type of membrane protein that can be incorporated into the viral envelope (34). Thus, it is 

possible to generate a pseudotype virus that has the envelope protein of the spike protein of IBV 

assembled into the VSV membrane. Another advantage of pseudotyping IBV is that it only 

requires knowledge of the nucleotide sequence of the spike gene. IBV spike-pseudotyped virions 

can be used for multiple purposes including the development of serotype-specific diagnostics. 

Previously developed enzyme-linked immunosorbent assay (ELISA) kits targeting IBV specific 

antibodies are mostly based on coated whole virus particles, with few tests utilizing conserved 

structural and nonstructural proteins as coated antigen (7, 17, 24). These kits can quantify 

antibody levels against IBV, and facilitate large-scale monitoring of flocks, but focus only on 

universal detection of IBV and are not serotype specific. Since IBV spike-pseudotyped VSV 

particles only contain the spike protein, which is the major determinant of IBV serotype 

specificity, serotyping of serum samples may be possible and more accurate due to the absence 

of other cross-reactive IBV proteins.  

           The overall goal of this research was to develop diagnostic tools that can be applied for 

clinical poultry respiratory virus detection, serotyping and other purposes. Specifically, this 

research aims (I) to develop real-time PCR assays for IBV screening and serotyping, and 

evaluate its sensitivity & specificity by using synthetic DNA templates and clinical/biological 

tissue specimens, (II) to develop real-time PCR assays for NDV, ILTV and AMPV and evaluate 

its sensitivity & specificity by using synthetic DNA templates, internal positive controls, and 

clinical/biological tissue specimens, Lastly, (III) generate pseudotyped VSV particles that carry 

IBV spike proteins using an in vitro culture system and characterize produced particles for the 

incorporation of IBV spike proteins as ELISA antigens. 
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SPECIFIC AIMS 

 

It is crucial to rapidly detect and differentiate major respiratory viruses such as IBV, 

NDV, ILTV and AMPV within an infected poultry flock so that appropriate measures against 

those diseases can be implemented promptly. Demonstrating the presence of the virus and 

identifying the etiologic agent along with differentiating between possible candidates, which can 

be similar in the early stages of their pathogenesis is essential for disease control. The overall 

goal of this research was to develop molecular methods and diagnostic tools to aid in this pursuit. 

The specific aims of this study are: aims (I) to develop real-time PCR assays for IBV screening 

and serotyping, and evaluate its sensitivity & specificity by using synthetic DNA templates and 

clinical/biological tissue specimens, (II) to develop real-time PCR assays for NDV, ILTV and 

AMPV and evaluate its sensitivity & specificity by using synthetic DNA templates, internal 

positive controls, and clinical/biological tissue specimens, Lastly, (III) generate pseudotyped 

VSV particles that carry IBV spike proteins using an in vitro culture system and characterize 

produced particles for the incorporation of IBV spike proteins as potential ELISA antigens. 

 

Specific Aim 1. Developing real-time PCR assays for IBV screening and serotyping, and 

evaluate its sensitivity & specificity by using synthetic DNA templates and clinical/biological 

tissue specimens. There are various advantages of using real-time RT-PCR over other methods to 

quantify gene expression due to its functional simplicity, together with its combination of high 

sensitivity, specificity and short run times. Real-time PCR has been very useful for detecting 

viral agents of infectious diseases (25). For the first step, synthetic DNA sequences each 

mimicking the hyper-variable region in the S1 gene subunit of multiple serotypes (Mass, Ark, 
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GA07, GA08, Del/GA98), including the universal 5’UTR region of IBV, was used as templates 

for the assays to evaluate the amplification efficiency of synthetic DNA when paired with 

corresponding type-specific primer/probe sets. Type-specific primers and probes designed by our 

laboratory were utilized (31). An internal positive control (IPC) was also added to verify the 

integrity of the universal screening test, as well as to observe its effect on the test performance 

itself. An IPC is a non-target DNA template present in the same well as the sample, which is co-

amplified simultaneously with the target sequence of interest (30). Thus, a control signal should 

always be produced even in the absence of the target sequence. This can prevent false-negative 

reporting due to PCR inhibition (20, 29). Evaluation of amplification efficiency using synthetic 

DNA is sensitive, accurate and has various advantages as the sequence of the synthetic DNA 

template can be freely designed without contamination and qualitative misinterpretations of the 

experimental results are rare (1, 28). Lastly, the sensitivity and specificity of the developed IBV 

serotype specific real-time RT-PCR test was determined by using known negative, known 

positive, and clinical samples from chickens. Evaluation of these assays was based on the MIQE 

guidelines, which stand for Minimum Information for Publication of Quantitative Real-Time 

PCR Experiments (8).  

 

Specific Aim 2. Developing real-time PCR assays for NDV, ILTV and AMPV and 

evaluate its sensitivity & specificity by using synthetic DNA templates, internal positive controls, 

and clinical/biological tissue specimens. For rapid and accurate clinical detection of major 

poultry respiratory virus such as NDV, ILTV and AMPV, quantitative real-time PCR assays 

incorporated with internal positive controls were developed and rigorously evaluated. ILTV (9) 

and NDV (23) specific primers and probes sequences that were widely used for diagnostics were 



 

6 

selected based on other literature, with AMPV-A and B primer, probes newly designed for this 

study. Similar with specific aim 1, synthetic DNA templates were designed and synthesized 

based on the target sequence in the gC gene of ILTV, matrix (M) and polymerase (L) gene of 

NDV and the nucleoprotein (N) gene of AMPV-A and B respectively after an in-depth in silico 

examination and used for evaluation of analytical sensitivity. Internal positive control (IPC) was 

also added to all assays. The sensitivity and specificity of the developed assays were determined 

in retrospect by using known negative, known positive clinical samples from experimentally 

infected chickens. Evaluation of these assays was based on the MIQE guidelines (8). 

 

Specific aim 3. Generate pseudotyped VSV particles that carry IBV spike proteins using 

an in vitro culture system and characterize produced particles for the incorporation of IBV spike 

proteins as potential ELISA antigen. The pseudotyping technique that was used for specific aim 

3 was based on a VSV pseudotyping system using VSV-ΔG, an envelope gene-deficient VSV 

(34). Budding of VSV virions out of the cell surface does not require the VSV G protein (22) and 

can be replaced by a heterologous glycoprotein, which in this case would be the IBV spike 

protein. As VSV is not particularly selective to the type of membrane protein that can be 

incorporated into the viral envelope (34), a VSV pseudotype carrying the IBV spike can be 

generated. An in vitro cell culture system was used to generate pseudotyped VSV particles 

carrying IBV spike proteins. Plasmids carrying IBV spike protein genes from different serotypes 

were transfected into mammalian cells in an in vitro culture. Subsequently, the transfected cells 

were infected with envelope gene-deficient VSV (VSV-ΔG). Virus particles that bud out of the 

host cells will passively carry the IBV spike protein, which is expressed on the membrane of host 

cells. To determine the specificity of the VSV particles each bearing Mass and Ark spike as 
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serotyping ELISA antigens against homologous and heterologous serum, the dilution linearity of 

each ELISA assay correlating with the serial dilution of IBV spike pseudotyped VSV antigens 

was demonstrated. Demonstration of dilution linearity of the serially diluted VSV spike 

pseudotypes containing the specific serotyping antibody of interest was critical to validating the 

specificity and accuracy of the given ELISA results. 
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CHAPTER 2  

LITERATURE REVIEW 

REVIEW OF MAJOR RESPIRATORY VIRUSES IN POULTRY 

 

Infectious Bronchitis. Infectious bronchitis (IB) is a highly contagious disease that affects 

the upper respiratory tract of chickens caused by avian coronavirus infectious bronchitis virus 

(IBV) (46, 48, 125). Clinical signs usually appear within 24–48 hours after being exposed to the 

virus (116). Typical clinical signs in chicks infected with IBV will include nasal discharge, 

sneezing, rales, and coughing (1, 14). On the onset of infection, IBV infects ciliated and mucosal 

cells of the upper respiratory tract accompanied by ciliostasis with frequent loss of ciliated 

epithelial cells (5, 73, 127). Although a respiratory disease, IBV can also affect the female 

reproductive tract, leading to reduced production and egg quality with some strains causing 

severe nephritis that results in significant mortality in young birds (48, 63). The 

nephropathogenic clinical form of IBV includes signs of ruffled feathers, wet droppings, and 

increased water intake (252). 

Morbidity of this disease is typically 100%, and mortality can exceed 50% within a flock 

when some nephropathogenic strains are paired with opportunistic pathogens such as 

Escherichia coli (125). IBV have a predilection for the epithelium of the upper respiratory tract, 

which can lead to respiratory distress making the host prone for secondary bacterial airway 

infections (80, 169). As part of the family Coronaviridae genus Gammacoronavirus (168), this 

lipid-enveloped positive-sense single-stranded RNA virus can produce countless genetic and 
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antigenic variants capable of causing disease due to high mutation rates, rapid replication, and 

extensive genome recombination results (125, 147, 152, 155).  

The morphologic feature of IBV can be described as a round structure that is 100 nm to 

160 nm in size with petal-shaped spikes anchored on the viral surface (99). This virus consists of 

four structural proteins; the helical nucleocapsid (N) surrounding the 27 kilobase pairs (kb) 

length viral RNA, an integral membrane glycoprotein (M) that spans the lipoprotein envelope 

three times, small envelope proteins (E) which are present in small amounts on the envelope, and 

a spike glycoprotein (Spike) located on the surface of the lipoprotein envelope (1, 168, 249). And 

like other coronaviruses, IBV also encodes a set of accessory protein genes in which the 

functions have not been fully understood, although several studies including other coronaviruses 

proved that they are not required for in vitro replication (40, 66, 105, 115, 198, 226, 257), and 

was suggested that they may play a role regarding pathogenesis (198). 

The lipoprotein envelope of IBV surrounds the helical nucleocapsid and is anchored with 

the spike glycoprotein, which is the most significant protein for virus identification as it contains 

epitopes for serotype-specific antibodies and induces virus-neutralization (1, 38, 44, 63, 125, 

137). The spike consists of two subunits: the amino-terminal S1 subunit, which contains serotype 

specific epitopes and receptor-binding domains (RBD), and S2 carboxyterminal subunit, which 

anchors the protein to the viral envelope and involves in the fusion of the virus particle and host 

cell membrane (30, 63). Proteolytic activation of the spike protein is carried out by the furin-like 

host cell protease that cleaves a highly basic motif generating S1 and S2 subunits resulting in 500 

and 600 amino acids in size, respectively (43). As the spike is also involved in host cell 

attachment, it plays an important role in host specificity (248, 249). The spike mediates virus-cell 

membrane fusion by being exposed to acidic pH in endosomes, which triggers conformational 
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changes on the spike itself resulting in fusion with the viral envelope and cell membrane (53). 

IBV genotyping is generally done based on the nucleotide sequence of the S1 subunit (1, 126) 

and serotypes have been defined in association with neutralizing-serotype-specific epitopes that 

mainly exist in this subunit (44, 186, 195). However, there is no clear evidence that the spike 

protein of IBV itself is directly involved in virulence and disease severity, as replacing the spike 

gene from an avirulent IBV isolate (Beaudette) with that from a more virulent strain 

(Massachusetts 41) did not restore virulence (114). Instead, it has been suggested that the 

replicase-transcriptase gene that makes up two-thirds of the whole genome may be the 

determinant of pathogenicity (13). The replicase-transcriptase gene, which is encoded in the open 

reading frame 1a (ORF1a) and 1b (ORF1b) and consists of two polyproteins, pp1a and pp1ab, 

are cleaved and proteolytically processed by two types of virus-encoded proteinases (papain-like 

and chymotrypsin-like) resulting in 15 non-structural proteins, nsp2-nsp16 (262). A programmed 

ribosomal frameshift occurs during the translation of ORF1a when expressing the pp1ab protein 

(191). Although some of these non-structural proteins are associated with known enzymatic 

functions such as helicase (nsp3) (122) and endonuclease activity (nsp15) (28), the correlation of 

these functions with pathogenesis or virulence of the virus still needs to be further elucidated 

(139, 204, 224).  

Being a coronavirus, the hallmark of IBV transcription is the generation of a nested set of 

subgenome-length mRNAs that contain sequences corresponding to both ends of the genome, in 

other words, ‘discontinuous transcription’ (218, 265). The replicase-transcriptase proteins, along 

with other expressed viral, cellular proteins, assemble at the perinuclear region of the host cell to 

form the replication-transcription complexes (RTC) (219). The RTC then recognizes and binds 

to the cis-regulatory elements or binding sites located at the 3’ end of the genome, and initiates 
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synthesis of the minus strand RNA. The RTC then either transcribes the genome continuously 

into a genome-length template or discontinuously into various subgenome-length minus strand 

templates. A sequence consisting of around 10 nucleotides known as the transcription-regulating 

sequences (TRS) regulates the discontinuous transcription process. Starting from the 3’ end of 

the genome, elongation of nascent minus-strand RNA continues until it encounters the first 

functional TRS motif, which is located in front of each open reading frame (ORF) of the encoded 

gene. At this point, the RTC would either ignore the TRS motif and continue to synthesize the 

nascent minus-strand or stop and complete the synthesis process. This ‘decision making’ process 

will occur every time the RTC encounters a TRS motif. These nested sets of various length 

minus strands then are utilized as templates for positive sense genomic and subgenomic mRNA 

synthesis (199, 217, 218). A leader sequence of around 70-80 nucleotides in length, which is 

derived from the 5’ untranslated region (UTR) of the genome, is fused to the 5’ end of the 

subgenomic mRNA and serves as a primer to produce a nested set of 3’ co-terminal subgenomic 

mRNAs (33). Thus, each subgenomic mRNA contains a 5’ leader sequence that corresponds to 

the 5’ end of the genome. The signal mechanism of what causes the RTC to stop or continue 

minus-strand synthesis when encountering each TRS motif is still vague and needs to be further 

elucidated. 

Countless serotypes of IBV exist around the world and cross-protection between 

serotypes is poor as the degree of amino acid identity between the S1 proteins of different IBV 

strains decreases (45, 47, 125). Thus, if lower homology in the sequence of the S1 subunit when 

comparing a vaccine and a field strain is observed, it may indicate that a greater chance that 

relevant mutations have occurred, which may result in a lower cross-protection (74). Different 

serotypes of IBV generally have similarities in the amino acid sequence of the S1 subunit 
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ranging from 50% to 80 % (151). It is assumed that this great genetic diversity in the S1 subunit 

results from recombination, mutation, and strong positive selection of a more fitting virus in vivo 

(44, 236). Low fidelity of the RNA-dependent-RNA polymerase paired with limited ability to 

correct mistakes in the replicated virus genome may also contribute to the extensive genetic 

diversity of IBV (125). As multiple types of IBV exist that do not cross-protect, control of this 

disease is highly complicated. Hard evidence of IBV variants consistently circulating and 

persisting in commercial poultry causing widespread disease outbreaks exists (124). In the 

United States, Ark, Mass, DE, GA98 and GA08 types are frequently isolated in the field, which 

are also the commonly used vaccine types in the United States along with two relatively new 

IBV variants GA13 and DMV1639 (125, 149, 150, 156). 

Vaccines play a critical role in the control of IBV in poultry and vaccination against 

multiple IBV serotypes in commercial poultry operations is routinely practiced (125). Regarding 

vaccination, live attenuated vaccines are applied in broilers and pullets, whereas a combination 

of live and killed vaccines are used in layers and breeders (125). Live attenuated vaccines for 

IBV are usually produced by using virulent viruses as seeds and serially passing them in 10 to 

11-day old embryonated chicken eggs, generally more than 50 passages (3, 29, 34, 123). As a 

consequence, the adaptation of the virus to the embryo occurs, resulting in higher efficiency in 

replication and higher pathogenicity for the embryo, but being simultaneously attenuated for 

chickens. Effective control involves detecting and differentiating these various types of IBV 

within an infected poultry flock accurately in a timely manner, followed by vaccination against 

that specific type. Standard methodologies for detecting IBV would include virus isolation (VI), 

reverse transcriptase polymerase chain reaction (RT-PCR) and nowadays, quantitative real-time 

RT-PCR (qRT-CPR). Tests that focus on detecting serum antibodies would include 
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haemagglutination inhibition (HI) assay, agar gel precipitation test (AGPT), enzyme-linked 

immunosorbent assay (ELISA) (38, 73, 212). 

Efforts to develop strategies to confer broad protection against various IBV serotypes 

have been made in the past and continue until today. Although uncommon, some strains of IBV 

seem to be relatively more effective at providing cross-protection against heterologous serotypes. 

Such strains are categorized and referred to as protectotypes. Protectotypes have been suggested 

as a valuable concept for the development of strategies to control IBV (61, 161, 207). 

Protectotype vaccination is done by administrating two serotypes of IBV vaccine that are capable 

of providing a certain level of broad cross-protection against heterologous virus types. 

Combining a vaccine of the Ma5 strain, a Mass serotype and a 4/91 strain variant, provided good 

protection against various IBV serotypes including the QX strain that is predominant in Asia (61, 

234). Whether this is a unique property for just this particular combination or if it applies to other 

different combinations of IBV is not known, but the same protection levels have not been found 

in other combinations to date (133). Multi-monovalent vaccination strategies are also commonly 

used in some parts of the world (126, 133). IBV vaccines against more than one serotype are 

given one at a time based on a vaccination schedule. This strategy can be customized depending 

on the type and number of prevalent serotypes that are circulating in the area.  

Nowadays, one of the promising novel IBV vaccine candidates is infectious recombinant 

IBV strains as they can be strategically modified to alter pathogenicity in the laboratory using 

reverse genetic systems (RGS). The advantage of this system is that it enables rapid creation of 

an attenuated live vaccine against a newly emerged variant IBV by recombinant techniques, 

which takes much shorter in time compared to the conventional IBV attenuation method by 

embryo passage (133). As they are live attenuated viruses, they can be applied by traditional 
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methods (47). There were several attempts recently to establish an RGS based on several vaccine 

strains (26, 261). 

 

Infectious laryngotracheitis. Infectious laryngotracheitis (ILT) is an economically 

important, acute and highly contagious upper respiratory tract disease of poultry that affects the 

poultry industry worldwide due to decreased egg production, weight losses, and predisposition to 

other respiratory avian pathogens (19, 93, 174). The etiologic agent infectious laryngotracheitis 

virus (ILTV), a double-stranded DNA virus, is in the family Herpesviridae, subfamily 

Alphaherpesvirinae, genus iltovirus, species gallid herpesvirus 1 (GaHv-1) (68, 175). Natural 

infections are confined to galliform birds as ILTV exhibits a very narrow host range (87). 

Besides chickens, the virus can be isolated from pheasants, peafowl and experimentally infected 

turkeys (19, 64, 92, 253). Apart from direct transmission, ILTV can also be indirectly transmitted 

by fomites such as improper manure disposal, contaminated equipment, clothing, crates, live 

haul trucks, and infectious litter (79). 

Clinical signs can be observed between 6 to 12 days after natural exposure to the virus 

(19). Clinical signs such as hemorrhagic conjunctivitis, watery eyes, nasal discharge, respiratory 

rales, gasping and spewing of bloodstained mucous can occur if the disease is severe (91, 174). 

Morbidity and mortality vary depending on several factors; virulence of the circulating strain 

causing disease, amount of virus circulating in the area and whether co-infection with other 

respiratory diseases is present within the infected flock.  Some severe epizootic forms of the 

disease can elevate morbidity up to 100% and mortality as high as 70% (92). Intense viral 

replication generally occurs and stays present in tracheal tissues after ingestion of the virus 

through upper respiratory and ocular routes (110, 210). During the acute infection phase, virus 
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replication reaches its peak in the tracheal epithelium for up to 2 to 5 days post-infection (145). 

Although low levels of ILTV load can be sporadically detected up to 10 days post infection, 

active replication is usually confined to the first week of infection (113, 251). Like other herpes 

viruses, ILTV establishes latent infections which the virus can be reactivated and re-isolated 

under various stress factors followed by subsequent virus shedding (18, 251). The main site of 

latency is known to be the trigeminal ganglion (TRG) (251).  

As similar in morphology to the icosahedral structure of herpes simplex virus-1 (HSV-1), 

the hexagonal nucleocapsid of ILTV containing the double-stranded viral DNA is known to be 

80-100 nm in diameter consisting of 162 elongated hollow capsomeres (244). The viral genome 

of ILTV is approximately 150 kilobase pairs (kb) in length and consists of 79 predicted open 

reading frames (ORFs), long and short unique regions (UL , US) along with inverted repeats (IR, 

TR) flanking the short unique (US) region (92, 131, 158). The genome contains two clusters of 

genes specific for iltovirus, a cluster of five ORFs (A-E) located close to the 5’end, and the UL0, 

UL(-1) cluster located close to the 3’ end of the gnome (87). The nucleocapsid is surrounded 

with an irregular envelope that is 195- 350 nm in diameter and contains fine projections or viral 

glycoproteins on its surface (101, 110, 244). As the genetic structure and proteins of ILTV 

resemble HSV-1, designation of many ORFs and proteins have been adopted from that virus 

(235). Like other alphaherpesviruses, the surface glycoproteins are responsible for virus 

mediation, virus egress and stimulating immune responses (228). Among them, five major 

envelope glycoproteins gB, gC, gD, gK, gX and a unique glycoprotein gp60 were considered as 

main antigens and first studied in the past (20, 256), and nowadays a total of 12 glycoproteins 

along with its ORFs (gB, gC, gD, gE, gG, gH, gI, gJ, gK, gL, gM, gN) are recognized although 

its functions and interactions are not fully understood (200). Among them, gB, gC, gG, gJ, gM, 
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gN have been identified at the protein level (86, 143, 146, 205), and was proven that gG, gJ, gM, 

gN were not essential for virus replication in cell culture (75, 86). Interestingly, sequence 

analysis of the ILTV glycoprotein B and glycoprotein C revealed that these proteins lacked 

consensus heparin-binding motifs, indicating that viral attachment of ILTV to its host cell is 

carried out in a heparin-independent manner, which is quite distinct from other 

alphaherpesviruses (144). The ILTV gC protein when compared to gC proteins of other 

alphaherpesviruses, it lacked arginine, lysine-rich sequences, resulting in a deletion of around 

100 amino acids, making it shorter than other gC homologs thus lacking the positively charged 

region in the ectodomain required for heparin interaction (143). As it is commonly known that 

specific cell surface receptors play a direct role in determining susceptible hosts, the narrow host 

range of ILTV may be related to its heparin-independent entry pathway.  

Along with biosecurity and rapid diagnosis, the primary method for controlling ILT is 

through vaccination although they are only used in geographic areas where the disease is 

endemic since live attenuated vaccines can persist in a latent state in the sensory ganglia of birds, 

thus producing long-term carriers or reservoirs (91, 110, 111, 211).  Still, vaccination against an 

occurring outbreak is capable of both limiting the spread of the virus along with shortening the 

duration of the disease (110). Live attenuated vaccines and recombinant viral-vectored vaccines 

for ILTV are mainly used. Traditionally, two types of live attenuated ILT vaccines have been 

used, chicken embryo origin (CEO) (216) and embryonic tissue culture origin (TCO) (95). 

Although highly effective, in some cases their use (especially CEO) resulted in lower 

performance as some strains may carry residual virulence that can further increase during animal 

passages (87, 110). These types of vaccine strains can readily transmit from vaccinated to 

unvaccinated birds and may revert to virulent strains after several passages within the flock. The 
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seed of these vaccines strains was derived from virulent US field strains circulating between the 

1950s and 1960s, which were attenuated by serial passages (91). CEO vaccines are generally 

administrated via drinking water and coarse spray vaccination in addition to the eye-drop route, 

whereas the TCO vaccine is confined to eye-drop administration (96, 197). Protection conferred 

by the CEO vaccine is known to be significantly higher than that of the TCO vaccine regarding 

clearance of the challenge virus and higher replication rates of the vaccine strain (237). However, 

virulently reverted CEO strains can cause more severe clinical signs compared to TCO revertants 

at the same passage level (103).  

Based on past studies utilizing polymerase chain reaction and restriction fragment length 

polymorphism (PCR-RFLP) analysis, it was found that most of the ILTV isolates from 

commercial poultry in the United States were related to the commercial CEO vaccine strains (90, 

138, 140), which didn’t seem to have changed through the years according to a relevantly recent 

study using the same genotyping method (197). Similar studies on ILTV field isolates originating 

from vaccine strains can also be found outside of the United States (52, 100). In fact, epizootic 

outbreaks caused by these virulently reverted CEO-derived strains have already occurred 

worldwide in regions including North and South America, Australia and Europe (174). The TCO 

strain derived outbreaks, on the other hand, are uncommon (227).  

Recombinant vaccines using fowl poxvirus (FPV) or turkey herpes virus (HVT) as viral 

vectors have been developed as an attempt to prevent CEO derived outbreaks (93). An FPV 

vector vaccine incorporating glycoprotein B and UL32 genes as antigens was first used in 

breeders and commercial layers the United States (69) and HVT vectored vaccines utilizing the 

same glycoprotein B, or glycoprotein I and D were also developed (93). The advantages of using 

HVT and FPV as vaccine vectors are that they lack bird to bird transmission, and most of all, do 
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not tend to revert and regain virulence (35, 237). Although it has been proven that such viral 

vector vaccines are indeed capable of mitigating clinical signs, they are not as effective as 

traditional live attenuated CEO/TCO vaccines regarding the reduction of virus shedding (237). 

The technical aspect of proper vaccine administration has been focused on these viral-vectored 

vaccines, as an inappropriate application can compromise vaccine efficacy eventually resulting 

in reduced or partial protection (93). Such concerns include technical failure of depositing the 

vaccines to the intended sites (amniotic cavity, embryo muscle) regarding in ovo vaccination or 

reducing quantities of the vaccine due to economic reasons (16, 79, 250). Recombinant ILTV 

vaccines based on gene-deletion have also been widely studied, aiming to develop recombinant 

ILTV strains that don’t present growth defects (189, 241). A good example would be a recently 

developed ORF C gene deleted strain (ΔORF C), as the ORF C deletion didn’t affect the fitness 

of the recombinant strain in vitro, shared the similar growth kinetics and titers comparable to the 

parental strain, and it’s efficacy was comparable to that of a TCO vaccine when given by eye-

drop administration, thus having a good potential for being a safe and efficacious vaccine (89).   

 

Newcastle Disease. Newcastle disease (ND), caused by the etiologic agent Newcastle 

disease virus (NDV) formally known as avian paramyxovirus 1 (APMV-1) and a member of the 

genus avulavirus, is responsible for severe economic losses throughout the domestic poultry 

industry (10, 254). This disease can spread rapidly to susceptible chickens, approaching 

mortality up to 100%, resulting in devastation and trade restraints and embargos on poultry 

products from areas or countries where outbreaks have occurred (5). However, ND infections are 

not only confined to poultry as infections have been confirmed in more than 236 avian species 

(135).   
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The first described cases of this disease in poultry came from Newcastle-upon-Tyne, 

England and Java, Indonesia in 1926 although it has been thought that there may have been some 

earlier outbreaks (11). Since its initial rapid spread in Asia, ND is currently distributed 

worldwide. At least six of the seven continents of the world have been involved, and ND 

infections associated with clinical signs were confirmed in many countries from Europe, Asia 

and the Americas such as Finland, Germany, Japan, Dominican Republic, Belize, and Peru 

(182). To date, a total of four panzootics have been recognized, causing a negative impact on not 

only the poultry industry and economy, but even directly affecting human livelihoods due to the 

reduction in food supplies (4). Between 2013 to 2015, ND outbreaks have been reported in an 

average of 60 countries (78). Considering unreported cases in Africa and Asia, the global 

distribution of ND seems to be more extensive. 

Clinical signs observed in birds infected with NDV vary widely as they are dependent on 

factors such as the virulence of the virus itself, the species, immune status and age of host, 

predisposition with other pathogens, and environmental stress (183). Regarding chickens, 

pathogenicity and clinical signs of this disease varies significantly among ND strains. ND strains 

have been classified into five pathotypes based on the characteristic properties of clinical 

manifestation that can be observed in infected chickens, which are 1) viscerotropic-velogenic, 2) 

neurotropic-velogenic, 3) mesogenic, 4) lentogenic, 5) asymptomatic (9). When an outbreak of 

virulent ND occurs, either in a mesogenic or velogenic form, the affected country is obliged to 

report the case to the OIE (World Organization for Animal Health), and imports of poultry 

products from that country can be suspended (78). Virulent NDV strains (velogenic and 

mesogenic NDV) which are classified as select agents in the United States, are not endemic in 

the American domestic poultry and is often referred to as ‘exotic Newcastle disease (END)’, 



 

25 

although low virulence NDV or lentogenic strains still remain endemic (84, 182). Efficient 

surveillance and control measures against velogenic and mesogenic NDV are imperative as their 

existence can severely impact commercial performance and productivity alongside international 

exports in poultry. Virulent NDV is also capable of mutating, resulting in multiple genotypes 

(83). 

NDV is an enveloped virus that carries a single stranded, negative-sense, non-segmented, 

RNA genome with a size around 15 kb (67) which contains six genes each encoding their 

corresponding proteins which are the nucleoprotein (NP), RNA polymerase (L), matrix (M), 

phosphoprotein (P), fusion (F), and the hemagglutinin-neuraminidase (HN) (9, 51, 148, 213).  

The HN and the F proteins are required for the virus to attach, fuse and enter the host cell (102). 

The HN protein binds to the sialic acid receptors, while the F protein mediates membrane fusion 

between the viral and the host cell membrane. One of the unique features of the F protein is that 

unlike many other fusion proteins of enveloped viruses, it does not require low or acidic pH to 

initiate fusion activity, and is likely to be capable of fusing directly at the host cell membrane 

under neutral pH conditions (109). The F protein is initially expressed as the precursor, F0 (9), 

which must be proteolytically cleaved by host-cell proteases into disulfide-linked F1 and F2 

polypeptides for activation of fusion activity (188, 190). Upon initiation of fusion activity, it is 

thought that F proteins of paramyxoviruses go through a series of conformational changes that 

enables insertion of fusional peptides into the host cell membrane, although activation of such 

conformational changes by the F protein alone is insufficient and requires interaction with the 

HN protein (120). The HN protein, which mediates the entry process of the virus into the host 

cell in a receptor-dependent manner (153, 223), also carries specificity determinants or 

interacting domains for F-protein in the stalk region that involves in complex formation and 
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oligomerization (102, 172, 173) and is thought to activate refolding of F protein that catalyzes 

fusion activity. Regarding virulence and pathogenicity, although multiple genes are involved, is 

it widely known that the fusion or F0 protein cleavage site plays a critical role for significant 

shifts in virulence (71, 201). The use of reverse genetic systems (RGS) for NDV revealed that 

phenylalanine at position 117 (F117) along with basic amino acids surrounding glutamine 

(Q114) is essential for virulence (70, 98). In other words, one or two changes in the amino acid 

sequence in the F0 cleavage site may result in a non-virulent NDV strain, changing into a 

virulent strain (70).  

NDV is generally classified into two major divisions, represented as class I and class II 

(21, 142, 182). Class I viruses are known to be non-virulent in chickens and have been isolated 

from shorebirds and waterfowls or species from the family Anatidae (7). Strains from class I 

possess the most extended genome in length (15,198 bp) among NDV and are further divided 

into at least nine genotypes originating from the wild bird population and live bird markets from 

Asia and the United States (67, 142). Class II viruses are comprised of ten genotypes, which 

includes low virulent vaccine strains (LaSota, B1, VG/GA) and predominant virulent genotypes 

circulating the world. Genotypes of class II strains are delineated into two categories based on 

their time of emergence, as the ‘early’ I, II, III, IV and IX and ‘late’ V, VI, VII, VIII, and X 

genotypes (67). The late genotypes of class II only consist of virulent strains and were 

responsible for various outbreaks in the Eurasian continent, the Americas (21, 203, 243, 254), 

and Africa (6). Increasing strain isolation and sequencing reports provide hard evidence that 

various class II genotypes are currently circulating simultaneously worldwide (182).  

Like most poultry diseases, vaccination is considered as an effective way to contain ND 

in conjunction with proper management and strict biosecurity, aided with proper diagnostic tests, 
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and culling of infected flocks. This also applies in the United States. Although virulent NDVs are 

not endemic in U.S. domestic poultry, the main reason vaccination is implemented is to prevent 

and minimize economic losses caused by endemic low virulent NDV (LoNDV) (181). For 

decades, commercial live and inactivated NDV vaccines contributed in reducing ND outbreaks 

(130). The most commonly used ND vaccines that are used worldwide were derived from strains 

isolated from 1940 to 1960s, resulting in the development of LaSota, VG/GA and B1 live 

vaccines. Among them, the LaSota strain is nearly always used in virulent NDV endemic 

countries due to high replication rates resulting in higher production of neutralizing antibodies 

(76, 178). Avirulent strains from class II genotype I group are also widely used as vaccine strains 

(PHY-LMV42, I2, V4) (94). Inactivated vaccines for NDV have a disadvantage regarding 

protection as strong cell-mediated responses are not mounted despite high antibody levels, 

leading to increased shedding of virulent virus compared to live vaccine vaccinated flocks (179, 

220). In an attempt to provide safe yet efficacious vaccines, virus vectored vaccines using FPV 

(32) and HVT (187) were also developed. 

In recent years, recurrent infections of virulent NDVs in vaccinated flocks were reported 

(119), and the number of reported ND strains have increased, involving at least 60 countries, 

resulting in broadened genetic diversity (77). Currently used vaccine strains are mainly from 

class II genotype I and II and are known to be genetically distant from contemporary NDV 

strains that are circulating worldwide, regarding nucleotide distance (77). The high genetic 

discrepancy between vaccine strains and novel field isolates reduces vaccination efficacy 

alongside inefficient prevention of virus shedding in vaccinated flocks (180, 181). In other 

words, antigenic differences between vaccine strains and field isolates are directly correlated to 

protection efficacy, eventually leading to vaccine failure (184). Innovative approaches for 
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providing a solution under these circumstances would include the development of antigenically 

matched engineered vaccines using reverse genetics (78), virus-like particles (VLP) (171), 

cytokine-expressing vaccines (39) and so on. 

 

Avian metapneumovirus. Avian metapneumoviruses (AMPV) belong to the subfamily 

Pneumovirinae within the family Paramaxoviridae and are currently categorized into four 

different subgroups (A, B, C, D) based on sequence analysis and virus neutralization (VN) 

patterns (24). Since its first discovery in South Africa, it was thought that the susceptible host 

was solely limited to turkeys since its first discovery in the 1970s, and was later discovered that 

infections in chickens are associated with the swollen head syndrome (37, 196, 202). AMPV can 

also exacerbate secondary bacterial infections such as Ornithobacterium rhinotracheale (ORT) 

and Mycoplasma gallisepticum (MG), which is associated with increased mortality (104, 192). In 

one study, viral priming of AMPV allowed adherence and colonization of ORT in the epithelial 

cells of the turbinates and trachea, proving synergism between the two respiratory pathogens 

(167). Although some viral replication occurs in the lungs, AMPV replication is usually limited 

to the upper respiratory tract and only for a short time. Experimental trials proved that the virus 

replicates to high loads in nasal and sinus tissues in turkeys for up to only 10 days post-

inoculation, and was not isolated in other tissues (59, 240). In chickens, mortality rarely exceeds 

2% although morbidity may reach up to 10% and affect egg production in breeders (56).  

AMPV is an enveloped virus carrying a negative-sense, non-segmented RNA genome 

(206). The molecular structure resembles the members of the family paramyxoviridae. The size 

of this pleomorphic, spherical virus is around 150 nm in diameter and is predominantly 

filamentous (27, 55, 132). The helical nucleocapsid, which is located within the matrix (M) 
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protein layer, surrounds the 13 kb RNA genome. The nucleocapsid is known to be much smaller 

than other paramyxoviruses such as NDV (27). The lipid envelope of AMPV contains 3 viral 

glycoproteins, the G protein that is utilized for host cell attachment, the fusion protein (F) and 

small hydrophobic (SH) proteins of unknown functions (81). The F and G proteins exist as 10-14 

nm spikes in length on the virus surface, and interact with the matrix protein layer located on the 

internal side of the viral membrane (55). During virus entry, the G proteins interact with heparin-

like or glycosaminoglycan receptors on the host cell surface and mediate attachment (85, 106, 

160).  The F protein then initiates fusion between the viral envelope and host cell membrane in a 

pH-independent manner, and unpacking of the viral components and replication occurs in the 

cytoplasm (81). The G protein does not resemble the sequence nor the structure of attachment 

proteins (HN) of other paramyxoviruses (246). Interestingly, despite the difference in sequence 

homology between the F proteins of metapneumoviruses and other paramyxoviruses, it has been 

found that structural similarities are significant (23, 118, 258).  Like other paramyxoviruses, the 

precursor F0 is cleaved into F1 and F2 disulfide-linked subunits by proteases such as furin (263, 

264). Nonstructural proteins NS1, and NS2 are unique to animal pneumoviruses, and are 

expressed abundantly compared to other viral proteins. These relatively small proteins are known 

to hijack the host cell machinery by inhibiting RNA synthesis and interferon activation (15, 31, 

221, 238).  Four different subtypes of AMPV (A, B, C, D) exist with having subtype A and B 

mainly isolated in continental Europe and UK (193, 239), subtype C in North America and D in 

France (24, 128). Subtypes of AMPV have been differentiated based on nucleotide, amino acid 

sequence analyses of the G protein (134), and neutralization assays using monoclonal antibodies 

(54). AMPV is considered a significant threat involving both chickens and turkeys around the 

world including the United States (60, 222).  
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Vaccines have been available since the late 1980s in Europe and were capable of 

controlling the disease (57, 58). However, similar to NDV, disease occasionally has occurred in 

vaccinated flocks leading to vaccine failure (22, 42). Initially, it was thought that such vaccine 

failure was caused by poor application technique or administration of vaccines with different 

subtypes from field strains, which was the occasion in some cases (42, 239). However, it was 

revealed that using a vaccine strain of the same subtype did not always protect against strains 

within the same subtype group, suggesting that genetic changes within field isolates may have 

occurred, especially in the G protein region (22).  According to a sequence analysis study on B 

subtypes that were isolated from 1987 to 2007 in Italy, it was found that consistent mutation of 

the G attachment protein was present in the newer strains, which was responsible for non-

synonymous mutations that altered the amino acid sequence (49). Although it is evident that non-

synonymous mutations in the G protein plays a critical role in alteration of AMPV strains, full 

sequencing revealed that changes in the SH protein were of similar magnitude to the changes 

seen in the G protein, with other genes remaining relatively unchanged. A correlative study 

between full genome sequencing data in conjunction with results from experimental vaccination 

trials suggested that poor protection was due to the significant amino acid changes in the G and 

SH protein region of the challenge strain (42).  Although the precise function of the SH protein is 

undetermined, a reverse-genetics knockout approach speculated that deletion of the SH gene 

from the genome had a more significant impact in replication and immunogenicity, as the 

recombinant strain with a deleted SH gene showed the most significant impairment of fitness in 

both in vitro and in vivo experiments (163). As SH proteins are small integral membrane proteins 

located in the region of the viral membrane (81), it would likely to freely interact with the host 

immune system, impacting the fitness of AMPV strains.  
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Consistent shedding of the virus from flocks seems likely the reason for such field virus 

mutations, as some studies proved that when a live attenuated AMPV vaccine strain persists in 

the environment, it could sometimes revert to virulent strains (41, 42). Mutation of field strains 

due to vaccine pressure may occur if they adapt and sustain their fitness under the immune 

pressure of vaccinated flocks, resulting in numerous generations of mutants shedding in the 

environment. As several RGSs for AMPV have been utilized in the past (163, 194), development 

of a non-shedding live attenuated vaccine based on these genetic backbones may work as an 

alternative, although further understanding of AMPV genetics alongside protein interactions 

would be essential. 
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DIAGNOSTIC CONCEPTS OF MAJOR RESPIRATORY VIRUSES IN POULTRY 

 

Detection of respiratory viral diseases in poultry. Major poultry respiratory diseases such 

as infectious bronchitis (IB), infectious laryngotracheitis (ILT), Newcastle disease (ND) and 

avian metapneumoviruses (AMPV) are currently distributed worldwide, each capable of causing 

significant economic losses in the commercial poultry sector. Demonstrating the presence of the 

virus and identifying the etiologic agent is imperative for control of those diseases. Moreover, it 

is crucial to differentiate these viruses, which can be similar in the early stages of their 

pathogenesis (242). Several diagnostic methodologies have been provided for the past decades, 

including detection or isolation of the viral agent itself, or by aiming at specific antibody 

responses.  

One of the conventional gold standards for routine use is virus isolation (VI). The two 

most widely utilized methods are propagating the virus in either cell culture or embryonic 

chicken eggs (136). IBV, NDV and, AMPV mostly use embryonated chicken eggs for primary 

isolation (8, 62, 73), whereas isolation of ILTV is conducted in both cell culture and 

embryonated chicken eggs (19, 65). While the inoculation site in embryonated eggs for IBV and 

NDV is the allantoic cavity (73, 126), AMPV utilizes the yolk sac (170) and ILTV, the 

chorioallantoic membrane (CAM) (92). Regarding ILTV diagnostics, apart from a direct 

examination of the CAM focusing on the presence of plaques and thickening of the membrane, 

CAM samples are often submitted for histological and fluorescent antibody analysis (65). 

Despite its popular usage, however, several drawbacks exist with this technique. Virus isolation 

assays heavily rely on optimal sample collection and handling, and moreover, some viruses are 

not very stable outside of the host in vivo environments. Also, it can be quite laborious, time-
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consuming and associated with prolonged turnaround times if the virus has to undergo extra in 

vitro passages (136). The availability of suitable biological systems will also be a concern as not 

all viruses will grow in the same system. For instance, primary isolation methods by introducing 

pathological materials directly into conventional monolayer cell cultures systems do not work 

well for IBV (73), whereas NDV (208), AMPV (62) and, ILTV (19, 65) can be readily adapted 

to grow in a variety of cell culture systems. Although VI assays have strengths compared to 

molecular techniques, such as being capable of identifying a new viral agent, as they tend to be 

less specific, allowing to whatever can grow and propagate well, it remains that they are slow 

and labor-intensive process. Thus, alternative assays are continually being introduced in the field 

of viral diagnostics. 

Several detection methods focusing on the antibody response to the target virus exist, 

which will include virus neutralization (VN), hemagglutination inhibition (HI) and enzyme-

linked immunosorbent assay (ELISA). These tests share the same fundamental principles as they 

function based on the formation of the antigen-antibody complex, which utilizes a known virus 

or viral protein typically, and samples that contain antibodies, which are usually serum collected 

from birds. HI tests are widely used for differentiating and serotyping IBV (73) and other 

paramyxoviruses (8, 17, 112), although in IBV HI tests pre-treatment with neuraminidase is 

essential so sialic acid residues from the spike protein of the virus envelope can be removed, 

which is needed to induce hemagglutination (HA) activity (214). Although HI tests can be 

simple and highly economical, one drawback is that they require a broad panel of antigens of 

each serotype, which are usually live viruses. And as these whole virus preparations contain 

conserved viral proteins that can cross-react with antibodies of different serotypes, results can 

lead to decreased specificity. ELISA has become a popular technique due its functional 
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simplicity and low costs. A conventional ELISA consists of an array of wells coated with either 

the target virus as the antigen or a specific viral protein that represents the virus of interest. 

Should the antibodies in the serum sample bind to the antigens coated in the well, color changes 

will occur when a secondary antibody labeled with an enzyme, and a substrate is added. Such 

changes are analyzed by a spectrophotometer and displayed as optical density (OD) signals. 

ELISAs have been developed and used for detection of IBV (185), NDV (225), AMPV (12, 162) 

and ILTV (177) in the poultry field, with commercial kits widely available. 

Molecular-based methods such as polymerase chain reaction (PCR) or quantitative real-

time polymerase chain reaction (qRT-PCR) possess a considerable advantage since such 

techniques do not rely on the presence of a live virus, but rather a piece of the viral genome, 

allowing sensitive detection of viral agents. Paired with more refined, standardized techniques of 

nucleic acid extraction and purification, alongside viral sequence data that are available through 

various databases, PCR is a technique that is ubiquitously utilized in the field of virus diagnostics 

regardless of the type of the virus. The discovery of reverse transcriptase (RT), an enzyme 

capable of generating a complementary template (cDNA) from the RNA template naturally used 

by retroviruses, allowed PCR reactions to include a reverse transcription step. The cDNA 

produced based on the viral RNA of the target virus during this step is then used as a template 

for exponential amplification during the PCR process, thus allowing to identify RNA viruses 

(154).  Real-time PCR belong to a relatively more modern set of diagnostic methodologies, in 

which amplification of the DNA target template is monitored during the PCR, not after its 

completion, like conventional end-point PCR. The advancement of new fluorescent DNA 

labeling techniques has enabled such monitoring and detection of amplified DNA copies in real-

time. Real-time PCR is the current golden standard in viral diagnostics, as it provides accurate 
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quantitation of gene copies without post-PCR processing steps such as the addition of ethidium 

bromide and densitometric analysis of PCR bands using ultraviolet rays (141), offering 

advantages in preventing contamination and generating throughput results (108).  

 

Quantitative real-time polymerase chain reaction. Combined with its capacity to detect 

and quantify accurate amounts of gene copies in a wide range of samples along with its speed, 

practicality, high sensitivity, and reduced risk of carry-over contamination, quantitative real-time 

PCR has provided a new criterion for viral diagnostics (166). Compared to conventional PCR, 

real-time PCR is more reliable and better suited for prompt decision making under clinical 

situations (164). Real-time monitoring of gene copies or amplicon accumulation has been made 

possible with the utilization of fluorescent labeling of either primer, probe or the amplicon itself. 

The introduction of amplifiable hybridization probes regarding gene quantification provided 

great insight that led to the foundation of this technique (165). 

Paired with a primer set for amplifying the target DNA sequence, hydrolysis probes (also 

known as 5’ nuclease probes) are commonly used for real-time PCR assays to monitor amplicon 

accumulation. Since the first attempt to detect amplicons by tracking the 5’→3’ endonuclease 

activity of the Taq DNA polymerase on oligoprobe-bound target DNA templates (117), based on 

this concept, fluorophore labeled probes were introduced which are customarily referred to by 

their proprietary name, TaqMan probes (157). A typical TaqMan probe consists of a short 

oligonucleotide that contains a fluorescent dye ‘reporter’ at the 5’ end and a quenching dye or 

‘quencher’ at the 3’ end. Creation and detection of the fluorescence signal bound to target DNA 

are performed in two main sequential events; first, during PCR the probe binds to the target-

complementary strand (cDNA) and second, the Taq polymerase cleaves the 5’ end of the 
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TaqMan probe by 5’→3’ endonuclease activity, spatially releasing the fluorescent reporter from 

the quencher (82). The real-time PCR instrument then monitors the unquenched emissions of the 

reporter dye, resulting in fluorescence signals. Moreover, the cleaved fluorescent dye 

accumulates after each PCR cycle, enabling detection at any time points during the whole 

thermo-cycling process, in other words, allowing ‘real-time’ representation of amplification. The 

signal emission increases proportionally to the quantities of the PCR product that are synthesized 

during the amplification process. 

Certain requirements are needed for the optimal design of TaqMan probes. Their length 

should be limited to 20-40 nucleotide base pairs, a GC content of at least 40-60%, no repeated 

sequence motifs and most of all, a melting temperature (TM) at least 5°C higher than that of the 

primers, to ensure the probes can readily bind to the target template before the primer extension 

step (176). As Taq polymerase and TaqMan probes require at least 60°C for efficient 5’→3’ 

endonuclease activity, thermo-cycling condition ranges typically between 60°C and 95°C (82). 

Data processing is done based on a large amount of raw numerical data collected during 

the real-time PCR process, by generating a standard curve and evaluating amplification 

efficiency. A specific guideline, known as the Minimum Information for Publication of 

Quantitative Real-Time PCR Experiments (MIQE), was developed to improve real-time PCR 

based data by increasing uniformity, reliability, and transparency of reporting (36). By this 

guideline, certain assay performance characteristics must be determined, which the most 

important would be PCR efficiency. PCR efficiency can be defined as the increase rate of the 

target DNA template per amplification cycle, simply put, ‘amplification efficiency’ (215). PCR 

efficiency must be generated based on calibration or ‘standard’ curves, as they provide a simple 

and intuitive indication of the mean PCR efficiency. The standard curve is generally used to 
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evaluate the overall performance of real-time PCR assays by estimating its efficiency along with 

the dynamic range, and limit of detection (229). Real-time PCR efficiency is typically 

determined from the slope of the log-linear portion of the standard curves. To elaborate, the 

formula used for calculating PCR efficiency is E =[10(−1/slope)] – 1 (36). Generation of the 

standard curve usually involves a panel of samples with controlled relative quantities of the 

target template, serially diluted in 10-fold, each analyzed in triplicate (230). These standard 

samples are analyzed by real-time PCR by measuring the quantification cycle which is 

represented as CT values (36). CT vs. logarithm of the target template concentrations is plotted, 

generating a standard curve expected to be linear with a negative slope.   

 

Fig 2-1. A typical standard curve of a real-time PCR assay (E=100%) 

In the absence of interfering or inhibitory factors in the sample matrix, a properly 

designed real-time assay should show efficiencies ranging between 80%-115% (230, 260). If the 

samples were diluted by 10-fold, the slope of the standard curve should be −3.33 when PCR 

efficiency is 100%, indicating that a perfect doubling of numbers of the target template has 

occurred in each amplification cycle. In other words, assays should be designed aiming for 

standard curves with a -3.33 slope, within ranges between -3.0 (E = 115%) to -3.9 (E = 80%), 
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although some studies extend it to -2.9 (E=122%) (107). The slope is also directly correlated 

with the CT values, as the interval (ΔCT) between 10-fold diluted target templates at 100% 

efficiency would be 3.33. However, if the efficiency substantially exceeds 100% (E >115%), it 

may be indicating PCR inhibition in the sample matrix. If excessive amounts of DNA/RNA or 

carry-over material (SDS, phenol) are present in a sample matrix, they may function as ‘PCR 

inhibitors’ which flattens the efficiency plot, reducing the slope paired with a PCR efficiency of 

over 115%. As inhibitors are also diluted down along with other materials via serial diluting, the 

‘inhibited’ samples would typically be the most-least diluted samples. It also can be explained 

based on ΔCT; if inhibition occurs in the most concentrated (or least diluted) sample, a CT value 

higher than the predicted ‘earlier’ CT would appear, being the starting point of the standard 

curve. As inhibition activity is decreased when dilution gets higher in samples, assuming that the 

efficiency is 100%, the ΔCT will at some point revert to 3.33. But since the CT starting point was 

higher than the predictions and average ΔCT between the concentrated samples will be smaller 

than 3.33, the standard curve will ‘flatten out’ as the slope lowers, which translates to 

unrealistically higher efficiency. A plausible solution to this would be to omit such 

‘concentrated’ samples when calculating amplification efficiency. 

 

VSV pseudotyping. Pseudotyping is a concept for generating viruses combined with 

foreign viral envelope proteins. It practically means that single or multiple structural proteins that 

are harbored by a virus particle are not encoded in the viral genome that carries them. 

Pseudotyped viruses have been widely utilized to identify proteins that function as host cell 

receptors such as glycans and lipids to determine virus entry. Typically, they exist as non-

pathogenic, replication-deficient particles consisted of a structural core from one virus 



 

39 

incorporating the envelope glycoprotein of another virus on the outer shell.  A significant 

advantage of this technique is that it can facilitate research and diagnostics by allowing 

researchers to circumvent strict biosafety restrictions (25).  

Among several existing pseudotyping systems or vectors, Vesicular stomatitis virus 

(VSV), a prototypic non-segmented, negative-stranded RNA enveloped virus belonging to the 

family Rhabdoviridae, is a typical example that is used extensively as a versatile tool to study 

virus entry and replication (247). Paired with its compact structure along with its readily high-

titer growth in a broad spectrum of susceptible cells, VSV has become useful in the fields of 

molecular virology, which was further strengthened and refined as a reliable vector for 

pseudotyping based on the establishment of the reverse genetics systems for VSV (233). The 

VSV pseudotyping system is widely used due to its remarkable properties, as they do not require 

high biosecurity clearance for handling, and that VSV is not particularly fastidious regarding 

incorporation of exotic or heterologous glycoproteins into the envelope (247).  

VSV pseudotyped with heterologous envelope proteins from different viruses were 

demonstrated in earlier studies by co-infecting or ‘phenotypic mixing’ of VSV with other viruses 

in susceptible cells (245, 255, 259). The capability of VSV that makes it suitable for readily 

generating pseudotype particles is likely due to the well-orchestrated ‘budding out’ mechanism, 

and that it does not require its natural glycoprotein G during that process (129, 231). This natural 

attribute of VSV allows the production of ‘spikeless’ proteins that could be coated with 

heterologous envelope proteins by experimental manipulation. The VSV glycoprotein gene G 

can be deleted from the genome and be replaced with reporter genes such as luciferase or 

fluorescent reporters such as GFP (50, 72). Therefore it provides a convenient way to monitor 

the functions of VSV pseudotypes in studies involving viral entry and determining of viral 
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receptors. When recombinant VSV that is void of the G glycoprotein in its genome (rVSV-ΔG) 

is infected in susceptible cells, the progenies bud out and incorporates the heterologous envelope 

proteins that are transiently expressed on the host cell surface, resulting in rVSV-ΔG pseudotype 

particles coated with foreign glycoproteins (247). Such pseudotypes have been widely used for 

virus entry study that requires high-level biosafety containments such as ebolavirus (121, 231), 

SARS (88, 97), hantavirus (159), and recently, VSV particles bearing ebolavirus glycoproteins 

were developed and tested in clinical phase 1 trials for their use as recombinant subunit vaccines 

(2, 209).  

Apart from the VSV pseudotyped particles that typically undergo a single cycle of 

replication (247), A more sophisticated approach involving a recombinant VSV virus system 

encoding a foreign envelope gene instead of the native gene in its genome has been developed 

(232, 233). As heterologous envelope gene inserted VSV is replication-competent in both in 

vitro and in vivo environments, it provides a relatively more authentic method for studying virus 

entry and furthermore, infection processes. 
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CHAPTER 3 

DEVELOPMENT OF SPECIFIC REAL-TIME QUANTITATIVE RT-PCR ASSAY PANEL 

FOR INFECTIOUS BRONCHITIS USING SYNTHETIC DNA STANDARDS AND 

CLINICAL SPECIMENS1 
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ABSTRACT 

 

Infectious bronchitis is a highly contagious upper respiratory tract disease of chickens 

caused by infectious bronchitis virus (IBV), which has various serotypes that do not cross-

protect. Vaccine control strategies for this virus are only effective when designed around the 

currently circulating serotypes. It is essential to not only rapidly detect IBV but also to identify 

the type of virus causing disease. We developed six TaqMan™-based quantitative RT-PCR 

assays (Universal, Ark, Mass, DE/GA98, GA07, GA08) and examined the sensitivity and 

specificity for each assay. Assays were developed targeting the hypervariable region in the S1 

gene subunit. The analytical sensitivity of the qRT-PCR assays was evaluated using synthetic 

DNA standards that were identical with the target sequence and specificity was further validated 

using clinical and biological specimens. All developed assays performed equivalently when 

using synthetic DNA templates as standard material, as it achieved linearity over a 5 log10 

dynamic range with a reproducible limit of detection of ≤10 target copies per reaction, with high 

calculated amplification efficiencies ranging between 90%-115%. Further validation of 

specificity using clinical and biological specimens was also successful. 

 

 

 

 

 

Key words: infectious bronchitis virus, quantitative real time PCR, Ark, Mass, DE, GA98, 

GA07, GA08 serotype 
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Abbreviations: Ark = Arkansas; IBV = infectious bronchitis virus; qRT-PCR = quantitative real-

time reverse-transcriptase polymerase chain reaction; Mass = Massachusetts; DE = Delaware; 

GA = Georgia, CT = cycle threshold; IPC = internal positive control 
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INTRODUCTION 

 

 Infectious bronchitis is a highly contagious upper respiratory tract disease of chickens 

that is caused by avian coronavirus infectious bronchitis virus and constitutes a significant cause 

of economic loss in the industry (7).  Although a respiratory disease, IBV can also affect the 

female reproductive tract, leading to poor production and egg quality. Some strains can even 

cause severe nephritis that results in significant mortality in young birds (10).  

IBV is a lipid-enveloped positive-sense single-stranded RNA virus of the family 

Coronaviridae genus gammacoronavirus (14, 19). The major determinant of IBV serotype 

specificity is the spike protein, which is the most significant protein for virus identification as it 

contains epitopes for serotype-specific antibodies (9, 14). Many serotypes exist across the globe, 

and cross-protection between serotypes is poor as the degree of amino acid identity between the 

S1 proteins of different IBV strains decreases (5, 8, 14). This fact makes constant worldwide 

surveillance and identification of IBV types fundamental.  

Vaccines play a critical role in the control of IBV in poultry (11), and vaccination against 

multiple IBV serotypes in commercial poultry operations is routinely practiced. Among the 

various types of IBV, Ark, Mass, DE and GA98 types are frequently isolated in the field, which 

are also the commonly used vaccine types in the United States (14). And during the recent years, 

2 new IBV variants GA07, GA08 are also emerging (15, 16). Therefore, it is imperative to detect 

and differentiate these serotypes within an infected poultry flock accurately and rapidly so 

effective vaccination can be implemented. However, diagnosis of IBV infections using 

traditional methods like viral culture and serology is insensitive, laborious and time-consuming 

to be applicable in clinical detection.  
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To aid accurate and rapid diagnosis of IBV in the field we wanted to develop real time 

RT-PCR assays that would quickly identify specific IBV types and could be conducted on 

clinical samples. Real-time polymerase chain reaction has nowadays become one of the most 

common methods of gene quantitation due to its broad dynamic range, high sensitivity, and high 

sequence-specificity (26) in addition to functional simplicity and short run times. Real-time PCR 

has been very useful for detecting viral agents of infectious diseases (18). In this study, 

TaqMan™-based quantitative RT-PCR (qRT-PCR) methods for rapidly detecting and serotyping 

infectious bronchitis virus were evaluated using synthetic DNA templates that represented IBV 

serotypes found in the field. The purpose of using synthetic DNA templates was to provide 

authentic standards to quantify the presence of the target S1 gene for serotyping assays, and the 

5’-untranslated region (UTR) for IBV screening tests. Evaluation of amplification efficiency 

using synthetic DNA is sensitive, accurate and has various advantages as the sequence of the 

synthetic DNA template can be freely designed without contamination, and qualitative 

misinterpretations of the experimental results are rare (1, 20). An internal positive control (IPC) 

was also designed to verify the integrity of the universal test, and its effect on the test 

performance itself was evaluated. This is a non-target template present in the same well as the 

sample, which is co-amplified simultaneously with the target sequence of interest (22), thus 

preventing false-negative reporting due to PCR inhibition (13, 21). Lastly, clinical specimens 

obtained from experimentally and naturally infected birds, as well as virus stocks, were 

processed for validating the specificity of these assays. Statistical analysis of these assays was 

based on the MIQE guidelines (2). 
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MATERIALS AND METHODS 

 

 Design of primers, probes. Primers and probes for each test are listed in (Table 3-1). IBV 

universal and IBV type-specific primers and probes previously designed by our laboratory (4, 23, 

24) each targeting the 5’- UTR region and the hyper-variable region in the S1 gene subunit of 

IBV were used in this study as well as newly designed primers and probe sets. The IBV types 

involved in this study were Ark, Mass, DE, and GA98, which are the most frequently isolated 

IBV types and commonly used vaccine types in the United States along with 2 relatively new 

types GA07, GA08 (14-16, 24). All hydrolysis, minor groove binding (MGB) probes used in this 

study was labeled at the 5’ end with the reporter dye 6-carboxyfluorescein and MBG quencher at 

the 3’ end (Applied Biosystems, Foster City, CA, USA). Specificity of the primers and probes 

was verified by an in-depth in silico examination with the use of the BLAST search tool at NCBI 

(www.ncbi.nlm.nih.gov), and by processing viral nucleic acid extracted from known negative 

clinical samples that did not contain the target sequence. Another set of primers and probe 

targeting endogenous avian RNA that commonly exists in avian originated samples for usage as 

internal positive controls (IPC) were also designed for the universal assay. The probe for the IPC 

was tagged with VIC dye at the 5’ end and black hole quencher (BHQ1) at the 3’ end (Biosearch 

Technologies, Novato, CA, USA). 

 

Preparation of synthetic DNA standards. Double-stranded synthetic DNA standards were 

designed and synthesized based on the sequence of the hyper-variable region in the S1 gene 

subunit of multiple serotypes (Mass, Ark, GA07, GA08, DE, GA98), including the universal 

5’UTR region of IBV (Integrated DNA Technologies, Coralville, IA, USA) based on an in-depth 
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in silico examination with the use of the BLAST search tool at NCBI (www.ncbi.nlm.nih.gov).  

As the primer pairs for each assay were designed to generate an amplicon of less than 200 base 

pairs, synthetic DNA standards were designed accordingly. The synthetic DNA standards were 

serially diluted 10-fold at a 5 log10 range. The starting point of synthetic DNA standards 

regarding copy numbers was 105 and was diluted down to 10 copies which was our goal 

regarding analytical sensitivity or limit of detection (LOD). We added 5 µl of each diluted 

synthetic DNA standard to the qRT-PCR reactions. Then, 10-fold serial dilutions of all synthetic 

DNA standards ranging from 10 to 105 copies per reaction were made and tested in triplicate. 

The qRT-PCR reactions with a final volume of 25 µl were prepared as follows: 5 µl of synthetic 

DNA standards, 10 µl of RealPCR™ RNA master mix (IDEXX Laboratories, Westbrook, ME, 

USA), forward primer with a final concentration of 0.4 µM in reaction, reverse primer with a 

final concentration of 0.4 µM in reaction, probe with a final concentration of 0.1 µM in reaction 

and RNase/DNase free water (Integrated DNA Technologies, Coralville, IA, USA) added to the 

final reaction volume of 25 µl. This reaction combination was the same for all IBV type-specific 

tests. Because there is a genetic variant of the GA08 type IBV, that assay included an additional 

forward primer (0.4 µM in reaction) targeting that genetic variant (Table 3-1). The IBV universal 

assay included an extra pair of primers and probe targeting endogenous avian RNA for use as an 

internal positive control (IPC) in avian originated samples. As biological avian samples were not 

used in this step, a separate IPC template mimicking the target sequence of the specific 

endogenous avian RNA was also added to the reaction mixture. The 25 µl reaction mixture for 

the universal assay was the same as type-specific assays except an additional pair of forward 

primer (0.4 µM in reaction), reverse primer (0.4 µM in reaction) and probe (0.1 µM in reaction) 

targeting the IPC template along with 2 µl of the IPC (103 target copy numbers) itself was added. 
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All materials regarding the IPC were provided by IDEXX laboratories. Each assay included 

positive and negative controls. 

 

Preparation and processing of clinical and biological samples. Panels of 30 clinical and 

biological avian samples that were positive for each corresponding IBV serotype were prepared 

and processed for validation of the type-specific assays as well as 20 known negative samples 

that included non-target serotypes and a non-IBV avian respiratory virus. For the universal assay, 

we processed 60 IBV positive samples containing Mass, Ark, GA98, DE, GA13, CONN, GA07, 

GA08 type IBVs for a thorough validation. Clinical samples refer to swabs that were collected 

from live infected birds whereas biological samples were consisted of virus stocks and organic 

tissue samples (Table 3-2). All available samples used in this study were from our laboratory 

archives. Briefly, viral nucleic acid was extracted from samples with the use of MagMax96 total 

RNA isolation kit (Ambion, Inc., Austin, TX) and the MagMAX™ Express 96 automated 

nucleic acid purification machine (Applied Biosystems, Foster City, CA, USA) according to the 

manufacturers’ protocols. The extracted nucleic acid was resuspended in 50 µl of elution buffer, 

and 5 µl of it was subsequently used for the qRT-PCR assays. The 25 µl qRT-PCR reaction 

mixture was the same as when testing synthetic DNA standards except that synthetic DNA was 

replaced with viral nucleic acid extracted from clinical and biological samples, and that the IPC 

template mimicking the target sequence of the specific endogenous avian RNA was excluded 

from universal assays at this step. Each assay included positive and negative controls. 

 

Thermocycling conditions for qRT-PCR. Amplification and detection were conducted in 

an Applied Biosystems® 7500 fast Real-Time PCR system (Applied Biosystems, Foster City, 
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CA, USA) under the following conditions: Reverse Transcription (RT) at 50 °C for 15 min and 

95 °C for 1 min. RT was followed by 45 cycles of 95 °C for 15 sec and 60 °C for 30 sec with 

optics on. Thermocycling conditions for all assays were identical.  

 

Statistical Analyses. The amplification efficiency was calculated using the 7500 Fast 

Software v2.0.6 (Applied Biosystems, Foster City, CA, USA). As PCR efficiency is generally 

established through the standard curve method (3, 12, 17), the standard curve of each test was 

generated by plotting CT values against relative input copy numbers. The amplification 

efficiency of each test was determined based on the slope of the log-linear portion of the standard 

curve. The coefficient of determination (R2) was calculated for each assay. 
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RESULTS 

 

Primer and probe design. Specific primer and probes for universal assays as well as Ark, 

Mass, DE, GA98 types were previously designed by our laboratory (4, 23, 24). Type-specific 

primers and probes for GA07 and GA08 IBV types were newly designed from alignments of 

currently available IBV sequences in GenBank (https://www.ncbi.nlm.nih.gov/genbank). For the 

GA08 type assay, a forward primer targeting a variant type GA08 was also added. This primer 

shared the same reverse primer and probe with the original GA08 assay to amplify the target 

sequence of GA08 variant strains. And as the nucleotide sequences in the S1 subunit region were 

very similar in DE/GA98 type, they shared a single set of primers and probe (24).   

  

Sensitivity of universal and type-specific assays using synthetic DNA standards. To 

determine the dynamic range, LOD, and quantitative capabilities of the developed IBV universal 

and type-specific assays, standard curves were generated using synthetic DNA standards that 

were designed identically to the target sequence on 5’- UTR region or the hyper-variable region 

in the S1 gene subunit. The specificity of the primers and probe designed for each assay was 

examined in detail in silico and was found that they were specific for their intended usage. The 

dynamic range of the universal IBV qRT-PCR assays spanned 5 log10 units from 10 to 105 copies 

per reaction with a slope of -3.35 and an R2 value of 0.99, at a LOD of ≤10 copy numbers and 

with an average calculated efficiency of 99% (Table 3-2). The assay detected 10 copy numbers 

in all triplicate runs in the universal assay. The artificially added IPC templates were successfully 

amplified and did not appear to interfere with the amplification of the target template regarding 

the universal assay (data not shown). The mean CT values, slopes of the standard curve and R2 
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value of the other type-specific assays are shown in Table 3-2. All type-specific assays retained 

linearity for 5 orders of magnitude at a LOD of ≤10 copy numbers per reaction and amplification 

efficiency was calculated by using the slope from the linear equation. The average efficiencies of 

all type-specific assays were within the acceptable range of 80%-115% (25, 27, 28, 30) as it is 

generally recommended that qRT-PCR assays should always aim for R2≥0.95 for standard slopes 

between −3.0 and −3.9 with corresponding amplification efficiencies between 80% and 115% 

(29). The R2 of all type-specific assays (Fig. 1) were ≥ 0.99, which indicates that results are 

highly reproducible. 

 

Retrospective validation of universal and type-specific assays using clinical and 

biological specimens. To further verify the qRT-PCR assays whether they were suitable for 

diagnostic applications, panels of 30 positive samples corresponding to each target serotype were 

tested for each type-specific assay, as well as 20 known negative samples that included non-

target serotypes and non-target avian respiratory viruses. Samples consisted of tracheal and 

choanal swabs, and organ samples collected from experimentally and naturally infected birds as 

well as virus stocks grown in embryonated eggs. Sensitivity was determined as the percentage of 

positive samples detected within a subset of known positive samples (Table 3-4). Specificity of 

the universal assay was verified stringently by testing 60 samples (Table 3-2) that were positive 

of Mass, Ark, GA98, DE, GA13, CONN, GA07, GA08 type IBVs and 20 negative samples 

containing non-IBV avian respiratory viruses. As DEL/GA98 type-specific assays shared the 

same primers, probes and target sequences, they were verified with positive samples for GA98 

and DE type IBV. Samples were considered negative when the CT values were ≥40. The 

universal assay successfully detected IBV in all IBV positive samples regardless of their 
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serotypes, and none of the non-IBV avian respiratory viruses were detected in the IBV negative 

samples (Table 3-4, 3-5). The endogenous avian RNA IPCs in the samples were successfully co-

amplified with the target sequence in the universal assay and did not seem to show any 

interference regarding performance (data not shown). The retrospective validation results of 

type-specific assays using clinical specimens are also presented in table 3-4. Ark, Mass and 

GA07 type-specific assays successfully detected the target IBV type in 100% of known positive 

samples, with the DE/GA98 assay detecting 97% and GA08 assay detecting 94% (Table 3-4). No 

cross detection was observed with the non-target serotypes in the negative samples, indicating a 

high specificity of the developed type-specific assays (Table 3-5). 
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DISCUSSION 

 

 Infectious bronchitis is responsible for significant economic losses to the poultry industry 

throughout the world and rapid, accurate identification of the currently circulating serotypes is 

essential for implementing an effective vaccine control strategy (6). For that purpose, we created 

a panel of qRT-PCR assays for IBV that would be suitable for rapid and type specific diagnostic 

purposes. Instead of cDNA templates from IBV, synthetic DNA templates mimicking IBV target 

sequences were utilized for standardization and verification of the developed assays. Synthetic 

DNA templates are known to have advantages over cDNA templates that are prepared from 

biological samples in terms of qRT-PCR standardization as they present a statistically 

measurable amplification efficiency compared to authentic cDNA templates (20). Using such 

material provided a more stringent validation criteria for evaluation of LOD and analytical 

specificity.  

All developed IBV universal and type-specific assays performed equivalently when testing 

synthetic DNA templates, as the detection was linear over 5 log10 steps with amplification 

efficiencies ranging from 91.9% to 113.3% (Table 3-2, Fig 1). All assays showed LOD of ≤10 

copy numbers per reaction with an R2 ≥0.99 indicating high reproducibility. Regarding 

verification of sensitivity and specificity using clinical and biological samples, 100% of the 

known positive samples were determined as positive by the universal and Mass, Ark, GA07 

type-specific assays whereas the DE/GA98 assay detected 97% (29/30), and GA08 detected 94% 

(28/30) as positive out of the known positive sample panel.  

An internal positive control (IPC) was also designed to be co-amplified in each reaction 

mixture to aid in the accurate reporting of results by preventing false negative reports. As the 
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endogenous avian RNA IPC did not seem to interfere with the universal assay in terms of 

performance, there were clear signs of interference when incorporating the IPC in the type-

specific assays (data not shown), which was the reason why the IPC was only used in the 

universal assay. The IPC was designed to generate a mean CT value of 27-29 with 103 copy 

numbers under non-inhibitory conditions. The mean CT values of the IPC were spread over a 

broader range with a higher standard deviation (SEM) when testing with biological and clinical 

samples, which seemed reasonable as the quantities of the target endogenous avian RNA would 

have varied in each sample (data not shown).  One of the achievements of this study was that all 

developed qRT-PCR assays shared the same conditions concerning thermocycling parameters, 

thus allowing to test for various types of IBV in a single session depending on the sample size.  

In summary, a panel of highly sensitive and specific qRT-PCR assays for universal 

detection and serotyping of IBV were developed which were validated with synthetic DNA 

standards, clinical and biological specimens. The provision of these assays will facilitate IBV 

diagnostics in the field in terms of accuracy, functional simplicity and rapidity. 
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TABLES 

 

Table 3-1. Primers and probe used in this study. 

Primers/Probes Target Sequences(5’–3’) Reference 

IBV 59 GU391  GCTTTTGAGCCTAGCGTT  

IBV 59 GL533 Universal GCCATGTTGTCACTGTCTATT (4) 

IBV 59 G Probe  FAM-CACCACCAGAACCTGTCACCTC-

MGBNFQ 
 

Ark-F’  GGTGAAGTCACTGTTTCTA  

Ark-R’ Arkansas AGCACTCTGGTAGTAATAC (23) 

Ark-Probe  FAM-TRTATGACAACGAATC-MGBNFQ  

Mass-F’  CGTKTACTACTAYCAAAGTGC  

Mass-R’ Massachusetts CCATGAATARTACCAACARTACAC (24) 

Mass-Probe 

 

FAM-AGGTGAAGAGCCTGCATTATTAGATTC- 

MGBNFQ 

 

DE/GA98-F’  AGGCGTTTGTACTGYATA  

DE/GA98-R’ Delaware/Georgia 

98 

GCCATGCCTTAAAATTTG (24) 

DE/GA98-

Probe  

FAM-ACTATGCAAYTATGACCRGTTCCACCAC-

MGBNFQ 
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Primers/Probes Target Sequences(5’–3’) Reference 

GA07-F’  ACAAGGGGGTGCGTATGC  

GA07-R’ Georgia 07 TGCGTAACAAACACAGTAAAGTCT This study 

GA07-Probe  FAM-TGCATCAGTATGTACT-MGBNFQ  

 

GA08-F’ 

 GCAGGCTCCTCATCTTCTTG  

GA08-V-F’a  GCAGGTACTGCCCAAAGTTG This study 

GA08-R’ Georgia 08 CAGGCCCACTACCGTTTTG  

GA08-Probe  FAM-TAAGTCAGGTGCCAAGGA-MGBNFQ  

a Forward primer for GA08 variant. FAM, 6-carboxyfluorescein; BHQ, black-hole quencher; 

MGB, minor groove binder.  
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Table 3-2. Known positive clinical and biological tissue samples used for this study  

Target Virus 

Clinical samples Biological tissue samples 

Tracheal swabs Virus stocks Cecal Tonsil Trachea 

Universal* 12 30 5 13 

Mass 30 0 0 0 

Ark 12 0 5 13 

GA98/DEL 30 0 0 0 

GA07 0 30 0 0 

GA08 0 0 0 30 

* Universal IBV positive samples consisted of Mass, Ark, GA98, DE, GA13, CONN, GA07, 

GA08  
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Table 3-3. Efficiency of IBV Real-time RT PCR assays 

Target  

Mean CT valuesa for corresponding synthetic 

DNA standard copy number 

Slope b 

Efficiency 

(%) c 

 

 

R2 d 

105 104 103 102 101 

Universal e 

23.69± 

0.01 

26.96± 

0.01 

30.33± 

0.06 

33.55± 

0.39 

37.12± 

1.20 -3.35 98.8 

 

0.99 

Ark 

22.85 

± 0.14 

26.06± 

0.22 

29.24± 

0.33 

32.03± 

0.59 

35.04± 

0.63 −3.04 113.3 

 

0.99 

Mass 

22.69± 

0.03 

25.99± 

0.14 

29.32± 

0.17 

32.50± 

0.53 

37.10± 

1.82 -3.53 91.9 

 

0.99 

DE/GA98 

23.40± 

0.11 

27.74± 

0.14 

30.82± 

0.04 

34.36± 

0.36 

37.49± 

1.05 −3.48 93.8 

 

0.99 

GA07 

25.63± 

0.38 

28.68± 

0.24 

31.89± 

0.08 

35.13± 

0.44 

37.71± 

0.18 −3.06 112.2 

 

0.99 

GA08 

23.40± 

0.08 

26.66± 

0.05 

30.04± 

0.07 

33.24± 

0.21 

36.95± 

0.34 -3.37 98.1 

 

0.99 

GA08 

Variant  

22.54± 

0.06 

25.72± 

0.17 

29.25± 

0.15 

32.83± 

0.51 

35.38± 

0.19 −3.28 101.8 

 

0.99 

a Mean CT values of triplicate runs ± Standard deviation 
b Slope calculated from Y = Y intercept − slope log10.  
c PCR Efficiency = [10(−1/slope)] − 1.  
d Coefficient of determination 
e Co-amplified with Internal positive control  
f  Forward primer targeting GA08 variants was included in original GA08 assay 

 

 

 

 

https://jcm.asm.org/content/44/9/3231.short#fn-4
https://jcm.asm.org/content/44/9/3231.short#fn-5
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Table 3-4. Sensitivity of the IBV universal and type-specific assays using clinical and 

biological samples 

Assay type 

Known positive samples 

Sensitivity (%)c No. positive No. negative 

Universala 60 0 100 (60/60) 

Ark 30 0 100 (30/30) 

Mass 30 0 100 (30/30) 

DE/GA98 29 1 97 (29/30) 

GA07 30 0 100 (30/30) 

GA08 28 2 94 (28/30) 

a Known positive sample group for the universal assay was consisted of Mass, Ark, DE, GA98, 

GA07, GA08, CONNb, GA13 type IBV 
b Connecticut type IBV 
c Percentage of positive samples within a given subset 
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Table 3-5. Specificity of the IBV universal and type-specific assays using clinical and 

biological samples 

  Specific IBV qRT-PCR assay 

Virus Type Universal Ark Mass DE/GA98 GA07 GA08 

IBV Ark + + - - - - 

Mass + - + - - - 

DE + - - + - - 

GA98 + - - + - - 

GA07 + - - - + - 

GA08 + - - - - + 

GA13 + - - - - - 

CONN + - - - - - 

NDVa Lasota - - - - - - 

a New castle disease virus 
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FIGURES 
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Figure 3-1. Analytical sensitivity of the qRT-PCR assays. Standard curves for (A) Universal, (B) 

Ark, (C) Mass, (D) DE/GA98, (E) GA07, (F) GA08, (G) GA08 variant assays presenting the 

mean CT  plotted against the relative input copy numbers (log10) of synthetic DNA standards. 

Synthetic DNA standards were serially diluted by 10-fold at a 5 log10 range, starting from 105 

copies down to ≤10 copies per reaction 
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CHAPTER 4 

DEVELOPMENT OF SPECIFIC REAL-TIME QUANTITATIVE RT-PCR ASSAY PANELS 

FOR INFECTIOUS LARYNGOTRACHEITIS, NEWCASTLE DISEASE AND AVIAN 

METAPNEUMOVIRUS USING SYNTHETIC DNA STANDARDS, INTERNAL POSITIVE 

CONTROLS AND CLINICAL SPECIMENS1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1J. Mo, M. Angelichio, L. Gow, V. Leathers, M. W. Jackwood. To be submitted to Journal of 

virological methods 



 

99 

ABSTRACT 

 

Respiratory viral diseases are common in the poultry, and diseases such as Newcastle 

disease, infectious laryngotracheitis and avian metapneumovirus can severely affect the 

respiratory tract of chickens, which can cause significant economic losses in the industry. 

Therefore it is crucial to rapidly detect and differentiate the etiologic agent within an infected 

poultry flock so that countermeasures against those viral diseases can be promptly implemented. 

We created a panel of qRT-PCR assays for these viruses that would be suitable for rapid and 

type specific diagnostic purposes. Analytical sensitivity was evaluated using synthetic DNA 

standards that mimicked the target sequence and specificity was verified using clinical and tissue 

specimens. All developed assays performed equivalently as it achieved linearity over a 5 log10 

dynamic range with a reproducible (R2 ≥0.99) limit of detection of ≤10 target copies per 

reaction, paired with high calculated amplification efficiencies ranging between 86.8%-98.2%. 

Further validation of specificity using clinical and biological specimens was also successful. 

 

 

 

 

 

 

 

Key words: Newcastle disease, infectious laryngotracheitis, avian metapneumovirus, real-time 

polymerase chain reaction 
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Abbreviations: NDV = Newcastle disease virus; ILTV = infectious laryngotracheitis; AMPV = 

avian metapneumovirus; qRT-PCR = quantitative real-time reverse-transcriptase polymerase 

chain reaction;  CT = cycle threshold; IPC = internal positive control 
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INTRODUCTION 

 

Respiratory viral diseases are frequent in poultry and constitute an important cause of 

economic loss in the industry. Among such viral diseases, Newcastle disease, infectious 

laryngotracheitis and avian metapneumovirus are the viruses that frequently affect the respiratory 

tract of chickens (23). Infectious laryngotracheitis (ILTV) is an upper-respiratory disease of 

poultry from the family Herpesviridae that causes sporadic cases of disease around the world 

associated with acute respiratory signs (2, 6). Newcastle disease virus (NDV), which was 

formally known as avian paramyxovirus 1 (APMV-1) can lead to results in trade embargoes and 

quarantine depending on the type and virulence of the strain (24). And avian metapneumovirus 

(AMPV) a member of Paramyxoviridae, is the etiologic agent for severe rhinotracheitis in 

turkeys, causing increased mortality in conjunction with secondary bacterial infections (12, 21). 

Like most poultry diseases, it is crucial to rapidly detect and differentiate these viruses within an 

infected poultry flock so that appropriate measures against those diseases can be implemented 

promptly. Vaccines play a critical role in preventing such viral diseases in commercial poultry 

(1, 8, 10, 17). Therefore, identification of the etiologic agent should be done accurately and 

rapidly so effective vaccination programs can be implemented. However, diagnosis of 

respiratory virus infections using traditional methods like virus isolation and conventional 

serology is too insensitive and laborious to be applicable in clinical practice (3, 5, 7, 11, 24).  

Real-time PCR (qRT-PCR) has nowadays become the golden standard of gene 

quantitation due to its large dynamic range, high sensitivity, high sequence-specificity in addition 

to short run times (25). Quantitative RT-PCR has proven to be useful for detecting viral agents of 

infectious diseases as they are capable of producing quantitative data in a short time with greater 
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precision (16). In this study, TaqMan™-based quantitative RT-PCR methods for rapidly 

detecting and typing a set of common avian respiratory viruses found in the field were developed 

and evaluated using synthetic DNA templates. Double-stranded oligonucleotide DNA templates 

were synthesized identically with the target sequences found in ILTV, NDV, and AMPV and 

utilized as standards for evaluating the analytical sensitivity or limit of detection (LOD) of the 

developed assays. Synthetic DNA templates mimicking the biological target sequence can be 

used for high-quality standardization of assay performance due to higher stability and 

amplification efficiency compared to biological cDNA. (18). An internal positive control (IPC) 

was incorporated to verify the integrity of all the developed assays and to rule out potential false 

negative results due to PCR inhibition by the sample matrix. The IPC is a non-target template 

present in the same well as the sample, which is co-amplified simultaneously with the target 

sequence of interest (13, 19, 20). Lastly, clinical specimens obtained from experimentally 

infected birds from our lab were processed for verifying specificity and sensitivity of these 

assays. Thermocycling conditions were synchronized for all assays to offer convenient 

diagnostic testing. In accordance with the MIQE guidelines, the performance of these assays was 

evaluated (4). 

 

 

 

 

 

 

 



 

103 

MATERIALS AND METHODS 

 

Design of primers, probes. Primers and probes for each test are listed in Table 4-1. ILTV 

(5) and NDV (14) specific primers and probes sequences that were widely used for diagnostics 

were selected based on other literature, with AMPV-A and B primer, probes newly designed for 

this study. The primers and probe sets for each virus targeted the gC gene of ILTV (5), M and L 

gene of NDV (14, 24) and the N gene of AMPV-A and B respectively.  All hydrolysis probes 

except the AMPV probe used in this study were labeled at the 5’ end with the reporter dye 6-

carboxyfluorescein (FAM) and the minor groove binder non-florescent quencher (MGBNFQ) at 

the 3’ end (Thermo Fisher Scientific, Waltham, MA, USA). The AMPV-A probe was tagged 

with cyanine 5 (Cy5) at the 5’ end and quenched with BHQ1 at the 3’ end. Specificity of the 

primers and probes for AMPV was validated by an in-depth in silico examination with the use of 

the BLAST search tool at National Center for Biotechnology Information (NCBI) 

(www.ncbi.nlm.nih.gov).  

A set of primers and probe targeting endogenous avian RNA that naturally exists in avian 

originated samples for usage as internal positive controls (RNA-IPC) were also designed for the 

RNA virus AMPV-A/B, NDV assays. The probe for the RNA IPC was tagged with Cal Fluor® 

Orange 560 (CF560) dye at the 5’ end and black hole quencher (BHQ1) at the 3’ end (Biosearch 

Technologies, Novato, CA, USA). For the DNA virus ILTV assay, another set of primers and 

probe targeting the DNA-IPC was also designed. The DNA-IPC was a synthesized template that 

was artificially added to the sample matrix. The probe for the DNA IPC was tagged with VIC 

dye at the 5’ end and black hole quencher (BHQ1) at the 3’ end (Biosearch Technologies, 

Novato, CA, USA). 

http://www.ncbi.nlm.nih.gov/
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Preparation of synthetic DNA standards. Double-stranded synthetic DNA standards were 

designed and synthesized based on the target sequence in the gC gene of ILTV, M and L gene of 

NDV and the N gene of AMPV-A and B respectively (Integrated DNA Technologies, Coralville, 

IA, USA) after an in-depth in silico search with the use of the BLAST search tool at NCBI 

(www.ncbi.nlm.nih.gov). As the primer pairs for each assay were designed to generate an 

amplicon of around 100 base pairs based on the target gene, synthetic DNA standards were 

designed accordingly. The synthetic DNA standards were serially diluted 10-fold spanning a 5 

log10 range. The starting point of synthetic DNA standards regarding copy numbers was 105 and 

was diluted down to 10 copies, which was our goal LOD. 5 µl of each diluted synthetic DNA 

standard was added to the qRT-PCR reactions. Then, 10-fold serial dilutions of all synthetic 

DNA standards ranging from 10 to 105 copies were made and tested in triplicate. An extra pair of 

primers and probe focusing on endogenous avian RNA for use as an IPC in avian originated 

samples were added to the RNA virus NDV and AMPV assays. As biological avian samples 

were not included in this step, a separate IPC template mimicking the target sequence of the 

specific endogenous avian RNA was also added to the sample matrix. Primers and probes 

targeting the DNA template IPC, along with the IPC itself were added in DNA virus ILTV runs. 

Unlike RNA-IPC, DNA-IPC templates were designed as external templates to be added 

artificially in the sample matrix. The qRT-PCR reactions with a final volume of 25 µl were 

prepared as follows;  

 

(a) NDV assay: 5 µl of synthetic DNA standards (NDV M or L gene) 10 µl of 

RealPCR™ RNA master mix (IDEXX Laboratories, Westbrook, ME, USA), forward M+4100-F 

primer (0.4 µM in reaction), reverse M-4220-R primer (0.4 µM in reaction), M+4169-P  probe 
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(0.1 µM in reaction), forward L+8738-F primer (0.4 µM in reaction), reverse L-8847-R primer 

(0.4 µM in reaction), L+8762-P  probe (0.1 µM in reaction), RNA-IPC (Internal positive control) 

forward primer (0.4 µM in reaction), RNA-IPC reverse primer (0.4 µM in reaction) ,RNA-IPC 

probe (0.1 µM in reaction), 2 µl of the RNA-IPC (103 target copy numbers) and RNase/DNase 

free water (Integrated DNA Technologies, Coralville, IA, USA) added to the final reaction 

volume of 25 µl. Synthetic DNA standards mimicking M and L gene were tested separately.  

(b) ILTV assay: 5 µl of synthetic DNA standards (gC gene) 10 µl of RealPCR™ DNA 

master mix (IDEXX Laboratories, Westbrook, ME, USA), forward ILTVgCU771 primer (0.4 

µM in reaction), reverse ILTVgCL873 primer (0.4 µM in reaction), ILTVprobe817 probe (0.1 

µM in reaction), DNA-IPC forward primer (0.4 µM in reaction), DNA-IPC reverse primer (0.4 

µM in reaction), DNA-IPC probe (0.1 µM in reaction), 2 µl of the DNA-IPC (103 target copy 

numbers) and RNase/DNase free water (Integrated DNA Technologies, Coralville, IA, USA) 

added to the final reaction volume of 25 µl.  

(c) AMPV-A assay: 5 µl of synthetic DNA standards (gC gene) 10 µl of RealPCR™ 

DNA master mix (IDEXX Laboratories, Westbrook, ME, USA), forward AMPV-A primer (0.4 

µM in reaction), reverse AMPV-A primer (0.4 µM in reaction), AMPV-A probe (0.1 µM in 

reaction), RNA-IPC forward primer (0.4 µM in reaction), RNA-IPC reverse primer (0.4 µM in 

reaction), RNA-IPC probe (0.1 µM in reaction), 2 µl of the RNA-IPC (103 target copy numbers) 

and RNase/DNase free water (Integrated DNA Technologies, Coralville, IA, USA) added to the 

final reaction volume of 25 µl.  

(d) AMPV-B assay: 5 µl of synthetic DNA standards (gC gene) 10 µl of RealPCR™ 

DNA master mix (IDEXX Laboratories, Westbrook, ME, USA), forward AMPV-B primer (0.4 

µM in reaction), reverse AMPV-B primer (0.4 µM in reaction), AMPV-B probe (0.1 µM in 
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reaction), DNA-IPC forward primer (0.4 µM in reaction), RNA-IPC reverse primer (0.4 µM in 

reaction), RNA-IPC probe (0.1 µM in reaction), 2 µl of the RNA-IPC (103 target copy numbers) 

and RNase/DNase free water (Integrated DNA Technologies, Coralville, IA, USA) added to the 

final reaction volume of 25 µl. Materials and reagents regarding the IPC were provided by 

IDEXX laboratories. Each assay included positive and negative controls.  

 

Preparation and processing of clinical and biological samples. Panels of 30 clinical and 

biological samples that were positive for each virus were prepared and processed for verification 

of the type-specific assays as well as 30 known negative samples that included non-target avian 

respiratory viruses. Clinical samples were consisted of swabs that were collected from live 

infected birds whereas biological samples referred to organic tissue samples (Table 4-2). All 

samples used in this study were from our laboratory bird experiments. As we did not have the 

clearance to handle clinical samples of AMPV-A and AMPV-B, these assays were excluded 

from this step.  

Briefly, viral RNA was extracted from NDV samples with the use of MagMax96 total 

RNA isolation kit (Ambion, Inc., Austin, TX) and the MagMAX™ Express 96 automated 

nucleic acid purification machine (Applied Biosystems, Foster City, CA, USA) based on the 

manufacturers’ protocols. Viral DNA from ILTV samples was purified with the Wizard® 

Genomic DNA Purification Kit (Promega, Madison, WI, USA) by the manufacturer’s 

instructions. The extracted nucleic acid was suspended in 50 µl of elution buffer, and 5 µl of it 

was used for the qRT-PCR assays. The composition of the 25 µl qRT-PCR reaction mixture was 

identical as when testing synthetic DNA standards except that synthetic DNA was replaced with 

viral nucleic acid extracted from clinical and tissue samples, and that the RNA-IPC template 
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mimicking the target sequence of the specific endogenous avian RNA was excluded from at this 

step. 103 copies of DNA-IPC for the ILTV assays were spiked in the reaction. Each assay 

included positive and negative controls. 

 

Thermocycling conditions for qRT-PCR. Assays were conducted in an Applied 

Biosystems® 7500 fast Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) by 

the following conditions: Reverse Transcription (RT) at 50 °C for 15 min and 95 °C for 1 min. 

RT step was followed by 45 cycles of 95 °C for 15 sec and 60 °C for 30 sec with optics on. Test 

duration was 81 minutes, and thermocycling conditions for all assays were synchronized. 

 

Statistical Analyses. The amplification efficiency was determined using the 7500 Fast 

Software v2.0.6 (Applied Biosystems, Foster City, CA, USA). As PCR efficiency is generally 

calculated by the standard calibration curve method (5, 9, 15), the standard curve of each test 

was established by plotting CT values against relative input copy numbers. The amplification 

efficiency of each assay was determined by the slope of the log-linear portion of the standard 

curve. The coefficient of determination (R2) was determined for each assay. 
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RESULTS 

 

Primer and probe design. Widely used ILTV (5) and NDV (14, 24) specific primers and 

probes sequences each targeting the ILTV gC gene and NDV M/L gene were selected for this 

study, with the newly designed AMPV-A and B primers, probes targeting the N gene. Type-

specific primers and probes for AMPV A and AMPV B types were designed from alignments of 

currently available AMPV sequences in GenBank. 

 

Sensitivity qRT-PCR assays using synthetic DNA standards. To determine the dynamic 

range, LOD and quantitative capabilities of the developed ILTV, NDV, AMPV-A, AMPV-B 

assays, standard curves were generated using synthetic DNA standards that were designed 

identically to the target sequence of each assay. The specificity of the primers and probe 

designed for each assay was examined in detail in-silico and was found that they were specific 

for only amplifying the target sequence. The dynamic range of all developed assays spanned 5 

log10 units from 10 to 105 copies per reaction with a slope ranging from -3.37 to -3.68 and R2 

values ≥ 0.99, at a LOD of ≤10 copy numbers and with amplifications efficiencies of 86.8%-

98.2%. The assays were able to detect 10 copy numbers in all triplicate runs. The artificially 

added IPC templates were successfully amplified and did not show any interference with the 

amplification of the target template regarding all assays (data not shown). The mean CT values, 

slopes of the standard curve and R2 values are presented in Table 3. The amplification efficiency 

was calculated by inserting the slope to the linear equation E =[10(−1/slope)] – 1 (4). The 

average efficiencies of all assays stayed within the acceptable amplification range of 80%-115% 

(22, 26, 27), as it is recommended that functional qRT-PCR assays should always have a 
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R2≥0.95, with standard slopes between −3.0 and −3.9 and amplification efficiencies within 80% 

and 115%. The R2 of all type-specific assays in this study (Table 4-3, Fig 4-1) were over 0.99, 

which indicates high reproducibility of the results. 

 

Retrospective validation of universal and type-specific assays using clinical and 

biological specimen. To further verify the qRT-PCR assays whether they were applicable for 

diagnostic purposes, panels of 30 positive samples corresponding to NDV and ILTV were tested, 

as well as 30 known negative samples that included non-target sequences of other avian 

respiratory viruses. AMPV-A, B assays were excluded from this step due to limited access to 

clinical and tissue samples that were positive for AMPV. Samples consisted of tracheal and 

choanal swabs, and tissue samples collected from experimentally infected birds. Sensitivity was 

determined by the percentage of positive samples detected retrospectively within a group of 

known positive samples. CT values over 40 were considered as negative. The retrospective 

validation results of NDV, ILTV assays using clinical specimens are presented in table 4-4. Both 

assays successfully detected their target virus in all known positive samples, and none of the 

non-target avian respiratory viruses were detected. The endogenous avian RNA IPCs in the NDV 

assay and the artificially spiked DNA-IPCs in the ILTV assay were successfully co-amplified 

with the target, and did not interfere the performance of the tests (data not shown). NDV, ILTV 

specific assays successfully detected the target in 100% of known positive samples, and no cross 

detection was observed with the non-target viruses in the negative samples, indicating a high 

specificity of the developed assays (Table 4-5). 
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DISCUSSION 

 

Respiratory viral diseases are common in poultry and diseases such as Newcastle disease, 

infectious laryngotracheitis and avian metapneumovirus can severely affect the respiratory tract of 

chickens, which can cause significant economic losses in the industry (23). Like the majority of 

poultry diseases, it is crucial to rapidly detect and differentiate these viruses within an infected 

poultry flock so that countermeasures against those diseases can be implemented promptly. To aid 

that pursuit we created a panel of qRT-PCR assays for these viruses that would be suitable for 

rapid and type specific diagnostic purposes. Synthetic DNA templates mimicking target sequences 

in the NDV M/L gene, ILTV gG gene, and AMPV-A/B N gene were utilized for standardization 

and verification of the developed assays, as they hold advantages over cDNA templates that are 

prepared from biological samples since they present statistically measurable amplification 

efficiency compared to authentic cDNA templates (18). The usage of these synthetics provided a 

more rigorous verification criteria for evaluation of LOD and analytical specificity. Regarding 

NDV assays, to detect low virulence class I NDV along with class II NDV isolates from wild birds 

and live bird markets, primer and probe sets targeting for the M gene of class I (24) and L gene of 

class II (14) were selected based on previous publications. 

All developed assays performed equivalently when testing synthetic DNA templates, as the 

dynamic range spanned over 5 log10 steps paired with amplification efficiencies ranging from 

86.8%-98.2% (Table 3, Fig 1), and by presenting a LOD of ≤10 copy numbers per reaction with an 

R2 ≥0.99 indicating high reproducibility of data. Regarding sensitivity and specificity validation 

steps using clinical and biological samples, 100% of the known positive samples were determined 

as positive by NDV and ILTV assays (Table 4-4). However, the retrospective sample verification 
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step for AMPV-A and B was excluded due limited access to clinical samples.  An internal positive 

control (IPC) was designed and incorporated to prevent false negative reports due to PCR 

inhibition. The endogenous avian RNA-IPC in NDV and AMPV-A/B assays and the artificially 

spiked DNA-IPC in ILTV assays did not seem to interfere concerning performance. The RNA-IPC 

was designed to generate a mean CT value of 27-29 and the DNA-IPC was designed to generate a 

mean CT value of 30 with 103 copy numbers under non-inhibitory conditions (Data not shown). 

The thermocycling conditions for all developed assays were synchronized, thus allowing to test for 

several types of avian respiratory viruses in a single session depending on the sample size.  

In summary, a panel of highly sensitive and specific qRT-PCR assays paired with internal 

positive controls for major avian respiratory viruses were developed which were verified with 

synthetic DNA standards, clinical and biological tissue specimens. The provision of these assays 

will aid field diagnostics to readily detect avian respiratory viruses accurately and rapidly. 
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TABLES 

 
 
Table 4-1. Primers and probe used in this study 
 

Primers/Probes Target Sequences (5’–3’) Reference 

NDV M+4100  AGTGATGTGCTCGGACCTTC  

NDV M-4220 Matrix (M) CCTGAGGAGAGGCATTTGCTA (24) 

NDV M+4169 

probe 

 FAM-TTCTCTAGCAGTGGGACAGCCTGC-

MGBNFQ 
 

NDV L+8738  TGTTGAAAAGAAGCTGCTAGGC  

NDV L-8847 Polymerase (L) TGGACCATGAAGAGTGGAACC (14) 

NDV L+8762 

probe 

 FAM-TGCCTGGTCACACAAGATCCGCCG-

MGBNFQ 

 

ILTVgCU771  CCTTGCGTTTGAATTTTTCTGT  

ILTVgCL873 Glycoprotein (gC) TTCGTGGGTTAGAGGTCTGT (5) 

ILTVprobe817  FAM-CAGCTCGGTGACCCCATTCTA-

MGBNFQ 

 

AMPV-A-F  GGGAGCAATGGTTAGGGATAAA  

AMPV-A -R Nuceloprotein (N) TGAGGGCACCAATGCATAATA This study 

AMPV-A–

probe 

 Cy5-AATAACGGGAGCATCCAAGGCAGA-

BHQ1 
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Primers/Probes Target Sequences (5’–3’) Reference 

AMPV-B-F  CAAGCATGCAATCCTTGATGA  

AMPV-B-R Nuceloprotein (N) GTGGATACCTTTGGCTGTAGTT This study 

AMPV-B-probe  FAM-GGGTGTGATAGCAGTTGTAGCACCA-

MGBNFQ 
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Table 4-2. Known positive clinical and biological tissue samples used for this study 

Virus 

Clinical samples Biological tissue samples 

Choanal swabs Tracheal swabs CALTa 

NDV 30 0 0 

ILTV 0 20 10 

a Conjunctiva-associated lymphoid tissue 
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Table 4-3. Efficiency of NDV-M/L, ILTV, AMPV-A, AMPV-B Real-time RT PCR assays * 

Target  

Mean CT values a for corresponding 

synthetic DNA standard copy number 

Slope b 

Efficiency 

(%) c 

 

 

R2 d 

105 104 103 102 101 

NDV-M 

22.05± 

0.02 

25.37± 

0.05 

28.80

± 0.10 

31.82± 

1.47 

36.27± 

0.71 -3.49 93.4 

 

0.99 

NDV-L 

23.36 ± 

0.02 

26.73± 

0.08 

30.04

± 0.19 

33.85± 

0.14 

38.17± 

0.71 −3.68 86.8 

 

0.99 

ILTV 

22.78± 

0.02 

26.15± 

0.02 

29.45

± 0.04 

32.92± 

0.19 

36.23± 

0.32 -3.37 98.2 

 

0.99 

AMPV-A 

23.30± 

0.03 

26.57± 

0.09 

30.13

± 0.09 

34.05± 

0.14 

36.45± 

2.24 −3.38 97.1 

 

0.99 

AMPV-B 

23.82± 

0.11 

27.08± 

0.02 

30.71

± 0.14 

34.45± 

0.45 

37.82± 

0.21 −3.53 91.8 

 

 

0.99 

a Mean CT values of triplicate runs ± Standard deviation 

b Slope calculated from Y = Y intercept − slope log10.  

c PCR Efficiency = [10(−1/slope)] − 1.  

d Coefficient of determination 

* All assays were co-amplified with internal positive controls 

 

 

 

 

 

 

https://jcm.asm.org/content/44/9/3231.short#fn-4
https://jcm.asm.org/content/44/9/3231.short#fn-5
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Table 4-4. Sensitivity of NDV, ILTV Real-time RT PCR assays using clinical and biological 

samples. 

Assay type 

Known positive samples 

Sensitivity (%) * No. positive No. negative 

NDV 30 0 100 (30/30) 

ILTV 30 0 100 (30/30) 

* Percentage of positive samples within a given subset 
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Table 4-5. Specificity of NDV, ILTV Real-time RT PCR assays using clinical and biological 

samples 

 Target viruses 

Assay NDV ILTV IBV 

NDV + - - 

ILTV - + - 

   + = Positive, - = Negative 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

122 

FIGURES 

 

 

 

 

Figure 4-1. Analytical sensitivity of qRT-PCR assays. Standard curves for (a) NDV-M, (b) 

NDV-L, (c) ILTV, (d) AMPV-A, (e) AMPV-B assays presenting the mean CT  plotted against 

the relative input copy numbers (log10) of synthetic DNA standards. Synthetic DNA standards 

were serially diluted by 10-fold at a 5 log10 range, starting from 105 copies down to ≤10 copies 

per reaction 
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CHAPTER 5 

THE POTENTIAL OF PSEUDOTYPED VESICULAR STOMATITIS VIRUS (VSV) 

PARTICLES EXPRESSING IBV SPIKE AS SEROTYPING ELISA ANTIGENS1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1J. Mo, C. L. Leyson, B. J. Jordan, M. W. Jackwood to be submitted to Journal of virological 

methods 
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ABSTRACT 

 

Infectious bronchitis (IB) is a highly contagious disease that affects the upper respiratory 

tract of chickens caused by avian coronavirus infectious bronchitis virus. Various serotypes of 

this virus are distributed worldwide, and cross-protection between serotypes is poor, making 

constant worldwide surveillance of IBV types important. The primary objective of this study was 

to address the need for a diagnostic test that could distinguish serotype-specific antibodies 

against various IBV types. Vesicular stomatitis virus (VSV) has been used as a versatile tool in 

research due to its capability of readily producing pseudotype progenies bearing foreign 

envelope proteins. Genes of the IBV spike protein were incorporated into the outer shell of the 

viral envelope of VSV and the functionality of these VSV particles carrying different IBV spikes 

(Massachusetts, Arkansas) as serotyping ELISA antigens was studied and evaluated. This proof 

of concept study proved some potential of the IBV spike pseudotyped VSV particles as 

serotyping antigens. 

 

 

 

 

 

 

 

 

Keywords: infectious bronchitis, spike protein, glycoprotein, vesicular stomatitis virus, 

pseudotyping  
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Abbreviations: IBV = infectious bronchitis virus; Ark = Arkansas; Mass = Massachusetts;  

VSV = vesicular stomatitis virus; ELISA = Enzyme-linked immunosorbent assay 
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INTRODUCTION 

 

Infectious bronchitis (IB) is a highly contagious disease that affects the upper respiratory 

tract of chickens caused by avian coronavirus infectious bronchitis virus (IBV) (4, 11). Although 

a respiratory disease, IBV can also affect the female reproductive tract; leading to reduced 

production and egg quality with some strains cause severe nephritis that results in high mortality 

in young birds (4, 7). IBV is currently distributed worldwide and is capable of causing 

significant economic losses in the commercial poultry sector (6). As a lipid-enveloped positive-

sense single-stranded RNA virus of the family Coronaviridae genus gammacoronavirus (11, 18), 

the primary determinant of IBV serotype specificity is the spike protein. Because it contains 

epitopes for serotype-specific antibodies, spike protein is focused as the main protein for IBV 

identification (11). Various serotypes exist across the globe, and cross-protection between 

serotypes is poor, making constant worldwide surveillance and identification of IBV types 

fundamental (4, 5). For that purpose, enzyme-linked immunosorbent assay (ELISA) is the 

standard test that is widely used to detect and quantify IBV antibody titers in flocks due to its 

high sensitivity (10, 13). Although they are the primary method of choice for serological 

monitoring for IBV as they can facilitate large-scale monitoring of flocks, commercial ELISA 

kits focus on detecting group-specific antibodies rather than type-specific antibodies, thus cannot 

distinguish among different serotypes (7). Although it seems obvious that the development of 

serotyping ELISAs for IBV to detect serotype-specific antibodies would provide benefits, the 

reproduction of authentic serotype-specific spike proteins under laboratory conditions has proven 

to be difficult since the S2 portion of the spike has to be in an anchored form on the viral 

envelope for proper protein folding in the S1 antibody binding region to occur (3). 
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Vesicular stomatitis virus (VSV) has been widely used in research to produce 

pseudotyped virus particles, which contain the envelope glycoproteins of heterologous viruses 

(1, 15, 24, 25, 30). The concept of pseudotyping is that single or multiple structural proteins are 

harbored by a virus particle that is not encoded in the viral genome that carries them (2, 21). The 

capability of VSV that makes it suitable for readily generating pseudotype particles is likely due 

to the well-orchestrated ‘budding out’ mechanism, which does not require its natural 

glycoprotein G during that process (12). When recombinant VSV, that is void of the G 

glycoprotein in its genome, is infected in susceptible cells, the progenies bud out and incorporate 

the heterologous envelope proteins that are transiently expressed on the host cell surface, 

resulting in VSV pseudotype particles coated with foreign glycoproteins. Since VSV is not 

particularly selective in regards to the type of membrane protein that can be incorporated into the 

viral envelope (30), it is possible to generate a pseudotype that has the envelope protein of the 

IBV spike protein. Another advantage of pseudotyping IBV spikes is that it only requires 

knowledge of the nucleotide sequence of the spike gene, which can be synthesized and cloned 

for expression. Spike proteins of Mass and Ark serotypes, which are frequently isolated in the 

field, and also commonly used vaccine types in the United States were selected for this study 

(11). These newly prepared antigens will only contain the serotype determinant spike, thus 

having a good potential for serotype-specific ELISA antigens.   

Thus, the overall goal of this study is to address the need for a diagnostic test that can 

distinguish serotype-specific antibodies against various IBV types, and that can be rapidly 

developed to include antigens from new and emerging IBV variants in the field. 
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MATERIALS AND METHODS 

 

Cell lines and plasmids. HEK293T cells were maintained in Dulbecco’s modified Eagle 

medium (DMEM) with 10% fetal bovine serum (FBS) (Gibco, Waltham, MA, USA). 

Chemically competent E. coli cells (One Shot™ TOP10) (Invitrogen, Waltham, MA, USA) 

were used for transformation of cloned plasmids. The envelope gene-deficient VSV (VSV-ΔG) 

and the high efficient mammalian expression vector pCAGGS were kindly provided by Dr. 

Melinda Brindley (The University of Georgia, College of veterinary medicine). 

 

Construction of expression plasmids encoding IBV Mass & Ark whole spike genes. The 

whole spike glycoprotein sequences of Mass (accession number GQ504725) and Ark IBV 

(accession number GQ504721) were obtained from the database of the National Center for 

Bioinformatics (https://www.ncbi.nlm.nih.gov) and codon optimized. Plasmids (pUC57) 

containing the codon-optimized sequence for Mass and Ark whole spike (Mass-FL-S, Ark-FL-

S) were commercially synthesized (Genewiz Inc., South Plainfield, NJ). EcoRI and NotI 

restrictions sites were appended at the 5’ and 3’ ends of Mass-FL-S and Ark-FL-S, respectively 

and the PCR products were cleaned up using the Zymoclean Gel DNA Recovery Kit (Zymo 

Research, Irvine, CA, USA). The pUC57 plasmids containing Mass-FL-S and Ark-FL-S were 

double digested with EcoRI and NotI. The digested DNAs were electrophoresed in 0.8% 

agarose gel, and the target bands (3500 bp) were excised and purified using the Zymoclean Gel 

DNA Recovery Kit (Zymo Research, Irvine, CA, USA). To ligate Mass-FL-S and Ark-FL-S 

genes into the pCAGGS vector (9), digested fragments were combined at a 3:1 (insert: vector) 

ratio and mixed with T4 ligase (Thermo Scientific, Waltham, MA, USA). The ligation mixture 
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was incubated at 4°C overnight and subsequently transformed into chemically competent 

TOP10 E. coli cells using the heat shock method described by the manufacturer (Invitrogen, 

Waltham, MA, USA). The transformation reaction mix was plated on Luria-Bertani (LB) agar 

plates supplemented with 100 μg/mL carbenicillin for colony selection. Positive bacterial 

colonies were obtained and cultured overnight. Plasmid extraction was performed using the 

GeneJet plasmid miniprep kit (Thermo Scientific, Waltham, MA, USA). To identify positive 

transformants containing the right genes, plasmid minipreps from each bacterial colony was 

digested with EcoRI and subsequently, sequenced at the Georgia Genomics Facility (University 

of Georgia) for full validation.  Large stocks of Mass-FL-S and Ark-FL-S plasmids planning to 

be transfected into HEK 293T cells were prepared using the GeneJet Maxiprep kit (Thermo 

Scientific, Waltham, MA, USA) as per the manufacturer’s instructions. 

 

Expression of IBV Mass & Ark whole spike protein. Plasmids coding for whole Mass 

and Ark IBV spike were transfected separately in different batches of HEK 293T cells using 

Turbofect (Thermo Scientific, Waltham, MA) transfection reagent following the manufacturer’s 

instructions. HEK 293T cells were seeded in T75 flasks at a density of 2.1 x 106 cells and were 

grown up to 70% confluency. Plasmid DNA was diluted in OptiMEM (Gibco, Waltham, MA) 

and incubated in room temperature with Turbofect for 20 minutes. The DNA: OptiMEM: 

Turbofect ratio used for the transfection mixture was 18 μg: 2.4 mL: 30 μL for cells seeded in a 

T75 flask around 70% confluency. The transfection mixture was added to the T75 flask cell 

media (DMEM, 5% FBS) and incubated for 24 hours at 37°C, 5% CO2. After 24 hours, VSV-

∆G virus prep (Kerafast, Boston, MA, USA) was added to each T75 flask at a multiplicity of 

infection (MOI) of 3-5 (30). The 5% FBS DMEM was replaced with maintenance media 
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(DMEM, 1% FBS) the volume of which was reduced by half prior to VSV-∆G infection as an 

attempt to concentrate Mass-FL-S and Ark-FL-S incorporated VSV pseudotypes. At 20 hours 

post infection, the supernatants containing VSV particles pseudotyped with Mass and Ark 

whole spike (VSV-Mass-FL-S, VSV-Ark-FL-S) were collected, centrifuged at 4°C, 1320 x g 

for 10 minutes and the supernatant was filtered using 0.22 µm filtered syringes and stored in 

aliquots at -80°C.   

 

Validation and quantification of VSV-Mass-FL-S and VSV-Ark-FL-S. To quantify and 

validate if the IBV spikes coated on the surface of VSV-Mass-FL-S and VSV-Ark-FL-S were 

authentically expressed, hemagglutination assays (HA) were performed. One set of supernatants 

containing VSV-Mass-FL-S and VSV-Ark-FL-S was treated with neuraminidase to remove 

sialic acid residues on the spike protein to induce HA (20) and was incubated for 30 minutes at 

37°C, and 5 minutes at 4°C. Another set of supernatants received no neuraminidase treatment. 

After incubation, 50 μl of supernatants from both sets were added to 96 well plates and serially 

diluted by 2-fold in phosphate-buffered saline (PBS). Chicken red blood cells (RBC) were 

added subsequently to these plates and HA titers were determined, following basic laboratory 

protocols (8, 14, 20).   

 

Normalization of IBV primary antibodies for use in VSV-Mass-FL-S and VSV-Ark-FL-S 

coated ELISAs. The Ark serum was commercially obtained from Charles River Laboratories 

(Wilmington, MA, USA) and the Mass serum was produced in our lab. IBV serum stocks were 

titrated and normalized prior to use as primary antibodies for VSV-Mass-FL-S, VSV-Ark-FL-S 

coated ELISAs. As we wanted to assure that the same amount of antibodies from each serum 
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were equally administrated to the IBV spike pseudotyped VSV coated ELISAs, three types of 

assays were performed for serum normalization; Virus neutralization (VN), hemagglutination 

inhibition (HI) and normalization by using commercial IBV ELISA coated with whole 

inactivated IBV (IDEXX Laboratories, Westbrook, ME, USA). The homologous VN, HI titers 

and ELISA OD (optical density) signals were compared between serially 2-fold diluted Mass 

and Ark serum. VN and HI assays were performed accordingly with ‘A laboratory manual for 

the isolation, identification, and characterization of avian pathogens’(8), and ELISA was 

performed as per manufacturer’s instructions. Based on the results, we decided to normalize the 

sera based on commercial ELISA OD signals. Consequently, the Ark serum had to be diluted 

down 32 times more (dilution factor of 1:32) to obtain the same OD signal for Mass serum 

(Figure 3). These tests were repeated at least twice. 

 

VSV-Mass-FL-S, VSV-Ark-FL-S coated ELISA assays using normalized IBV primary 

antibodies. Procedures for making direct ELISA assays were based on ‘ELISA technical guide 

and protocols’ (26). Briefly, 125 μl of 16 HA units of VSV-Mass-FL-S and 8 HA units of VSV-

Ark-FL-S were serially diluted in bicarbonate buffer (100 mM, pH 9.6) by 2-fold spanning 10 

log2 ranges and were coated on separate 96 well ELISA microplates respectively (Fisherbrand, 

Waltham, MA, USA), and incubated at 4°C overnight. In order to coat as much antigen as 

possible, this step was repeated twice, resulting in coating a total of 250 μl of antigen in each 

well. Wells coated with these diluted antigens were washed with PBST twice (Phosphate 

buffered saline with Tween-20). Blocking of the remaining protein-binding sites in the coated 

wells was done by adding 200 μl of 5% non-fat dry milk/PBST as blocking buffer and 

incubating at 4°C overnight. After repeating washing steps, normalized Mass and Ark serum 
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were diluted with 5% non-fat dry milk/PBST at 1:32 and 1:1024 respectively (Fig 3) and added 

to the wells followed by a 4°C overnight incubation. Mass and Ark serum were each added as a 

homologous and a heterologous serum to VSV-Mass-FL-S coated plates (one plate with Mass 

serum, one plate with Ark serum), and VSV-Ark-FL-S coated plates (one plate with Ark serum, 

one plate with Mass serum), respectively. After the wells were washed with PBST for five 

times, rabbit-anti chicken IgY tagged with horseradish peroxidase (HRP) (Invitrogen, Waltham, 

MA, USA) was diluted at 1:1000 and added to the wells as secondary antibodies. After 

incubating for 2 hours at room temperature and repeating the 5X PBST washing step, 100ul of 

substrate (IDEXX Laboratories, Westbrook, ME, USA) was dispensed in the wells, and after 

color development was observed, a stop solution (IDEXX Laboratories, Westbrook, ME, USA) 

was subsequently added. The plates were analyzed at a primary wavelength of 650 nm by an 

ELx800 ELISA spectrophotometer (Biotek, Winooski, VT, USA). For positive controls, 

antibodies against the matrix protein of VSV (VSV-M) (Kerafast, Boston, MA, USA) were 

diluted 1:100 per manufacturer’s protocols and added to the wells coated with the same 

antigens. 

 

Statistical analysis of OD signals obtained from VSV-Mass-FL-S, VSV-Ark-FL-S coated 

ELISA. Statistical analysis of ELISA data was done by Prism 6 software (GraphPad Software, 

La Jolla, CA, USA). To determine the specificity of the VSV-Mass-FL-S, VSV-Ark-FL-S 

coated ELISAs, or to see if there were significantly specific differences in OD signals when 

adding homologous serum against heterologous serum of different serotypes, the dilution 

linearity (17) was analyzed. The demonstration of dilution linearity of the serially diluted VSV 

spike pseudotypes containing the antibody of interest was critical to validating the specificity 
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and accuracy of the given ELISA results. For that purpose, the OD signal data sets were 

normalized and converted to percentage (%), and were plotted on a non-linear regression 

prediction curve based on an exponential decrease function (19, 29) that could exhibit the signal 

decrease followed by 2-fold serial dilutions. The generated curves were then compared with an 

in-silico reference curve that represented a theoretically ideal 2-fold exponential decrease of 

signals (Fig 5-4, 5-5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

134 

RESULTS 

 

Validation and quantification of VSV-Mass-FL-S and VSV-Ark-FL-S. The HA titers of 

VSV-Mass-FL-S and VSV-Ark-FL-S are shown in table 5-1. As HA activity becomes inducible 

or enhanced when neuraminidase is treated in wild IBV spikes (22, 23), we wanted to observe if 

recombinant spike proteins expressed on the outer shell of a heterologous virus would share the 

same properties. Based on the results of HA assays, it seemed evident that HA activity was 

either induced or enhanced when recombinant Mass and Ark spikes coated on VSV received 

neuraminidase treatment, thus resembling the intrinsic properties of wild IBV spike protein. The 

given results were convincing to assure that the confirmations of the spike proteins harbored by 

VSV were intact and adequately expressed. 

 

Normalization of IBV primary antibodies for use in VSV-Mass-FL-S and VSV-Ark-FL-S 

coated ELISAs. To ensure that the same quantities of antibodies from each serum were equally 

administrated to the IBV spike pseudotyped VSV coated ELISAs; normalization was done 

based on serological methodologies; VN, HI, and commercial IBV ELISA assays. The assays 

were repeated at least twice and the results are displayed in figures 5-1, 5-2, and 5-3 

respectively. Discrepancies in antibody titers were observed in the three different tests. The 

homologous VN titer of the Mass serum was much higher compared to Ark serum (Fig. 5-1) but 

exhibited significantly low ELISA titers (OD signals) than Ark serum when titrated with 

inactivated whole IBV (Fig. 5-3), whereas the homologous HI titers of both antisera were 

identical (Fig 5-2). Eventually, the primary serum for VSV-IBV-Spike coated ELISAs were 

normalized based on commercial ELISA titers or OD signals. 
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VSV-Mass-FL-S, VSV-Ark-FL-S coated ELISA assays using normalized IBV primary 

antibodies. To determine the specificity of the VSV-Mass-FL-S, VSV-Ark-FL-S coated 

ELISAs against homologous and heterologous serum; the dilution linearity was demonstrated 

by normalizing the raw OD data and converting them to percentage (%) for relative comparison 

between dilutions. Theoretically, if the starting point or the lowest dilution point was set to 

100%, then followed by each serial 2-fold dilution of the antigens, the signals produced by 

binding of antibodies will decline exponentially starting from 100%, to 50%, to 25% and so on. 

Based on this rationale, an in-silico reference curve that could represent an expected ideal 2-fold 

dilution was generated by doing nonlinear regression prediction analysis based on an 

exponential decrease function provided by the prism 6 software. The same plotting and analysis 

were done with the obtained experimental data (Fig. 4, 5). Should a given experimental dataset 

exhibit a specific 2-fold decrease in signals that correlate with the 2-fold antigen dilutions, it 

would try to fit in the in-silico reference curve or at least will be more inclined towards it.  

An exponential decay constant (λ) (18) was provided when generating each curve. In 

this relative comparison between curves, if the constant λ of a curve is closer to the reference 

curve (λ = 0.0645), it signifies that the two curves share similarities, particularly; the curve is 

displaying a specific 2-fold exponential dilution effect similar to the reference curve. The closer 

the constants are, more likely the curve would be inclined towards the reference curve. When 

comparing the curves between adding homologous Ark serum and heterologous Mass serum to 

VSV-Ark-FL-S ELISA, the constant of the Ark serum curve was 0.03972 (λ = 0.03972) which 

was closer to the reference curve (λ = 0.0645), than the Mass serum curve (λ = 0.0240), 

indicating a more specific 2-fold dilution effect compared to the heterologous Mass serum. 

Results were similar for VSV-Mass-FL-S ELISA, as the exponential decay constant of the 
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curve when adding homologous Mass serum (λ = 0.01364) was closer to the reference curve (λ 

= 0.0645) compared to adding heterologous Ark serum (0.006810). Conclusively, the 2-fold 

dilution effect of OD signals followed by serial dilutions of the IBV spike pseudotyped VSV 

antigens was manifested clearer when adding the right homologous serum, although dilution 

effects were also observed in signals produced with the heterologous serum. 
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DISCUSSION 

 

Vesicular stomatitis virus (VSV) has been used as a versatile tool in research due to its 

capability of readily producing pseudotype progenies bearing foreign envelope proteins based on a 

well-orchestrated budding out mechanism (25, 30).  As VSV is not particularly selective in regards 

to the type of membrane protein that can be coated on the outer shell of the viral envelope, genes of 

the IBV spike protein were incorporated, and the potential of these IBV spike pseudotypes as 

serotyping ELISA antigens was studied. As the reproduction of authentic whole spike proteins 

under laboratory conditions was one of our primary focuses, we wanted to see if the spike was 

adequately expressed and anchored on the surface of these particles. Although western blot is the 

commonly used analytical technique to demonstrate the presence of a specific protein by 

immunoblotting (16), it involves a denaturation step followed by gel electrophoresis that alters the 

complex dimensional structure in their native state. So an alternative yet informative approach was 

to quantify and confirm the intact native conformation of the spike proteins by hemagglutination 

(HA) assay, since the recombinant spike proteins incorporated into the viral envelope of the VSV 

pseudotype would have to be very similar with the native structure of wild IBV spikes to be 

capable of HA activity. And as the induction or enhancement of viral HA activity by 

neuraminidase treatment is one of the unique properties of the IBV spike protein (22), we also 

focused on to see if changes in the HA titers were present before and after neuraminidase treatment 

of the incorporated spikes. Consequently, increase or induction of HA titers were observed among 

the pseudotyped spikes, strongly indicating that they were accurately expressed (Table 1). 

  To assure that equal quantities of primary antibodies contained in each IBV serum were 

administrated to the IBV spike pseudotyped VSV coated ELISAs, antibodies were normalized by 

VN, HI assays and commercial IBV ELISA coated with whole inactivated IBV with the IBV sera. 
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Unexpectedly, discrepancies between results from the three assays were apparent, each exhibiting 

different antibody titers (Figures 5-1, 5-2 and 5-3). The underlying reason for this phenomenon 

seemed accountable to the difference of antibody-binding epitopes due to conformational 

alterations of the diagnostic IBV viral antigens used for each different assay. In other words, it may 

be relevant to the state of IBV that was used for each assay, as the IBV used for VN assays was 

untreated wild-type IBV, whereas the IBV used for HI was neuraminidase treated and for 

commercial ELISAs, inactivated with chemicals. Such treatments may have altered the 

conformation of the spike proteins in some way, changing the antibody-binding site, thus giving 

different results in titers. After some contemplation, we decided to normalize the serum based on 

the OD signals obtained from commercial ELISA (Fig 5-3), as this study was directly involved in 

producing ELISAs. 

 To determine the specificity of the VSV-Mass-FL-S, VSV-Ark-FL-S coated ELISAs 

against homologous and heterologous serum, the dilution linearity of each ELISA assay correlating 

with the serial dilution of IBV spike pseudotyped VSV antigens was demonstrated and compared 

with a reference curve that represented an ideally predicted 2-fold dilution. Although it turned out 

that the dilution linearity was relevantly clearer when applying homologous serum to the VSV that 

harbored the spike of that same serotype (Fig 5-4, 5-5), dilution effects were also apparent in the 

heterologous serum added ELISAs, which seemed due to cross-reactivity. This was not 

unexpected, as it is known that the N-terminal portion of the conserved S2 domain of the spike 

protein contains immune-dominant regions including a neutralizing epitope, although not as much 

as S1 (27), and that there are also some conserved regions among the genetically diverse S1 region 

(28). As an attempt to reduce cross-reactions, constructing a chimeric spike protein by replacing 

the S2 domain with that of a non-IBV coronavirus might help, although strict prediction modeling 
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would be imperative, as the introduction of an exotic S2 domain would be unpredictable regarding 

conformational changes. 

 In summary, the potential of VSV particles expressing IBV spike proteins as serotyping 

ELISA antigens was examined by a proof of concept study. Further optimization of this concept 

would help for the development of IBV serotyping ELISA that can be facilitated in the field. 
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TABLES 

 

Table 5-1. HA titers of VSV-IBV-spike treated or not treated with neuraminidase 

 

VSV-IBV-Spike/Experimental 

conditions 

 

HA titers of  

VSV-Ark-FL-S 

 

HA titers of 

VSV-Mass-FL-S 

Not treated with Neuraminidase 0 4 

Treated with Neuraminidase 8 16 
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FIGURES 

 

 

Fig 5-1. Homologous VN titer of serotype-specific IBV sera. 
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Fig 5-2. Homologous HI titer of serotype-specific IBV sera. 
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Fig 5-3. Commercial ELISA* titers of serotype-specific IBV sera. 

* Antigens for commercial ELISA were inactivated whole IBV 
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Fig 5-4. Comparison of dilution linearity of VSV-Ark-FL-S coated ELISA. 
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Fig 5. Comparison of dilution linearity of VSV-Mass-FL-S coated ELISA. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 

Poultry respiratory disease viruses are currently distributed worldwide affecting the 

poultry industry and among them, major diseases such as infectious bronchitis (IB), infectious 

laryngotracheitis (ILT), Newcastle disease (ND) and avian metapneumoviruses (AMPV) are 

known to cause significant economic losses (20). It is imperative to rapidly detect and 

differentiate these viruses within an infected poultry flock so that appropriate countermeasures 

can be implemented promptly. As it is well known that vaccines can play a critical role in the 

containment of such viral diseases (7), demonstrating the presence of the virus and identifying 

the etiologic agent along with differentiating between possible candidates, which can be similar 

in the early stages of their pathogenesis is essential (4, 5, 20). To serve that purpose, researchers 

have introduced various diagnostic techniques for the past decades, including detection or 

isolation of the viral agent itself, or by aiming at specific antibody responses. Although 

conventional detection methods like virus isolation (VI) or virus neutralization (VN) have been 

used widely and are reliable, despite their widespread usage, several drawbacks like slow and 

labor-intensive processes existed (9). Since the introduction of molecular concepts, alternative 

assays are continually being introduced in the field of viral diagnostics, which confer several 

advantages; they are more sensitive in the detection of viral agents, less time-consuming and 

require less labor. Nowadays, the commonly used methods for detecting poultry respiratory virus 

and its antibodies are quantitative real-time polymerase chain reaction (qRT-PCR) and enzyme-
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linked immunosorbent assay (ELISA) (1, 13-15, 17). The main goal of this research was to 

develop rapid and accurate diagnostic tools that can be applied for clinical detection of major 

poultry respiratory disease viruses and serotyping. Specifically, this research aims (1) to develop 

quantitative real-time RT-PCR assays for IBV, NDV, ILTV and AMPV and rigorously evaluate 

their sensitivity & specificity by using synthetic DNA templates, internal positive controls, and 

clinical samples, (2) generate pseudotyped VSV particles that harbor IBV spike proteins using an 

in vitro culture system and characterize produced particles for the incorporation of IBV spike 

proteins for potential use as serotyping ELISA antigens. 

 

Development of specific real-time quantitative RT-PCR assay panel for Infectious 

Bronchitis using synthetic DNA standards and clinical specimens. The aim of this research was 

to develop six TaqMan™-based quantitative RT-PCR assays (Universal, Ark, Mass, 

DE072/GA98, GA07, GA08) using the same thermo-cycling conditions that can aid in 

surveillance and devising vaccination strategies for IBV. Assays were developed targeting the 

hyper-variable region in the S1 gene subunit of the IBV genome that represented the specific 

serotype (6, 8, 10), and was evaluated using synthetic DNA standards that were identical with the 

target sequence and specificity was further validated using clinical and biological tissue 

specimens. All developed IBV universal and type-specific assays performed equivalently when 

testing synthetic DNA standards, as the detection was linear over 5 log10 steps with amplification 

efficiencies ranging from 91.9% to 113.3%, paired with high sensitivity as all assays showed 

LOD of ≤10 copy numbers per reaction with an R2 ≥0.99 indicating high reproducibility. 

Regarding verification using clinical and biological samples, 100% of the known positive 

samples were determined as positive by the universal and Mass, Ark, GA07 type-specific assays 
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whereas the DE/GA98 assay detected 97% (29/30), and GA08 detected 94% (28/30) as positive 

out of the known positive sample panel. An internal positive control (IPC) was successfully 

incorporated in the universal assay without hindering its performance. Regarding analytical 

sensitivity and specificity, all developed assays met the initial qualifications. 

 

Development of specific real-time quantitative RT-PCR assay panels for infectious 

laryngotracheitis, Newcastle disease and avian metapneumovirus using synthetic DNA 

standards, internal positive controls and clinical specimens. The aim of this research was to 

develop TaqMan™-based quantitative RT-PCR assays for detecting ILTV, NDV and AMPV-

A/B. Assays were developed targeting the gC gene of ILTV (4), M (22), L gene (11) of NDV 

and the N gene of AMPV-A and B respectively. Analytical sensitivity was evaluated by using 

synthetic DNA standards that were designed and synthesized based on the target sequence in that 

gene. Specificity of the assays was further validated using clinical and biological tissue 

specimens. The clinical sample verification step for AMPV-A and B assays was excluded due to 

limited access to clinical samples. All developed assays performed equivalently when testing 

synthetic DNA standards, as the detection was linear over 5 log10 steps with amplification 

efficiencies ranging from 86.8% to 98.2%, paired with high sensitivity as all assays showed LOD 

of ≤10 copy numbers per reaction with an R2 ≥0.99 indicating high reproducibility. Regarding 

verification using clinical and biological samples, 100% of the known positive samples were 

determined as positive by the NDV, ILTV assays. An internal positive control (IPC) was 

successfully incorporated in all the assays without any performance issues. Conclusively, all 

developed assays met the initial qualifications regarding analytical sensitivity and specificity. 
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The potential of pseudotyped vesicular stomatitis virus (VSV) particles expressing IBV 

spike as serotyping ELISA antigens. Vesicular stomatitis virus (VSV) has been widely used in 

research to produce pseudotyped virus particles, which contain the envelope glycoproteins of 

heterologous viruses (2, 12, 18, 19, 21). The concept of pseudotyping is that single or multiple 

structural proteins are harbored by a virus particle that is not encoded in the viral genome that 

carries them (3, 16). The primary objective of this study was to address the need for a diagnostic 

test that could distinguish serotype-specific antibodies against various IBV types by using VSV 

pseudotyping technique. Full IBV spike proteins were coated on the outer shell of the viral 

envelope of VSV and the potential functionality of these VSV particles carrying different IBV 

spikes (Mass, Ark) as serotyping ELISA antigens was studied and evaluated. The induction and 

enhancement of HA titers were observed among the pseudotyped IBV spikes, strongly indicating 

that they were accurately expressed on the surface of VSV. To determine the specificity of the 

VSV-Mass-FL-S, VSV-Ark-FL-S coated ELISAs against homologous and heterologous serum; 

the dilution linearity correlating with the serial dilution of IBV spike pseudotyped VSV antigens 

was demonstrated. This proof of concept study did prove some potential of the IBV spike 

pseudotyped VSV particles as serotyping antigens, although further optimization would be 

helpful to introduce this concept for poultry diagnostics.  

The primary focus of this whole study was the development and provision of a board 

panel of diagnostic assays and practical concepts that could aid in identifying the viral etiologic 

agents that are distributed worldwide and are capable of causing severe implications to the 

poultry industry resulting in economic devastation and even trade restraints and embargos on 

poultry products. We are confident that this study will help facilitate avian respiratory viral 
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disease diagnostics in the field regarding accuracy; functional simplicity and rapidity so that 

countermeasures like vaccination can be promptly implemented. 
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