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ABSTRACT  

Avian influenza (AI) is an infectious viral disease in birds caused by a type A influenza virus of 

the family Orthomyxoviridae. These viral outbreaks usually cause significant economic losses to 

the poultry industry. Conventional strategies for AI detection and control using vaccination both 

start by growing the viruses and isolating them in embryonated chicken eggs. This entire process 

takes 6 to 8 months from viral detection to the release of the vaccine for that particular strain. A 

rapid and cost effective diagnostic method for the early detection of AI viruses, as well as a more 

effective vaccine that can be produced quickly, are urgently needed as tools for AI outbreak 

management. Therefore, the aim of this study was to develop a strategy for the point-of-care 

(POC) detection of AI and to develop a vaccine that is not only effective in the treatment of such 

outbreaks, but can also be produced quickly enough to manage AI viruses before they spread 

and cause an outbreak. 

Loop-mediated isothermal amplification (LAMP), which is a rapid nucleic acid amplification assay 

that takes 30 to 60 minutes, was used for POC diagnosis of the AI viruses. Three LAMP assays 

were designed − one for the detection of general AI strains and the other two for the specific 

detection of the H5 and H7 AI subtypes. The device used to make the detection of these viruses 

at the POC possible was the Axxin T16 isothermal instrument. This device is ideal for POC assays 

as it is portable, the results can be detected in real time, and it operates on rechargeable batteries. 

Using the designed LAMP assays, the identification of the AI samples that were tested was 

successfully achieved within 30 minutes at the POC without having to transport the samples to a 

laboratory.  

The Adenovirus vectors are known as suitable recombinant vaccine vectors because they are 

capable of infecting a wide variety of cell types, can grow to high titres in vitro, and cannot 

integrate in the host genome. Due to these features, the Adenovirus was used in this study to 

design a safe and effective vaccine that can be produced quickly. However, policies of the 

Department of Agriculture, Land Reform and Rural Development (DALRRD) formerly known as 

the Department of Agriculture, Forestry and Fisheries (DAFF) prohibit vaccination against AI as 

conventional vaccines previously interfered with surveillance programmes that did not allow any 

differentiation between infected and non-infected poultry that had been vaccinated using 

diffierentiation of infected and vaccinated animal (DIVA) strategies. To prove that the strategy 

proposed by this study will address the challenges that conventional AI vaccines pose, the 

Newcastle disease virus (NCDV) was used as a target virus in the design of the Adenovirus 

vector-based vaccine. The vaccine was designed by inserting the Matrix gene of the NCDV into 

the Adenovirus vector. The functionality and propagation of the recombinant Adenovirus were 
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performed in 293T human embryonic kidney (HEK) cells. This was followed by testing the 

recombinant Adenovirus in vitro in chicken embryo fibroblasts (CEFs) that were prepared in-

house. The results demonstrated the successful expression of the recombinant Adenovirus in the 

CEFs, which suggests that the vaccine design strategy that was developed in this study may be 

successful for future application as the vaccine showed the desired expression in vitro. These 

results also suggest that the same strategy may be used for the design of Adenovirus-based 

vaccines against AI and any other viral diseases in chickens. Even more noteworthy is that the 

current strategy takes only 5 weeks from viral detection to vaccine production, while the 

conventional strategy takes up to 6 or 8 months for the entire process to be completed. However, 

despite these exciting results, clinical trials using live chickens will have to be conducted in future 

studies to check how safe and effective these vaccines are. This strategy may even be efficacious 

in solving the COVID-19 crisis that the world is currently facing.  

Keywords: Avian influenza, Adenovirus, chicken embryo fibroblasts, loop-mediated isothermal 

amplification, point-of-care, polymerase chain reaction, vaccine 
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CHAPTER  1 

INTRODUCTION AND BACKGROUND TO THE STUDY 

1.1 Introduction  

 

Avian influenza (AI), commonly known as bird flu, is a highly contagious disease that affects the 

respiratory, digestive, and nervous systems of many species of birds (Peiris et al., 2007; The 

Poultry Site, 2017; Shi et al., 2019; Scott et al., 2020). This disease is caused by a virus belonging 

to the influenza A genus. Depending on its virulence, AI can lead to systemic infections resulting 

in high mortality due to highly pathogenic avian influenza (HPAI) viruses or mild to no symptoms 

caused by low pathogenic avian influenza (LPAI) viruses (Alexander, 2000; OIE, 2009; Gonzales 

et al., 2017; Li et al., 2018, Charlton, 2018; Scott et al., 2020; Amanollahi et al., 2020; Nishiyama 

et al., 2020). Several outbreaks of AI in poultry led to culling of millions of birds which resulted in 

serious economic losses in the poultry industry worldwide (Alexander et al., 2006;  FAO, 2011; 

de Villiers, 2017; Charlton, 2018; Baron et al., 2018; Chatziprodromidou et al., 2018; Kim et al., 

2019; Scott et al., 2020; Song et al., 2020; Almayahi et al., 2020). These outbreaks emphasise 

the urgent need for a diagnostic tool that will facilitate the early detection of AI viruses. Moreover, 

a more reliable method to prevent the infection and spread of these viruses is also urgently 

required. The combination of early disease detection and the prevention of new infections through 

effective vaccines could be an effective method to mitigate animal disease spread and hence 

minimise losses in the poultry industry. 

 

1.2 Methods for Detecting AI 

Classical methods for detecting and identifying AI viruses involve growing the viruses and 

subsequently  isolating them in embryonated chicken eggs. However, this method is time 

consuming and laborious as it requires between 5 to  10 days for the process to be completed, 

even when performed by trained staff using special laboratory instruments (Kilic et al., 2020). 

Molecular techniques such as real-time reverse transcriptase PCR (rtRT-PCR) and nucleic acid 

sequencing have also been used for the detection of these viruses (Lee and Suarez, 2004; Ng et 

al., 2005; Payungporn et al., 2006; Liu et al., 2018; Zhang et al., 2018; Shi et al., 2019; Kim et al., 

2019). Although these molecular techniques are more sensitive, specific, and faster than the ‘egg-

based’ method for the detection of AI viruses, these methods are still cumbersome in that they 

require specialised training, are expensive, and sometimes sequencing takes as long as two days 

to complete and release the required answers. Moreover, transportation of samples from the 

point-of-care (POC) to the laboratory is needed in both the classical and molecular detection 
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methods, which further increases the turnaround time for the diagnosis results (Shi et al., 2019). 

The requirement for cold chain storage further complicates sample stability and adds to the overall 

costs of sample analysis. The best approach would thus be to develop a POC diagnostic method 

for use at the sampling area in order to provide results in the shortest time possible (preferably 

within minutes), thus allowing quick decision-making which is usually dependent on the issuing of 

field sample analysis results. One of the major challenges with POC assay development is that, 

depending on the design of the primers and the nucleic acid extraction method, these protocols 

are prone to low sensitivity and hence present the possibility of false negatives (Woolcock and 

Cardona, 2005; Chua et al., 2007; Ma et al., 2014; Yu et al., 2017; Sharma et al., 2018; Kim et 

al., 2019). 

1.3 Controlling the Spread of AI 

To manage the spread of an AI outbreak by early detection and identification of AI viruses, it is 

also critical to be able to have a strategy for the control of these viruses. One of the main tools 

that has been used in the control and management of AI outbreaks is vaccination, but this method 

is largely dependent on the policies and legislations of the country within which the outbreak 

occurred. In South Africa, for example, vaccination for AI is only allowed using the non-virulent 

H6N2 viral strain (Rauff et al, 2016). 

It is also commonly known that conventional vaccine production is time consuming and may not 

be suitable for disease control during an active outbreak situation. It usually takes 6 to 8 months 

from identifying the viruses to the release of the vaccine when using conventional methods (GAO, 

2000). On the other hand, Adenovirus vector-based vaccines can be produced in a shorter time 

and have also been shown to allow differentiation between infected and vaccinated animals 

(DIVA) (Capua et al., 2003; Toro and Tang, 2009; Baron et al., 2018), which is a feature that 

conventional vaccines do not have. The DIVA strategy is the only strategy that allows infected 

animals to be differentiated from vaccinated animals.  

In summary, a vaccine containing the same hemagglutinin but a different neuraminidase/no 

neuraminidase as the field virus is used. Antibodies for the neuraminidase antigen of the field 

virus will be detected while the same antibodies will not be detected in vaccinated animals that 

are not infected with the field virus (Capua and Alexander, 2004; Capua et al., 2004; Suarez, 

2012; Suarez and Partin-Jackwood, 2017). Currently, in terms of the diagnosis and control of AI 

viruses using vaccination, it is clear that a better strategy with improved turnaround times is 

urgently needed for the early detection, control, and management of avian influenza outbreaks. 
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1.4 Main Aims of the Study 

The aim of this study was thus to develop a quicker strategy for viral disease outbreak 

management in poultry, with specific focus on POC detection and prevention of the spread of AI 

viruses. It was envisaged that this could be achieved by designing and developing an Adenovirus 

vector-based vaccine for the control of AI infections in poultry. To achieve this aim, a POC method 

known as loop-mediated isothermal amplification (LAMP) was developed for the detection of AI 

viruses. The resultant detection protocol involves the simple detection of all serotypes of AI while 

also determining whether the offending AI pathogen is of a high or low pathogenic strain. The 

high pathogenic strains were defined as all strains belonging to the H5 and H7 varieties. The 

detailed design, which included an investigation into the sensitivity, specificity, and robustness of 

this method, was tested and validated as discussed in Chapter 3 of this thesis. In brief, the results 

showed that using the LAMP detection assay it is possible not only to identify AI viruses, but also 

to determine which variety of the highly pathogenic AI strain is circulating within a certain area. 

All this could be done in less than two hours. The results supporting this finding, as well as the 

validated process, are presented in Chapter 4. 

The findings highlight that, once the viruses have been identified, it is necessary to have a quick 

vaccine design and production strategy for the control and management of the spread of these 

viruses. To address these requirements, an Adenovirus vector-based vaccine targeting AI genes 

was developed. The vector-based vaccine that was designed was tested using chicken embryo 

fibroblasts that had been generated in-house. A detailed description of the methods that were 

followed is presented in Chapter 3. In Chapter 6, an assessment of the levels of protein 

expression of the gene of interest is presented. In essence, it was found that the Adenovirus 

vector was expressed in CEFs, hence this was deemed a suitable medium to carry the targeted 

AI genes of interest. By extension, it may be argued that the vector can be used as a cargo for 

any gene of interest in chickens, and possibly in other poultry as well. 

1.5 Main Challenges in Addressing the Aims of the Study 

The DALRRD is the responsible wing of government for all animal reportable and notifiable 

diseases. One of its policies determines that no vaccination of poultry in the Republic of South 

Africa other than for the H6N2 strain is allowed. This is because animals that are vaccinated with 

conventional vaccines usually test seropositive for AI, and this therefore disrupts AI surveillance 

which is critical for the declaration of poultry farms to be free from AI. Instead, eradicating the 

virus by means of culling is the preferred method because it has had the highest success rate in 

eliminating AI incursions.  
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As an alternative to the original objective, which was to design a full strategy for AI management 

and control, an Adenovirus vector expressing the Matrix gene of the closely related virus 

(Newcastle disease virus, or NCDV) was designed as proof of concept that any gene, including 

the Matrix gene of AI, can be inserted in the Adenovirus vector and be successfully expressed in 

CEFs. It was argued that, if this were possible, it would mean that one could potentially use an 

Adenovirus based vaccine against AI. To investigate this hypothesis, the Newcastle Matrix gene 

was selected. The Newcastle disease, just like AI, is a disease that affects poultry (Doyle, 1935; 

Capua and Alexander, 2001; Alsahami et al., 2018; Belgrad et al., 2018, Bello et al., 2018). 

Moreover, its genetic structure closely resembles that of AI. 

1.6 Conclusion 

The design and seed production of the Adenovirus-based vaccine could be achieved in 

approximately 10 days from the day of AI virus identification. This quick turnaround time of the 

vaccination design, in conjunction with the POC diagnostic method that was developed, was 

found to ensure a quick turnaround time of approximately 15 to 30 days to detect, design, and 

propagate virus seed stock and also possibly start a smaller batch of vaccine stock.  Even with 

subsequent vaccine finishing steps such as filtration, formulation, filling, packaging, and labelling, 

this vaccine formulation will arguably drastically reduce the amount of time required to move from 

detection to vaccination and will thus improve the management of the AI virus outbreaks.  

It is an exciting possibility that the strategy referred to above can be adapted to ensure a quick 

turnaround time for vaccine development combined with POC diagnosis, even for other diseases 

caused by viruses such as the current Coronavirus (COVID-19). 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

 

This Chapter introduces the study by shedding light on the biology of the Influenza A viruses, with 

a specific focus on the avian influenza viruses. The traditional and current control strategies for 

these viruses are also discussed in detail in this Chapter. The problem statement is presented, 

followed by the hypothesis and the aims and objectives of the study. 

 

2.2 Influenza A Viruses: Structure, Genome and Proteins 

 

Influenza A viruses are pleomorphic, enveloped viruses belonging to the family of 

Orthomyxoviridae (Chatziprodromidou et al., 2018; Amanollahi et al., 2020; Almayahi et al., 2020). 

Their viral envelope is made up of a lipid bilayer which consists of three viral transmembrane 

proteins, namely: Hemagglutinin (HA), Neuraminidase (NA), and Matrix 2 (M2), as shown in 

Figure 2.1. HA is the most abundant of the three proteins at approximately 80 percent, followed 

by NA at 17 percent and M2 with only 16-20 molecules per virion. Situated just below the viral 

lipid is the Matrix 1 (M1) protein. 

 

Figure 2.1: Structure of the influenza A virus showing the three main viral transmembrane 

proteins and the segments contained within the M1 Matrix (CSB, 2011) 
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The influenza A virus has a segmented genome, consisting of eight single-stranded, negative 

RNA molecules (Koutsakos et al., 2019; Scott et al., 2020) that range in size from 890 to 2341 

nucleotides. The genome arrangement is illustrated in Figure 2.1. The genes encode 11 viral 

proteins: hemagglutinin (HA), neuraminidase (NA), matrix 1 (M1), matrix 2 (M2), nucleoprotein 

(NP), non-structural protein 2/nuclear export protein (NS2/NE), polymerase acidic protein (PA), 

polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2), and polymerase basic 

protein 1-F2 (PB1-F2) (Webster et al., 1992; Alexander, 2006; Palese and Shaw, 2007; Bourret, 

2018; Klemm et al., 2018; Pham et al., 2018).  

The RNA segments are contained within the M1 Matrix in association with the nucleoprotein and 

three viral polymerase subunits (PA, PB1, and PB2) which, together, form the ribonucleoprotein 

(RNP) complex involved in RNA replication and transcription. 

 

2.2.1 Classification and nomenclature of influenza A viruses 

 

Influenza A viruses are classified into subtypes based on their antigenic differences of the surface 

glycoproteins, HA and NA (Shi et al., 2019; Koutsakos et al., 2019; Song et al., 2020). Of these, 

18 HA (H1-H18) and 11 NA (N1-N11) subtypes have been identified to date (Durães-Carvalho 

and Salemi, 2018; Shi et al., 2019; Amanollahi et al., 2020; Song et al., 2020). Different 

combinations of HA and NA antigens are used to make up the subtypes of influenza A, for 

example (H1N1, H7N7) (Song et al., 2020). New influenza A strains are conventionally named on 

the basis of the type of virus, the host of origin (excluding human), the geographic region from 

which the strain was isolated, the strain number, year of identification, and the HA and NA antigen 

subtypes (e.g., A/Duck/Vietnam/11/04 (H5N1). 

 

2.2.2 Avian influenza pathogenicity 

 

AI, also known as bird flu, is a highly contagious disease that affects the respiratory, digestive, 

and nervous systems of various bird species (Grillo et al., 2015; Shi et al., 2019; Scott et al., 

2020). AI viruses belong to the influenza A genus of the Orthomyxoviridae family (Lamb and Krug, 

1996; Lamb and Krug, 2001; Shabat et al., 2010; Ferhadian et al., 2018, Shi et al., 2019; 

Amanollahi et al., 2020; Almayahi et al., 2020). These viruses are divided into two groups, namely 

the highly pathogenic avian influenza virus (HPAI) and the low pathogenic avian influenza (LPAI) 

virus based on their virulence differences (Sutton, 2018; Amanollahi et al., 2020). HPAI viruses 

mostly belong to the H5 and H7 subtypes and infection with these viruses usually results in high 

mortality in poultry species (Chatziprodromidou et al., 2018; Tahir et al., 2020). LPAI viruses, on 

the other hand, can produce mild to no symptoms within a susceptible poultry species (Rebel et 
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al., 2011; Gonzales et al., 2017; Li et al., 2018; Peng et al., 2018). The HPAI H5N1 was first 

detected in Southern China in 1996 and spread to birds across Asia, Europe, and Africa (FAO, 

2011; Shi et al., 2019), causing major losses in poultry species through either direct infection or 

preventive culling in affected areas (Alexander et al., 2006). In South Africa, the first AI outbreak 

occurred in 2004 due to a HPAI H5N2 virus isolated from ostriches on a farm in the Eastern Cape 

Province. It was accordingly designated as A/Ostrich/S.Africa/2004 (H5N2) (Olivier, 2006). 

Although most AI viruses do not infect humans, some (particularly H5, H7 and H9) have been 

reported to have crossed the species barrier and infected and killed mammals, including humans 

(Guo et al., 1999; Lin et al., 2000; Guo et al., 2001; Lupiani and Reddy, 2009; Gao et al., 2018; 

Kwok-Yung, 2018; Xue-Cheng et al., 2018; Chatziprodromidou et al., 2018; Shi et al., 2019; 

Koutsakos et al., 2019;  Almayahi et al., 2020; Tahir et al., 2020). 

      

2.2.3 The avian influenza virus infection cycle 

 

Wild aquatic birds such as ducks, geese, gulls, and shorebirds are carriers of various influenza A 

subtypes (Krauss et al., 2004; Widjaja, 2004; Grillo et al., 2015; Kim et al., 2019; Scott et al., 

2020). Although all bird species are thought to be susceptible to influenza A viruses, some 

domestic poultry species such as chickens, turkeys, and guinea fowl are known to be highly 

vulnerable to such infections. In susceptible birds, AI is transmitted in a number of ways, including 

contact with contaminated nasal, salivary or faecal material from infected birds (CDC, 2017). 

Indirect transmission via virus contaminated water and formites has also been reported (Webster 

and Govorkova, 2014). 

 

The virus attaches to the host cell through interactions between its HA glycoprotein and sialic acid 

receptors found on the host cell’s membrane, as shown in Figure 2.2 (Samji, 2009; Webster and 

Govorkova, 2014). Two major linkages are found between sialic acids and the carbohydrates they 

are bound to in glycoproteins. These linkages are known as the α-2, 3, and α-2, 6. Human 

influenza A viruses preferentially bind to the α-2, 6 linkages which predominate in human tracheal 

epithelial cells, whereas those in avian targets recognise the α-2, 3 linkages, which are more 

common in avian gut epithelium. Sialic acids with terminal α-2, 3 linkages are also found in human 

respiratory epithelium. However, they are found in less abundance than those found in the α-2, 6 

linkages (Couceiro et al., 1993; Matrosovich et al., 2004; Samji, 2009). Humans can therefore be 

infected by avian influenza viruses, although they are less virulent in humans than when they are 

infected with the human strains. On the other hand, viruses from swine can recognise both 

linkages (Skehel and Wiley, 2000), thus making swine a good mixing vessel for both avian and 

human influenza viruses (Webster and Govorkova, 2014). 
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Upon attachment to the host cell, the virus is internalised by endocytosis. The acidic pH of the 

endosome triggers a conformational change in the HA which exposes a fusion peptide that 

mediates the merging of the viral envelope with the endosomal membrane (Bouvier and Palese, 

2008; Samji, 2009). The endosomal pH also opens up the M2 ion channel, thus allowing the 

hydrogen ions to be pumped into the virus particle. This allows the viral RNPs (vRNPs) to be 

released into the host cell’s cytoplasm (Martin and Helenius, 1991; Stegmann, 2000; Sieczkarski 

and Whittaker, 2005; Samji, 2009). The vRNPs are transported through the nuclear pore into the 

nucleus. 

Once in the nucleus, the viral polymerase complex, comprising of PB1, PB2 and PA polymerases, 

initiates the viral mRNA synthesis in a process referred to as ‘cap snatching’ (Krug, 1981; Lamb 

and Krug, 2001; Samji, 2009). During this process, PB2 binds to the 5’ cap of the host pre-mRNAs, 

and the endonuclease domain in the PA subunit cleaves off the 5’ end of the host mRNA about 

10-13 nucleotides downstream from the 5’ end and uses this as a primer for viral mRNA synthesis. 

The viral mRNAs are then transported into the cytoplasm where they are translated into viral 

proteins. The surface proteins (HA, M2, and NA) are processed and glycosylated in the 

endoplasmic reticulum and golgi apparatus respectively, followed by transportation to the cell 

membrane. The newly synthesised polymerase proteins − NP, M1, MS1 and NS2 − are 

transported into the nucleus. Once in the nucleus, the NS1 protein interferes with the host’s innate 

defence mechanisms by suppressing the synthesis of antiviral cytokines and proteins, thus 

allowing continuous virus replication (Hay et al., 1982; Shapiro and Krug, 1988; Hale et al., 2008). 

To produce more viral RNAs (vRNAs) that are needed to assemble new virions, the viral 

polymerase complex and NP catalyse the replication of a complementary RNA (cRNA) strand 

from vRNA, followed by the synthesis of new copies of vRNA. The newly made vRNAs are then 

used as templates for secondary mRNA synthesis. Later in the life cycle, the NS1 protein splices 

the M and NS mRNAs, thus leading to the formation of M2 and NS2 mRNAs, respectively. Viral 

mRNAs are then transported into the cytoplasm for the synthesis of the structural proteins. The 

polymerase complex, MP, M1, and the NS2 proteins are then transported in the nucleus, which 

is where the assembly of vRNP complexes occurs. The newly formed vRNPs, associated with 

the NP and the polymerase complex proteins, are exported from the nucleus. This process is 

made possible by the M1-NS2 complex that is bound to the vRNPs (Portela et al., 1999; Akarsu 

et al., 2003; Cros and Palese, 2003; Boulo et al., 2007). This complex is directed to the plasma 

membrane that has been previously modified with the viral membrane protein HA, NA, and M2 

(Palese and Shaw, 2007). The progeny virions assemble and bud at the plasma membrane. The 

HA proteins continue to attach the virions to the sialic acid on the cell surface even after budding 

has been completed. The sialidase activity of the NA protein cleaves the terminal sialic acid 

residues from the surface glycoproteins, thus releasing the progeny virions from the host cell 
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(Palese et al., 1974; Samji, 2009). Once the progeny virions have been released, the host cell 

dies either from cytolytic or apoptotic mechanisms (Takizawa et al., 1993). 

 

Figure 2.2: Structure of the influenza A virus and its life cycle beginning with attachment 

to the host cell and ending with the release of the progeny virions (Das et al., 2010). 

2.3 Clinical Signs of Avian Influenza in Birds/Poultry 

 

LPAI virus symptoms in birds may be seen only as ruffled feathers, reduced egg production, or 

mild effects on the respiratory system (Chatziprodromidou et al., 2018). HPAI also affects the 

respiratory tract while multiple organ and tissue invasion occurs, thus resulting in major internal 

haemorrhaging. Other clinical signs that are visible in birds infected with HPAI, such as H5N1, 

include quietness, serious depression, and a sudden drop in egg production. Most eggs are also 

soft-shelled if not shell-less, and there is also swelling of the skin under the eyes, coughing, 

sneezing, diarrhoea, and mortality (OIE, 2017a; Chatziprodromidou et al., 2018). Some of these 

clinical signs are shown in Figure 2.3 (A-F) below. 
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Figure 2.3: Clinical signs of AI in chickens (Darre, 2015). A: Quietness and depression in 

an AI infected chicken. B: A soft-shelled egg laid by an AI infected chicken. C: Swelling of 

the skin under the eye of an AI infected chicken. D: Chicken coughing due to AI infection. 

E: Chicken diarrhoea caused by AI infection. F: Mortality of chickens infected with HPAI. 

 

2.3.1 Influenza A virus variation 

 

Throughout the influenza A replication cycle, a high mutation rate of 7.3 x 10-5 per nucleotide base 

per cycle of replication occurs which is equivalent to one nucleotide exchange per genome 

(Drake, 1993). This error rate occurs as a result of lack of proofreading from the viral RNA 

polymerase and is the main reason why influenza A viruses are continuously changing (Webster 

and Govorkova, 2014). These changes can take place in two different ways referred to as 

antigenic drift and antigenic shift (Robertson, 1987; Weldemariam, 2016; Song et al., 2020). In 

influenza A viruses, an antigenic drift is a small, gradual change of the surface proteins 

hemagglutinin and neuraminidase caused by point mutations (Pu et al., 2015; Sanjuán and 

Domingo-Calap, 2016; Sobel et al., 2017; Song et al., 2020, Scott et al., 2020). This leads to the 

formation of new virus strains that are unrecognisable by the antibodies of the pre-existing host 

immune system. This explains why humans or animals can be infected with influenza A viruses 

several times. Previous studies on poultry revealed that a LPAI, that had circulated in wild birds 

for a number of months, underwent antigenic drift, thus resulting in the formation of an HPAI virus 

(Ito et al., 2001; Zhang et al., 2013; Ke et al., 2017; Zhu et al., 2018; Scott et al., 2020). This 

phenomenon is one of the important reasons for global surveillance in order to monitor the 
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changes of influenza A virus strains and to know which strain should be targeted by the influenza 

vaccine produced annually (Webster and Govorkova, 2014; Weldemariam, 2016).  

 

Antigenic shift, on the other hand, is the process by which two or more different strains of a virus 

combine to form a new subtype with a combination of the hemagglutinin and neuraminidase of 

the two or more original viral strains (Li et al., 2004; Webster and Govorkova, 2014). As already 

mentioned in section 2.2.3, pigs/swine are known to be susceptible to both human and avian type 

influenza viruses, which is why they are also referred to as ‘the mixing vessel’ for genetic re-

assortment (Ma et al., 2009; Neumann et al., 2009). This is illustrated in Figure 2.4. An antigenic 

shift can also occur through a direct introduction of a strain without re-assortment from animals to 

humans, as is also shown in Figure 2.4 below (Cox and Subbarao, 2000). 

 

Figure 2.4: Diagrammatic representation of a pig as a mixing vessel for influenza A viruses. 

This diagram shows AI viruses being transmitted from a natural wildlife reservoir to the 

domestic fowl and from the domestic fowl to the pig. The phenomenon of human and AI A 

viruses that infect pigs where re-assortment occurs between avian, swine and human 

influenza A viruses is also shown. The diagram also illustrates that human can be infected 

by influenza A viruses from pigs. Solid lines show frequent and/or confirmed 

transmissions, while dotted lines show possible and/or occasional transmissions (Ma, 

2009).    
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2.3.2 Epidemiology of AI  

 

Avian influenza viruses are divided into two groups based on the severity of the disease they 

cause, namely HPAI and low LPAI (Sutton, 2018; Amanollahi et al., 2020). The HPAI viruses, 

some of which are formed by mutations in LPAI viruses after being introduced into poultry, are 

associated with systemic infections that often result in high mortality and morbidity (Swayne and 

Halvorson, 2003; Gonzales et al., 2017; Li et al., 2018; Peng et al., 2018; Scott et al., 2020). It is 

known that LPAI viruses cause mild or no symptoms in birds (Horimoto and Kawaoka, 2001; 

Alexander, 2006; Gonzales et al., 2017; Li et al., 2018; Peng et al., 2018). To date, only viruses 

of the H5 and H7 subtypes have been shown to cause HPAI, but not all H5 and H7 viruses are 

highly pathogenic. Moreover, H7 and H5 are the only subtypes that are notifiable to the World 

Organization for Animal Health (OIE) (Senne et al., 2006; Chatziprodromidou et al., 2018; Tahir 

et al., 2020).  

 

The primary introduction of AI into poultry is usually due to wild bird activities, such as the 

behaviour of waterfowl (Scott et al., 2018a; Scott et al., 2020). However, in previous outbreaks 

the main risk factors in the spread of HPAI were the illegal trade in infected poultry and poultry 

products and the unintended mechanical passing on of the virus through human movement by 

travellers and refugees (Alexander, 2006). For more in-depth information, an investigation into 

global avian influenza outbreaks from 2010-2016 was conducted. In this investigation ~82.5% of 

the subtypes comprised HPAI, while 9.7% was due to LPAI (Figure 2.5) (Chatziprodromidou et 

al., 2018). Although most outbreaks were due to both LPAI and HPAI of the H5 and H7 subtypes, 

outbreaks due to the LPAI H9N2 viruses were also reported (Alexander, 2006). In South Africa, 

the first reported case of HPAI occurred in 2004. This was due to the HPAI subtype H5N2 and 

led to the culling of 30 000 ostriches on 15 farms (Alexander, 2006). 
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Figure 2.5: The distribution patterns of LPAI and HPAI in bird populations from 2010-2016 

(Chatziprodromidou et al., 2018)  

 

2.4 Avian Influenza Control and Management Strategies 

 

Poultry and its products are a major source of human food and protein as a nutrient, thus keeping 

poultry free from avian influenza is critical in order to continue international trading in poultry and 

its products (Alexander, 1997; Charlton, 2018).  In South Africa, ostrich farming is highly 

dependent on the export of leather, feathers, and fresh ostrich meat products to trade partners in 

Europe, Japan, and the United States of America (USA) (South African Ostrich Business 

Chamber, 2011). The main production systems and processing facilities of ostrich in South Africa 

are located in the Klein Karoo region in the Western Cape, which is home to 70-80% of the South 

African ostrich industry (Olivier, 2006). In 2011, the export of ostrich meat from South Africa was 

suspended after the detection of the H5N2 avian influenza virus amongst a few ostriches in the 

Western Cape (South African Ostrich Business Chamber, 2011; Business Day Live, 2012). By 

the year 2012, ostrich meat contributed about 62% of income for the ostrich industry in South 

Africa, but the 2011-2012 outbreak cost the ostrich industry an estimated R1 billion (R108 million 

per month). Heartbreakingly, about 41 000 birds were culled in this period (South African Ostrich 

Business Chamber, 2011; Business Day Live, 2012). Just recently, over 2 million birds died in the 

Western Cape Province due to a new avian influenza outbreak (de Villiers, 2017). 
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These data confirm that, in the poultry industry, prevention, control, and eradication of virus 

infections are the three major goals for dealing with AI outbreaks. Five main strategies are known 

to achieve these goals, namely biosecurity, diagnostics and surveillance, vaccination, elimination 

of AI infected poultry, and education (Akey, 2003). 

 

2.4.1 Biosecurity 

 

Biosecurity is the use of management procedures to prevent either the introduction of AI in a 

poultry farm or the escape of the AI viruses to a new area. This can be achieved in various ways 

such as movement restrictions of AI contaminated equipment and sterilising clothing and shoes 

(Scott et al., 2018b; Scott et al., 2020). Movement prevention of AI infected poultry or their by-

products and preventing exposure of poultry to wild birds are also ways of preventing the spread 

of AI (Scott et al., 2018b; Scott et al., 2020). For instance,  between 1978 and 2000 poultry farmers 

in Minnesota in the USA experienced 108 cases of AI outbreaks as various AI strains were 

transmitted from migratory ducks to turkeys (Halvorson, 2002).  

 

Farm quarantine is another way of practising proper biosecurity (Hamilton et al., 2009; Glass et 

al., 2019; Scott et al., 2020). Poultry farms should also preferably be located in low density 

geographical areas in order to decrease or prevent farm-to-farm AI transmissions (Capua and 

Marangon, 2003). However, such restrictions are not only practised in terms of animal related 

diseases. For instance, in light of the current COVID-19 pandemic, most countries worldwide have 

introduced human social distancing, robust disease tracking systems, quarantine facilities, and 

education about this viral disease as vital tools to reduce infections (Kilic et al., 2020; Al-Rohaimi 

and Al-Otaibi, 2020). 

 

2.4.2 Diagnostics and surveillance 

 

The rate at which a disease is eradicated is highly dependent on how fast that particular disease 

is detected (Afzal, 2020). High mortality among a poultry flock can be a sign that there is an HPAI 

virus circulating on a poultry farm, therefore a reliable diagnosis is required to identify  the disease 

or virus (Swayne and Halvorson, 2003). Previously, the diagnosis of AI was achieved by isolating 

the virus in embryonated chicken eggs, followed by identification using antigen testing (Okamatsu 

et al., 2016; Kim et al., 2019). However, this process is slow as it takes 1-3 weeks to finalise the 

results, and it is also highly labour intensive (Swayne et al., 2008; Vemula et al., 2016; Kim et al., 

2019). For this reason, two alternatives to virus isolation and identification were developed. These 

methods are the direct detection of type A influenza virus antigens and the amplification and 

detection of AI virus genes (Akey, 2003; Yu et al., 2017; Liu et al., 2018; Zhang et al., 2018). In 
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previous studies, the antigen-ELISA displayed 100% specificity and 79% sensitivity for detecting 

AI virus from outbreak samples in poultry (Akey, 2003). However, in other studies on the antigen-

ELISA during the Virginia H7N2 LPAI outbreak, false positive results were obtained on a few 

farms (Ding et al., 2011; Ping et al., 2015). 

 

Despite the fact that the antigen-ELISA had been used as an effective field-screening test, a rapid, 

more sensitive and specific diagnostic test was urgently required for AI. A laboratory based, one-

step, real-time reverse-transcriptase polymerase chain reaction (RRT-PCR) assay for the 

detection of AI viruses in field specimens was then developed and validated (Spackman et al., 

2002; Liu et al., 2018; Zhang et al., 2018). It took less than 3 hours to obtain real-time results from 

these assays. Although this method is currently used to address some issues such as time and 

specificity, its main drawback is that these assays are laboratory based. It would thus be ideal if 

these assays could be adapted for POC usage. Other assays that are currently used include 

nucleic acid sequence-based amplification (NASBA), real-time RT-PCR, and multiplex RT-PCR 

assay (Choi et al., 2002; Collins et al., 2003; Ellis et al., 2002; Playford et al., 2002; Okamatsu et 

al., 2016; Liu et al., 2018; Zhang et al., 2018; Shi et al., 2019; Kim et al., 2019). A major drawback 

of most of these methods, however, is that they require expensive reagents and specialised 

instruments that may not be readily available in diagnostic laboratories in developing and 

underdeveloped countries (Kilic et al., 2020). This is the same struggle that the world is currently 

facing with the COVID-19 pandemic. In this regard, RT-PCR was the first method developed for 

the detection of COVID-19 (Kilic et al., 2020; Corman et al., 2020; Afzal, 2020; Park et al., 2020; 

Shen et al., 2020). As experienced with the detection of other viral diseases using RT-PCR, using 

this technique to detect COVID-19 is also costly and slow in delivery. A single RT-PCR kit may 

cost roughly $100 USD, while setting up a suitable laboratory may cost more than $15 000 USD. 

Moreover, the turnaround time when using RT-PCR is more than 24 hours (Afzal, 2020; Sheridan, 

2020; Ramdas et al., 2020). Moreover, in addition to these drawbacks, some studies have 

reported a high proportion of false negative results of RT-PCR diagnosis for COVID-19 (Huang 

et al., 2020; To et al., 2020; Afzal, 2020; Chen et al., 2020; Liu et al., 2020). 

 

2.4.3 Vaccination 

 

Vaccines are known for the induction of protective immunity against a disease-causing pathogen 

without causing the disease (Swayne and Kapczynsk, 2008; Zepp, 2010; Al-Rohaimi and Al- 

Otaibi, 2020). The main aim of a vaccine is to cause a long-term immunological memory which, 

when reactivated, can respond quickly and efficaciously to curb the actual disease (Esser et al., 

2003; Moser and Leo, 2010, Amanollahi et al., 2020). The mechanism of vaccine protection 

occurs through the production of neutralising antibodies (Wilson-Welder et al., 2009). Vaccination 
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thus protects the recipient against clinical signs and mortality, decreases virus shedding, 

increases infection resistance, and protects against a wide range of viruses within similar 

subtypes (Swayne and Suares, 2000; Swayne, 2003; Capua et al., 2004).  

 

Conventionally inactivated, oil adjuvanted, whole virus vaccines are commonly used against AIV 

and account for 95.5% of AIV vaccinations in the poultry industry (Swayne et al., 2011; Lone et 

al., 2017). The major drawback of these types of vaccines is the existence of a large number of 

virus subtypes, which makes it difficult when choosing strains to produce influenza vaccines. 

Additionally, some strains do not grow to sufficiently high titre to produce potent vaccines (Lu et 

al., 2005; Horimoto et al., 2006; Donis, 2014; Milián and Kamen, 2015). Some vaccines are 

produced from isolates specifically involved in an epizootic, while others depend on vaccines 

produced from viruses that have the same hemagglutinin subtypes and the ability to yield high 

antigen concentrations (Bankwoski, 1985; Koutsakos et al., 2019). 

As an alternative, recombinant vaccines for AIV have been produced by inserting the AIV 

hemagglutinin (HA) gene into a live virus vector and using this recombinant virus to immunise 

poultry against AI (Swayne, 2004; Bublot et al., 2010; Kapczynski, 2015; Suarez and Pantin-

Jackwood, 2017). Recombinant live vector vaccines have various advantages, such as the ability 

to induce humoral, mucosal as well as cellular immunity. These vaccines can also be 

administered to young poultry, thus inducing early protection. Another advantage is that they allow 

differentiation between infected and vaccinated (DIVA) poultry (e.g., they only induce the 

production of the antibodies against the gene inserted in the virus vector, while infected poultry 

will produce antibodies of other proteins such as the Matrix protein) (Suarez and Pantin-

Jackwood, 2017). However, recombinant live vector vaccines also have limitations, such as poor 

replication and only possessing partial protective immunity (if at all) in poultry that were previously 

exposed to, or were previously vaccinated with, the vector virus (Koutsakos et al., 2019). 

Additionally, recombinant vector vaccines have a restricted host range, which means that they 

are only effective in certain poultry species and not in others. The only known exception is the 

herpesvirus (HVT) of turkeys, as it  is not susceptible to maternal antibodies even though immunity 

is not induced for a long term (Li et al., 2011; Rauw et al., 2012; Kapczynski, 2015; Suarez and 

Pantin-Jackwood, 2017).  

The use of recombinant vaccines is only allowed in countries in which they are licensed. For 

example, the fowl pox virus (FPV), HVT, and non-virulent avian Paramyxovirus type 1 (APMV-1) 

have all been licensed in certain countries and have been utilised as vectors for AIV vaccines in 

the field (Swayne, 2003; Qiao et al., 2003; Bublot et al., 2006; Qiao et al., 2006; Zhigao, 2007; 

Chen, 2009; SarFati-Mizhari et al., 2010; Bublot et al., 2010; Suarez and Pantin-Jackwood, 2017). 
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Recombinant vaccines have been used to treat for instance Salmonella enterica, the 

Laryngotracheitis virus, and the Adenovirus, but none of these vaccines have been applied in the 

field due to the fact that they have not been licensed (Pavlova et al., 2009; Park et al, 2009; Al-

Rohaimi and Al-Otaibi, 2020; Porto et al, 2020).  

  

2.4.4 Elimination of the AI virus in infected poultry 

 

Currently, two systems are used for the elimination of the AI virus in infected poultry flocks. The 

two systems are controlled marketing of recovering or recovered flocks and the stamping-out of 

infected flocks (Charlton, 2018; Scott et al., 2020). These methods are mainly used in countries 

such as South Africa where the vaccination of uninfected poultry is prohibited. The prohibition 

motives are based on the fact that one cannot prevent infection or virus shedding by vaccinated 

poultry. Therefore, the spread of the AI virus continues unabated and could lead to genetic shift 

which, in turn, could lead to re-assortment (see section 2.3.1). In such cases, the emergence of 

a highly pathogenic strain that has never been identified before is highly likely (Webster and 

Govorkova, 2014). 

 

2.4.4.1 Controlled marketing and recovering of flocks 

 

Historically, AIV infected turkey flocks were allowed to recover from infection and were marketed 

via routine processing (Halvorson, 2002). Recovering flocks are usually handled with more care 

than non-infected ones by disinfecting working areas. At times flocks show no symptoms until 

they get to the slaughterhouse, while in others the virus is detected early in an outbreak and they 

then recover from the AI infection. Such flocks continue to be marketed, especially in cases where 

there is limited landfill space for disposal (Akey, 2003; Halvorson, 2002). Another method of 

dealing with infected flocks is to use their meat for further processing and as pre-cooked products, 

especially because both the LPAI and HPAI viruses are thermally labile (Swayne and Halvorson, 

2003).  

 

2.4.4.2 Stamping out 

 

The World Organization for Animal Health (OIE) defines the stamping-out process in the OIE 

terrestrial animal health code as “the killing of animals that are affected, suspected of being 

affected, and have been exposed to infection either by direct or indirect contact as a means of 

control and eradication strategy for animal diseases such as HPAI” (OIE, 2017b). Two processes 

are usually followed for the stamping out of infected flocks (Scott et al., 2020), namely euthanasia 

(quick and painless killing of large numbers of poultry) and disposal of the carcasses at landfill 
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sites (Mohan and Gregory, 1990; The Poultry Site, 2007). These two methods seem to be the 

preferred methods for eliminating flocks that are acutely infected or have recovered from an acute 

HPAI virus. 

 

2.4.4.3 Euthanasia 

 

The most preferred method of euthanasia is the application of carbon dioxide ( CO2) gas. 

Individual birds are placed in a large, tightly closed container and euthanized by the addition of 

CO2. This process takes less than 15 minutes once the CO2 has been introduced (Mohan and 

Gregory, 1990; Akey, 2003; The Poultry Site, 2007). 

The disposal of euthanized birds occurs by means of a variety of methods such as off-farm burial, 

incineration, and composting (de Villiers, 2017). The term off-farm burial is self-explanatory: the 

euthanized birds are buried in an isolated area away from farming activities. The use of off-farm 

burial will be reduced in future due to environmental regulations that prohibit ground water 

contamination and endangering the lives/health of the public (Akey, 2003).  

 

2.4.4.4 Incineration 

 

In simple terms, incineration is used to destroy unwanted objects by burning them. However, the 

use of incineration has been reduced due to complaints about smoke, the high cost for the 

maintenance of the incineration equipment and fuel used, as well as challenges associated with 

carcass transportation and ash disposal once the process has been completed (Akey, 2003; 

Stingone and Wing, 2011).  

 

2.4.4.5 Composting  

 

Dead birds are also dumped at a landfill site that has been approved for the purpose of 

composting. This method was used in the H7N2 LPAI Virginia outbreak, but a drawback was that 

the transportation of the carcasses became too costly as the primary location was a 3-hour drive 

away from the quarantine zone (Akey, 2003; Virginia Cooperative Extension, 2009; Flory and 

Peer, 2010). 

 

2.4.5 Education 

 

This is an important strategy for AI prevention, control, and eradication (Alders and Bagnol, 2007; 

FAO, 2007) and entails educating the people working in the poultry industry about the biology of 

AI viruses, how the viruses can be introduced and spread on farms or in batteries, and the 
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biosecurity methods that can be followed to prevent the introduction of the viruses onto farm. 

Education is also required to equip farm workers with knowledge on how to prevent the AI virus 

from leaving the farm and thus spreading to other farms (Alders and Bagnol, 2007; FAO, 2007). 

Education is necessary not only in terms of AI, but also to inform workers of other viral diseases. 

A recent study on the current COVID-19 pandemic showed that educating the public in terms of 

vigilance and sensitivity towards COVID-19 and taking appropriate precautionary measures to 

prevent infections played a huge role in managing COVID-19 globally (Hu et al., 2020). 

 

2.5 Current Avian Influenza Control Strategies 

 

Traditional AI control strategies have not been a hundred percent efficient in AI eradication. The 

two main areas that will play an important role in ensuring that AI management moves towards 

disease eradication are POC detection of these viruses and concomitant vaccine matching 

strategies to target these viruses, specifically during local outbreaks. Movement control and 

selective marketing of infected birds and vaccinated fowls are also critical in ensuring no 

accidental spread of viruses occurs in naïve populations. Information about the two AI control 

strategies that are highlighted in the literature will be discussed. The mechanisms that are 

commonly used will be explained and evaluated to determine their applicability in the poultry 

industry and in future applications. These two strategies are the POC diagnosis of AI using the 

LAMP method, and second is the recombinant vaccine design and application using Adenovirus 

vectors. The theories that underpin the use of these strategies will be analysed in depth. 

 

2.5.1 The point-of-care diagnosis of AI using LAMP 

 

2.5.1.1 The principles of LAMP  

 

LAMP is a relatively new nucleic acid amplification technique that can be used in a water bath at 

an isothermal range of 60-65°C. The technique does not require any expensive or specialised 

equipment (Shi et al., 2019) and is simple to use, has high specificity and rapidity, and can be 

completed within 30-60 minutes (Notomi et al., 2000; Tomlinson et al., 2010; Bhat et al., 2013, 

Camp and Nowotny, 2016; Maan et al., 2016; Kim et al., 2018; Zeng et al., 2018; Shi et al., 2019). 

The simplicity of this technique enables the investigator  to detect pathogenic microorganisms in 

field conditions. Currently, LAMP has been used successfully for the detection of various viruses 

(Poon et al., 2005; Ito et al., 2006; Imai et al., 2006; Imai et al., 2007; Xu et al., 2009; Kubo et al., 

2010; Song et al., 2018; Lai et al., 2018; Shi et al., 2019). Various LAMP assays have been 

developed for COVID-19 detection (Afzal, 2020;Yan et al., 2020; Yu et al., 2020; Kilic et al., 2020; 

Lu et al., 2020; Zhang et al., 2020; Zhu et al., 2020) and the sensitivity of these assays were 
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shown to be similar to that of RT-PCR, but they had a quicker turnaround time of less than 1 hour 

(Kilic et al., 2020). Amongst these LAMP assays, the Atila Biosystem’s iAMP detection kit was 

approved by the FDA for emergency use due to its 100% sensitivity, low LoD of ~4 copies/µL, 

and a 1-hour sample-to-result time (Afzal, 2020; Atila Biosystems, 2020). LAMP is based on the 

auto-cycling strand displacement synthesis carried out in the presence of Bst DNA polymerase, 

dNTPS, specific primers, and a DNA template (Notomi et al., 2000; Pumford et al., 2020). This 

method uses a DNA polymerase with high strand displacement activity, a set of four primers (two 

inner and two outer primers),  and it recognises six specific sequences on the target DNA (Notomi 

et al., 2000; Nagamine et al., 2002; Parida et al., 2006; Pumford et al., 2020). The use of four 

primers ensures high specificity for target amplification. The inner primers are differentiated into 

the forward inner primer (FIP) and the backward inner primer (BIP), each containing two 

sequences specific to the sense and antisense sequences of the target DNA. The design of the 

LAMP primers is based on the following distinct regions of the target DNA: the F3c, F2c and F1c 

at the 3' side and the B1, B2, and B3 at the 5' side. The FIP is made up of a complementary 

sequence of F1 (F1c) at the 5' end, a TTT spacer, and an F2 sequence at the 3' end that is 

complementary to the F2c sequence on the target DNA. The BIP contains a complementary 

sequence of B1 (B1c) at the 5’ end, and a TTT spacer and a sequence of B2 at the 3' end, that is 

complementary to B2c on the target DNA. The backward outer primer (B3) is complementary to 

the B3c sequence of the target DNA while the forward outer primer (F3) sequence is 

complementary to the F3c sequence of the target DNA. LAMP requires two steps, namely the 

non-cyclic and the cyclic steps. In the initial steps of the LAMP reaction, all primers are used but 

later, during the cyclic reaction step, only the inner primers are used for strand displacement DNA 

synthesis (Notomi et al., 2000; Mori et al., 2001; Nagamine et al., 2001; Nagamine et al., 2002; 

Tomita et al., 2008; Pumford et al., 2020). These steps are diagrammatically illustrated in Figure 

2.6. 

 

2.5.1.2 The mechanism of LAMP 

 

Non-cyclic step is when the FIP anneals to the F2c region in the target DNA, thus initiating 

complementary strand synthesis. The F3 outer primer anneals to the F3c region in the target 

DNA, outside of the FIP, forming a double stranded DNA which, together with the help of Bst 

DNA polymerase, releases the FIP-linked complementary strand as a single strand. Due to the 

complementary F1c and F1 regions, this released single strand forms a stem-loop structure at 

the 5' end. This stem-loop structure serves as a template for BIP-initiated DNA synthesis as well 

as B3-primed strand displacement DNA synthesis. The BIP anneals to the stem-loop structure 

and synthesizes a complementary strand. This is followed by the annealing of the B3 primer 

which, together with the activity of the Bst DNA polymerase, displaces and releases the single 
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stranded BIP-linked complementary strand. This strand forms a structure with stem-loops at 

each end which is converted into a stem-loop DNA by self-primed DNA synthesis. The stem-

loop then serves as the starting structure for the LAMP cycling reaction (Notomi et al., 2000; 

Mori et al., 2001; Nagamine et al., 2001; Nagamine et al., 2002; Pumford et al., 2020). 

 

The cyclic step is when the FIP anneals to the single stranded region in the stem-loop DNA and 

initiates strand DNA synthesis that leads to the release of the strand synthesised previously. Due 

to the complementary B1c and B1 regions, the released single strand forms a stem-loop structure 

at the 3' end. Using self-structure as a template, DNA synthesis starts from the 3' end of the B1 

region, thus releasing the FIP-linked complementary strand. Two products are formed from the 

above process: one is the complementary structure of the original stem-loop DNA (formed from 

the released single strand) and the other is the gap repaired stem-loop DNA with a stem elongated 

to twice as long and a loop at the opposite end. BIP anneals to the B2c region of the two products 

and initiates strand displacement DNA synthesis as well as the release of the BIP-linked 

complementary strand. These reactions continue which leads to an accumulation of 109 copies of 

the target DNA in less than 1 hour. The final products of LAMP are stem-loops with several 

inverted repeats of the target DNA and cauliflower-like structures with multiple loops (Notomi et 

al., 2000; Mori et al., 2001; Nagamine et al., 2001; Nagamine et al., 2002; Pumford et al., 2020). 
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Figure 2.6: Schematic representation of a loop-mediated isothermal amplification reaction 

(Notomi et al., 2000). 

2.5.2 Recombinant vaccination using the Adenovirus vectors 

2.5.2.1 Structure, genome, and proteins of the Adenovirus 

 

Adenoviruses belong to the family Adenoviridae and range in size from ~70-100nm (Berk, 2007; 

Reddy and Nemerow, 2014; Lasswitz et al., 2018; Porto et al., 2020). These viruses have a broad 

host range and they have been identified in birds, reptiles, fish, and various species of vertebrates, 
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including humans (Wellehan et al., 2004; Schrenzel et al., 2005; Walker et al., 2017). In humans 

they can cause infections that result in respiratory disease, conjunctivitis, and gastroenteritis 

(Kojaoghlanian, 2003; Vogels et al., 2003; Terasako et al., 2012; Lion, 2014; Saha et al., 2014).  

The virion is made up of an iscosahedral protein capsid surrounding the genomic material of the 

virus. The capsid consists of three subunits which are the hexon, penton, and a fiber (Reddy et 

al., 2010; Lasswits et al., 2018; Ma and Guan, 2018; Porto et al., 2020). The structure of the virus 

is shown in Figure 2.7. The hexon is the most abundant of the subunits while the penton and the 

fiber occur only at the vertices. The genome of the Adenovirus is linear, double stranded, and 

~36Kb  in size (Ma and Guan, 2018; Ismail et al., 2018). As part of their life cycle, these viruses 

do not integrate into the host genome, but their genome remains as a linear episome in the 

nucleus of the host cell (Hillgenberg et al., 2001; Lasswitz et al., 2018). 

 

 

Figure 2.7: Schematic representation of the Adenovirus showing the major capsid and the 

core proteins (Shenk, 1996). 

The linear genome is flanked by two inverted terminal repeat (ITR) sequences that serve as the 

origin of replication and eight units that are responsible for RNA polymerase II-mediated 

transcription, as shown in Figure 2.8. The viral genome consists of five early units (E1A, E1B, E2, 

E3, E4 and E5) (Branton, 1999; Saha et al., 2014), two units with a delayed expression after the 

start of the replication of the virus (IX and Iva2), and one late unit (L) that is subdivided into L1-
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L5 (Saha et al., 2014; Ahi and Mittal, 2016). Each of these units has a role in the viral life cycle. 

The E1A unit, which is positioned next to the 5’ ITR, gets transcribed first and is also responsible 

for the transcription activation of the other viral genes (Saha et al., 2014). The E2 unit is also 

responsible for viral replication, while the E3 unit encodes an Adenovirus death protein 

polypeptide which promotes the death of the infected cells as well as the release of the virus 

particles. The E4 unit, on the other hand, is responsible for the nuclear export of the viral RNA 

(Tatsis and Ertl, 2004; Saha et al., 2014). The virion stability is increased by the IX gene product, 

while the IVa2 protein is essential for the assembly of the Adenovirus and the viral DNA packaging 

(Ahi and Mittal, 2016). Finally, the products of the latter transcription units (L1-L5) are essential 

for the formation of the viral capsid (Rux and Burnett, 1999; Saha et al., 2014). 

 

Figure 2.8: Adenovirus genome organisation. The different transcription units and the 

direction of transcription are shown (Tatsis and Ertl, 2004). 

 

2.5.2.2 Adenovirus vectors in vaccination 

 

Human adenoviruses ADVs have been demonstrated to be suitable recombinant vaccine vectors 

due to their ability to efficiently infect a wide variety of cell types. To grow to high titres in vitro 

they have high levels of transgene expression, and there is a lack of integration in the host 

genome as well as genetic stability (Robert-Guroff, 2007; Zhang et al., 2017; Lasswitz et al., 2018; 

Ma and Guan, 2018). More than 50 human Adenovirus serotypes have been identified, but most 

of the recombinant Adenoviral vectors are based on serotypes 2 (Ad2) and 5 (Ad5) (Schmitz et 

al., 1983; Lasswitz et al., 2018).  

 

For vaccination purposes, most ADV vectors are deleted in the E1 or E3 regions and are replaced 

with antigenic gene targets (Gao et al., 2006; Jones et al., 2011; Silva et al., 2016; Ma and Guan, 

2018). Viral vectors with the deleted E1 gene are replication defective and such recombinant viral 

vectors with foreign genes inserted in the E1 region can only be produced in cells that are lined 

with constitutively expressed E1 proteins, such as human embryonic kidney (HEK) 293 cells 

(Graham et al., 1977; Kamen and Henry, 2004; Silva et al., 2010; Silva et al., 2016; Ma and Guan, 

2018) and PerC6 cells (Fallaux, 1998). Viral vectors with E3 deletion may affect these vectors’ 
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interaction with the host’s immune system. Reports have shown that these recombinant vectors 

induce both neutralizing antibodies and cell-mediated immunity in animals (Gao et al., 2006; 

Hoelscher et al., 2007; Jones et al., 2011; Gabitzsch et al., 2011). It is because of these 

characteristics that the Ad5-nCoV Adenovirus based vaccine against the COVID-19 disease is 

already undergoing clinical trials (Al-Rohaimi and Al-Otaibi, 2020). The E1-deleted Adenoviral 

vectors are usually constructed using the Lambda (λ) bacteriophage homologous recombination 

technology.  

 

2.5.2.3 Lambda (λ) homologous recombination 

 

Bacteriophages are viruses that infect bacteria. These viruses are the majority of viruses in 

general and they have also been shown to outnumber bacteria by approximately 10:1 (Hambly 

and Suttle, 2005). Once they have infected their host, most bacteriophages undergo the lytic life 

cycle where they take over the host’s molecular machinery by rapid replication and dissemination 

(Fogg et al., 2014). Under certain conditions, bacteriophages can integrate their genome into the 

host’s genome and stay dormant until they are stimulated to enter the lytic life cycle (Ptashne, 

2004). A classic example is the integration of the circular bacteriophage Lambda (λ) genome into 

the Escherichia coli (E.coli) chromosome (Campbell, 1962; Ptashne, 1992; Hartley et al., 2000; 

Walhout et al., 2000). First, the λ bacteriophage recognises a specific attachment (att) site such 

as the attB site found in the E.coli bacterial chromosome. The attB site recombines with the λ 

bacteriophage attachment site (attP), thus giving rise to an integrated prophage flanked by two 

hybrid sites, the attL (on the left site) and the attR (on the right site). This process is illustrated in 

Figure 2.9.  

 

The integrated prophage is therefore made up of one site from the attB (bacteria) and the other 

site from the attP (phage). This reaction is catalysed by an integrase (Int) encoded by the λ 

bacteriophage. In some instances, a reverse reaction, in which attL and attR recombine to reform 

attB and attP, can occur. This reverse reaction is catalysed by the Int and Excision (Xis) proteins 

(Landy, 1989; Ptashne, 1992; Hartley et al., 2000; Fogg et al., 2014). This reaction is also shown 

in Figure 2.9. 
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Figure 2.9: The integration of the bacteriophage Lambda (λ) genome into the Escherichia 

coli (E.coli) chromosome (Fogg et al., 2014). Lambda (λ) genome is represented by a blue 

circle, while the E.coli is represented by a dark grey arrow. 

The most widely used λ-based recombination system is the Gateway® cloning system (Life 

Technologies (Pty) Ltd, California). The Gateway® technology has two types of recombination 

strategies, namely the BP and the LR recombination strategies. For the purpose of this study, the 

focus was on the LR recombination reaction. Generally, to improve the LR recombination strategy, 

the wild type λ attL and attR recombination sites are modified. First, mutations are introduced to 

the core regions of the att sites in order to remove stop codons and to make sure that the 

recombination reactions are specific and also to restore the orientation as well as the reading 

frame. Secondly, a part of the attR is eliminated to ensure that the in vitro attL and attR reaction 

is not reversible. The LR recombination reaction is then catalysed by the LR CLONASE enzyme 

mix which is made up of the λ recombination proteins Int, Xis and the IHF protein which is encoded 

by the E. coli. The LR recombination starts when the recombination proteins cut the attL sites 

positioned on the left and right sites of the gene of interest in the entry clone. This is followed by 

the ligation of the gene to the compatible attR sites in the destination vector. The attL1 and attR1 

or attL2 and attR2 recombine and thus produce a co-integrate. A second recombination is then 

performed using the co-integrate to produce two daughter molecules which have the same 

structure regardless of which pair of sites (attL1 and attR1 or attL2 and attR2) reacts first in 

forming the co-integration. The final product is the expression clone which is transformed in the 

E. coli cells. It is only the plasmids that do not contain the ccdB gene that form colonies on a 

selective media containing the antibiotic ampicillin. This process is illustrated in Figure 2.10. 
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Figure 2.10: The LR recombination reaction using the Gateway® cloning system (Life 

Technologies Ltd, California) 

 

2.6 Problem Statement 

 

Poultry production has increasingly been recognised as one of the solutions for problems such 

as malnutrition, food insecurity, low income, and poverty (Pitt et al., 2003; Gawande et al., 2007; 

Fasina et al., 2007; Dei et al., 2009). However, HPAI virus outbreaks usually cause significant 

economic losses to the poultry industry worldwide, and this impacts hunger alleviation (Alexander 

et al., 2006; FAO, 2011; Li et al., 2018; Charlton, 2018; Chatziprodromidou et al., 2018; Kim et 

al., 2019; Scott et al., 2020; Song et al., 2020; Almayahi et al., 2020). Certain types of HPAI 

viruses are known to cause human pandemics (Lin et al., 2000; Fouchier et al., 2004; Hirst et al., 

2004; Chen et al., 2013; Bomfanti et al., 2014; Gao et al., 2018; Kwok-Yung, 2018; Xue-Cheng 

et al., 2018; Chatziprodromidou et al., 2018; Shi et al., 2019; Koutsakos et al., 2019; Almayahi et 

al., 2020; Tahir et al., 2020). Conventional methods for HPAI virus detection and characterisation 

involve virus isolation in embryonated chicken eggs and molecular techniques such as real-time 
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reverse transcriptase PCR (rtRT-PCR) (Lee and Suarez, 2004; Ng et al., 2005; Payungporn et 

al., 2006; Liu et al., 2018; Zhang et al., 2018; Shi et al., 2019; Kim et al., 2019) and nucleic acid 

sequencing, as illustrated in Figure 2.11. HPAI virus isolation and characterisation usually take a 

minimum of 5 days when performed by an experienced technician, while the resultant virus 

identification can be performed within 1-2 days. These extended time periods that are required to 

isolate and characterise the virus result in delays in the control and management of AI virus 

outbreaks. A rapid and cost-effective diagnostic protocol for the early detection of these viruses 

is thus urgently needed for outbreak management. The best approach for this would be to develop 

a point-of-contact diagnostic method that can detect viruses in the environment where these 

viruses exist rather than collecting and transporting samples to a central laboratory. However, 

available POC methods have low sensitivity and often give false negative results (Woolcock and 

Cardona, 2005; Chua et al., 2007; Yu et al., 2017; Sharma et al., 2018). 

 

OIE is an organisation that is responsible for fighting animal diseases at a global scale by 

reporting detected animal diseases and spreading suitable information to other countries that 

should then take appropriate preventative action (OIE, 2003). The OIE thus categorises HPAI 

viruses as part of List A diseases. List A diseases are transmissible and have the potential for 

very serious and rapid spread (OIE, 2017c; Chatziprodromidou et al., 2018; Tahir et al., 2020). 

HPAI viruses are also categorised as List A diseases because they are associated with systemic 

infections that often result in high mortality and morbidity (Swayne and Halvorson, 2003).This 

means that the only accepted control measure for such diseases is the ‘stamping out’ procedure 

accompanied by strict restrictions in the movement of poultry, personnel, and other activities 

within a quarantined area (Capua and Marangon, 2003; Akey, 2003; Capua and Marangon, 2006; 

Scott et al., 2020). In areas with high poultry density, however, these strict control procedures 

may not be enough or applicable to prevent the virus from spreading (Pavade et al, 2011).  

 

Vaccination has been successfully used previously as an additional tool in the control of AI 

outbreaks (Webster and Govorkova, 2014). The DALRRD, which is responsible for animal 

disease control and management in South Africa, has a policy of no avian influenza vaccination 

(DAFF, 2017). Stamping out infected poultry has always been the preferred method for the control 

and eradication of this disease. The reasoning behind this is that AI vaccinated animals with 

standard vaccines test seropositive, and this interferes with the surveillance required to declare a 

region AI free (Webster and Govorkova, 2014). As a disease that is A listed by the OIE, HPAI 

outbreaks cause serious economic losses not only because the animals die or are culled, but also 

because countries may then place an export/import ban on any poultry products. Another 

challenge linked to AI vaccination using standard methods is that it takes as long as 6 to 8 months 

from the identification of the viral strain to the release of the vaccine when using the simplified 
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workflow as illustrated in Figure 2.11 (GAO, 2000; Webster and Govorkova, 2014). Adenovirus 

vector-based vaccines have been shown to allow differentiation between infected and vaccinated 

animals, referred to as  ‘DIVA’ (Capua et al, 2003; Toro and Tang, 2009; Baron et al., 2018), and 

it has been argued that they can significantly speed up vaccine production in comparison to egg-

based methods. Considering the scenario described above, it is evident that an efficient strategy 

with better turnaround times is required to control and manage avian influenza outbreaks and 

other similar viral outbreaks in livestock and poultry. 

 

Figure 2.11: Conventional strategy and workflow for avian influenza outbreak management 

and vaccine production 

 

2.7 Hypothesis 

 

Adenovirus vector-based vaccines, in combination with LAMP as a point-of-care diagnostic tool, 

can be used as drivers of a speedy model to arrest the spread of AI or other contagious 

livestock/poultry diseases caused by viruses. 
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2.8 Aims and Objectives 

 

2.8.1 Aims 

 

The aim of this study was two-fold: 

1. The first aim of the study was to develop a reverse transcriptase real-time LAMP (RT-

LAMP) assay for the detection of AI viruses at the POC. 

2. Secondly, the study aimed to develop a non-replicative Adenovirus vector-based vaccine 

for the control of AI. 

 

2.8.2 Objectives  

 

The objectives of this study were to address the following two distinct phases: 

 

Phase I: Proof of concept study focusing on the functionality of the LAMP assay in a 

laboratory setting, with the following specific objectives: 

• Design of primers specific for the detection of AI viruses H5 and H7 subtypes.  

• Assessment of the appropriate starting template material for determination of specificity of AI 
LAMP, specifically Influenza A, H5 and H7 subtypes.  

• Determination of LAMP sensitivity compared to the gold standard for molecular detection real-
time PCR. 

 

Phase II: The validation of the T16, a custom-engineered, portable, isothermal device designed 

by Axxin (Pty) Ltd for the amplification and detection of AI in the field/POC.  

A proof-of-concept study would also be conducted to determine whether the Adenovirus-based 

vaccine can be expressed in vitro in CEFs, with the specific objectives being:  

• Preparation of fibroblasts from a chicken embryo. 

• Propagation of the Adenovirus vector (pAd/CMV/V5-GW/lacZ control plasmid) in 293T cells. 

• Assessment of the expression of the non-replicative Adenovirus vector (pAd/CMV/V5-
GW/lacZ control plasmid) in CEFs using western blot analysis. 

• Creating the Adenoviral expression clone containing the gene of interest by performing an LR 
recombination using the attL-containing entry clone and the attR-containing pAd/CMV/V5-
DESTTM.  

• Assessing the expression of the designed recombinant Adenovirus vector in CEFs. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Introduction   

 

Successful eradication of animal diseases requires the best detection method in combination with 

the application of an effective vaccine that can protect susceptible animals within the affected 

region. This chapter details the protocols that were developed and designed as the potential 

workflow to manage and control contagious, virus-caused animal diseases using AI as an 

example. The methods developed are meant to fit within a specific single workflow, ranging from 

pathogen detection, vaccine design, a vaccine production method development, to in vitro vaccine 

functionality testing. The detection protocols are detailed in sections 3.3 and 3.4, while the vaccine 

development and testing methods are described in sections 3.5, 3.6, and 3.7. The workflow 

diagram (Figure 3.1) below is a summary of the proposed protocols that should be followed to 

manage and control AI.  According to the DALRRD vaccination against avian influenza is 

prohibited in South Africa. The reasons for this are that it is often impossible to differentiate 

between vaccinated and infected birds and that non-infected vaccinated birds always test AI 

positive. If this policy did not exist, an Adenovirus vector-based vaccine expressing the AI Matrix 

gene would have been developed and tested in vitro for functionality according to the initial plan. 

However, to abide by this law, an alternative recombinant Adenovirus vector expressing the 

Newcastle disease virus (NCDV) Matrix gene was developed and tested in vitro for functionality. 

The NCDV was chosen as this virus is closely related to AI, infects poultry just like AI does, and 

also causes similar symptoms to those caused by AI in poultry (Miller and Torchetti, 2014; Shekaili 

et al., 2015; Bertran et al., 2017). The NCDV vaccine was thus used as proof of concept that the 

same method can be used to develop avian influenza vaccines and that they also work in a similar 

way. Because Adenovirus-based vaccines allow differentiation of infected animals from 

vaccinated ones (Capua et al., 2003; Toro and Tang, 2009; Baron et al., 2018), which is a feature 

that AI vaccines in the market currently do not have, successful results in this study might 

encourage DALRRD to amend the policy and allow vaccination against AI. This will undeniably 

ensure a quicker turnaround time for the control of AI.
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3.2  Workflow 

 

Figure 3.1 is a diagrammatic presentation of the workflow plan that was devised in order to follow the correct protocol. 

 

 

Figure 3.1: Workflow showing the protocol that was followed in this study for AI detection and its possible prevention
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3.3 Point-of-care (POC) Diagnosis of Avian Influenza (AI) Using Loop-Mediated Isothermal 

Amplification (LAMP).   

 

The protocols of methods summarised in Figure 3.1 are presented in detail in the following 

sections. 

 

3.3.1 Primer design 

 

LAMP primers were designed specifically for the detection of a highly conserved region of the 

Matrix gene across all the AI viruses for specific detection of HPAI. The specific HPAIs in this 

case were the H5 and H7 serotypes. To achieve specific detection for the Matrix gene across AI 

serotypes, sets of primers were designed on conserved sequence regions. The conserved 

sequences were selected by sequence comparison and alignment of 27 Matrix genes: 12 for H5 

subtypes and 5 for H7 subtypes from South African AI viruses retrieved from the Influenza 

Research Database (http:www.fludb.org/). Due to large sequence variations within the Matrix 

genes across the serotypes, for each serotype the region that exhibited conserved regions after 

alignment across various serotypes was uploaded into the LAMP primer explorer 

(http:primerexplorer/jp/e/). Primer sets for the LAMP, comprising of two inner primers, a forward 

inner primer (FIP), a backward inner primer (BIP), two outer primers (F3 and B3), and two loop 

primers (FL and BL) were designed accordingly. Non-specific primers were checked by using the 

BLAST program (http://blast/ncbi.nlm.nih/gov/blast.cgi). The primer sets that showed minor non-

specificities were chosen. The primers were then chemically synthesised through Integrated DNA 

technologies (IDT) contract services. The chosen primers were then tested for specificity and 

functionality using PCR methodology. The samples used for this purpose are listed in Table 3.1 

below.  

 

3.3.2 Confirming the status of the viruses 

 

The viruses listed in Table 3.1 were purchased from Dr G. Gittoli of the Instituto Zooprofilattico 

Sperimantale delle Venezie (IZSV) in Italy in a lyophilized deactivated antigen form. The samples 

were dissolved in 500µL Phosphate-buffered saline (PBS) (Lonza, Belgium). Viral RNA was 

extracted using the QIAamp® viral RNA mini kit (QIAGEN Ltd, Valencia, CA, USA) according to 

the manufacturer’s instructions. Briefly, the 140µL aliquot of each sample was incubated with the 

QIAGEN lysis buffer and carrier RNA for 10 minutes at room temperature.  

 

The lysates were each applied to a QIAamp mini column, washed twice with the wash buffers, 

and eluted in 60µL QIAGEN elution buffer. The RNA was quantified using the Qubit® 2.0 
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Fluorometer (Life Technologies, Singapore) and QubitTM high sensitivity kit (Life Technologies, 

USA).  

Table 3.1: ISZVe AI viruses used to test the B3/F3 and F2/B2 LAMP primers using the 

PCR method 

Sample Lab-Labelling 

HP-H5N2 
(11060333C) A 

LP-H5N2 (12060229) B 

LP-H7N1(12080123A) C 

 

The cDNA for each sample was synthesised using the Transcriptor strand cDNA synthesis kit 

(Roche Applied Science, Mannheim, Germany) according to the manufacturer’s instructions. 

Briefly, total RNA, 60µM of the provided random hexamer primer, nuclease free water, 1 x 

Transcriptor reverse transcriptase reaction buffer, 20U of protector RNASE inhibitor, 1mM of each 

deoxynucleotide mix, and 10U of Transcriptor reverse transcriptase were mixed in a reaction tube 

per sample to make a final volume of 20µL. The reaction tubes were incubated at 25°C for 10 

min, 55°C for 30 min, and 85°C for 5 min using the BIO-RAD T100 thermocycler (BIO-RAD, USA). 

The cDNA was stored at -20°C for longer storage. 

 

As an initial step, the three Italian AI viruses listed in Table 3.1 were tested to confirm whether 

they were avian or not using the OIE approved AI PCR detection primers. The 20µL PCR mixture 

was prepared by mixing 10µL of the 2x BIO-RAD SYBR green master mix, 0.8µM of the forward 

primer (5’-AGATGAGTCTTCTAACCGAGGTCG-3’), 0.8µM of the reverse primer (5’-

TGCAAAAACATCTTCAAGTCTCTG-3’), and 4.4µL of the nuclease free water. Table 3.2 below 

shows the PCR cycling programme that was followed for this PCR.  

 

Table 3.2: PCR cycling programme used for the reaction in section 3.3.2. 

Steps Temperature 
Time 

(seconds) Cycles 

Activation 95⁰C 30s  1 

Denaturation 95⁰C 5s  

45 

Annealing 53⁰C 10s  

Extension 60⁰C 10s  
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3.3.3 Testing the functionality of the LAMP primers 

Different sets of the LAMP primers were generated as discussed in section 3.3.1. In order to 

check whether the designed LAMP primers would work in the LAMP assay, these primers were 

tested using the same PCR  mixture and the PCR cycling programme a described in section 3.3.2. 

Annealing occurred at a low temperature of 53ºC because the LAMP primers were not necessarily 

perfect primers for PCR. However, the PCR cycling was used to control for complementarity 

rather than full fidelity or specificity. The only changes made were the sets of primers used. The 

sets that were used are as follows: Set 1A: forward primer (F2) and backward primer (B2). Set 

2A: forward primer for segment 7 (F2) and backward primer for segment 7 (B2). Set 1B: forward 

primer (F3) and backward primer (B3). Set 2B: forward primer for segment 7 (F3) and backward 

primer for segment 7 (B3). The primer sets that showed minor or non-specificities were selected 

for use in the LAMP assays. 

 

3.4 Development and optimisation of the LAMP method 

 

3.4.1 Testing of the avian influenza RNA samples using the Matrix specific LAMP 

detection assay 

 

The viruses listed in Table 3.3 were donated by Dr M. Iqbal from the Pirbright World Reference 

Laboratory in the UK while some were purchased through Dr G. Gittoli from the Instituto 

Zooprofilattico Sperimantale delle Venezie in Italy in a lyophilized deactivated antigen form. The 

samples were processed, and RNA was extracted following the same methods described in 

section 3.3.2.     
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Table 3.3: Avian Influenza viral samples and a Newcastle viral sample used to validate 

the LAMP detection assay 

 

The Matrix gene-specific LAMP was carried out in a 25µL reaction mixture containing 1.6µM of 

FIP and 1.6µM of BIP, 0.8µM of FL and 0.8µM of BL, 0.2µM of F3 and 0.2µM of B3, 400µM of 

dNTP (Thermo Scientific, EU, Lithuania), 1x LAMP buffer (Lucigen, Middleton, WI), 8U of BST 

DNA polymerase (Lucigen, Middleton, WI), 40U of reverse transcriptase k (Roche Applied 

Science, Mannheim, Germany), 0.8M betaine (Sigma, England), RNA template, and nuclease 

free water (Ambion, USA). The reaction was incubated at 65°C for 30 min in the Roche light 

cycler. To confirm amplification, 10µL of the LAMP products was resolved on a 1% agarose 

(Whitehead Scientific (Pty) Ltd, USA)  gel electrophoresis  stained with ethidium bromide. 

 

3.4.2 Selecting the best template starting material for the LAMP assay 

 

To determine the best template for virus detection using LAMP, the RNA templates were 

compared with two cDNA templates synthesised in two different ways. The two different cDNAs 

were synthesised using the three virus samples indicated as sample 1, sample 2 and sample 3 

in Table 3.3 and the Transcriptor strand cDNA synthesis kit following the same method as 

described in section 3.3.2. The first template cDNA was synthesised using 60µM random 
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hexamer primer while the second template cDNA was synthesised using 60µM of F3 and B3 

LAMP primers. The actual method of synthesis was as described in section 3.3.2.   

 

For testing purposes, three different starting materials were utilised, namely RNA, random 

hexamer cDNA, and specific F3/B3 cDNA which were respectively aliquoted in equivalent molar 

concentrations. LAMP was carried out in a total of 25µL reaction mixture containing  FIP and BIP 

(1.6µM each),  FL and BL (0.8µM each), F3 and B3 (0.2µM each), and 400µM of dNTP (Thermo 

Scientific, EU, Lithuania), 1x LAMP buffer (Lucigen, Middleton, WI), 8U of BST DNA polymerase 

(Lucigen, Middleton, WI), 40U of reverse transcriptase k (Roche Applied Science, Mannheim, 

Germany), 0.8M betaine (Sigma, England), RNA or Random primer cDNA or F3 and B3 cDNA as 

templates, 2µL of 1:1000 SYBR® green (Invitrogen, USA), and nuclease free water (Ambion, 

USA). The reaction was incubated at 65°C for 30min in the ROCHE lightCycler® 96 

(Thermofisher, USA). The results were viewed using the standard Roche lightCycler software by 

plotting fluorescence against the number of cycles at excitation wavelength 430nm and emission 

fluorescence intensity at 560nm. To confirm real-time amplification graphs, 10µL of the LAMP 

products was resolved on a 1% agarose (Whitehead Scientific (Pty) Ltd, USA) gel electrophoresis. 

The best template in terms of the quality of results and in improving the LAMP sensitivity was the 

cDNA synthesised with the F3 and B3 primers. All the LAMP assays that were performed after 

this experiment were conducted using cDNA synthesised with the F3 and B3 primers as a 

template. To test all the AI samples (see Table 3.3) using the best template, the LAMP assays 

specific for the Matrix gene H5 and H7 subtypes were performed following the same method as 

described in section 3.4.1. 

  

3.4.3 Verification of LAMP assay non-detected samples using the OIE approved AI 

detection method 

 

None of the three LAMP assays could detect the AI viruses in samples 12, 20 and 21 (Table 3.3). 

Therefore, the OIE approved AI RT-PCR detection method was used to verify if these samples 

were false negatives or genuine non-avian influenza specimens. These three samples were 

tested together with sample 1 as a positive control (Table 3.3). The RT-PCR mixture contained 

10µL of the ROCHE probe master (ROCHE Applied Science, Mannheim, Germany), 0.8µM of 

the forward primer (5’-AGATGAGTCTTCTAACCGAGGTCG-3’), 0.8µM of the reverse primer 

(TGCAAAAACATCTTCAAGTCTCTG-3’), and the Taqman probe (5, -/56-

FAM/TCAGGCCCCCTCAAAGCCGA/36-TAMSp/-3’). Four microlitres of cDNA and 3.6µL of 

nuclease free water (Ambion, USA) were also added to the mixture. The thermocycling program 

using the ROCHE lightCycler® 96 (Thermofisher, USA) was as follows: Pre-incubation was done 
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at 95°C for 600s, followed by 45 cycles at 95°C for 10s, and at 54°C for 45s. The cooling cycle 

was then done for 30s at 37ºC. 

  

3.4.4 LAMP vs PCR sensitivity 

 

The results of this part of the experiment are shown in a.2 (Figure 3.1) of the overall workflow of 

protocols that were used in this study. To determine the sensitivity of the RT-LAMP assay, sample 

4 (Table 3.3) was randomly chosen. To proceed, 10-fold serial dilutions of the cDNA of this sample 

were prepared using nuclease free water (Ambion, USA). Each dilution was tested using both 

LAMP and RT-PCR by detecting the Matrix gene. All dilutions were tested in duplicate for 

confirmation of results. The LAMP assay was performed following the same method as described 

in section 3.4.1.  

 

The RT-PCR mixture contained 10µL of 1x SsoFast Evagreen® supermix master mix (BIO-RAD, 

Hercules, CA), 0.8µM of B3 and 0.8µM of F3, LAMP primers that can also be used as two Forward 

and Reverse conventional primers for PCR, 4µL of cDNA, and 3.6µL of nuclease free water 

(Ambion, USA).  

The thermocycling program using the BIO-RAD T100 thermocycler (BIO-RAD, USA) was as 

follows: Pre-incubation was done at 95°C for 30s, followed by 45 cycles at 95°C for 10s, at 53°C 

for 10s, and at 60°C for 40s. 

 

3.4.5 The application of LAMP at the POC using the T16 Axxin isothermal Instrument 

 

The overall design of the POC assay system included validation of the Axxin T16 isothermal 

instrument (Axxin (Pty) Ltd) (Figure 3.2). This part of the protocol workflow of the study (Figure 

3.1) is shown in section a.3. This instrument is affordable, portable, uses rechargeable batteries 

and thus consumes little power, is sensitive, and can read three fluorescent signals 

simultaneously for real-time detection. These features make it ideal for POC diagnosis of AI 

viruses. 
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Figure 3.2: The Axxin T16 isothermal instrument with 16 positions for loading tubes with 

samples and a touch result screen for real-time monitoring 

 

The LAMP assays were tested and validated in the laboratory using the T16 instrument in field 

conditions. The LAMP device has a Wifi functionality which pairs it with a mobile phone whenever 

a POC test is being conducted. The mobile phone is also connected to a server in the laboratory 

where data of all the tests that are being conducted in the field are saved and analysed by the 

laboratory analyst (see Figure 3.3). 

 

Figure 3.3: Illustration of the test operator conducting tests in the field using the Axxin T16 

LAMP device connected to a mobile phone via Wifi 
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3.5 Adenovirus vector-based vaccine development for avian influenza 

This section describes the preparation of chicken embryo fibroblasts (CEF). The aim of 

the investigations that is described in this section is summarised in b.1 in the protocol 

workflow (Figure 3.1). 

 

3.5.1 Fertilised egg incubation 

 

All the experimental protocols involving the egg embryo were approved by the Research Ethics 

Committee of the Council for Scientific and Industrial Research (CSIR) (Approval number: 

73/2013). 

 

A freshly laid fertilised egg was sterilised using 70% ethanol and incubated for 11 days at 37ºC 

in a humid incubator. The egg was turned at least twice daily. The embryonic development was 

followed by daily candling the egg using a torchlight. 

 

3.5.2 Technical CEF preparation 

 

All solutions for this experiment were pre-warmed in a 37ºC water bath to preserve the normal 

functioning of the embryo fibroblasts. The egg was candled, checked for abnormalities, and 

sterilised using 70% ethanol. It was then placed on a rack with the pointed end facing downwards. 

The wide end of the egg was cracked open and the shell removed as shown in Figure 3.4, step 

1. The egg contents were poured into a sterile petri-dish that contained PBS (Lonza, 17-516F) as 

shown in Figure 3.4, step 2. Figure 3.4, step 3 shows the stage when the embryo was separated 

from the egg contents and transferred into another sterile petri-dish containing PBS, followed by 

removal of the embryo head with an incision close to the body as well as complete removal of the 

limbs. The body of the embryo was placed into another sterile petri-dish with 20mL PBS (Figure 

3.4, step 4). The body was minced using a blade and scissors (Figure 3.4, steps 5 and 6).  The 

minced embryo body was transferred into a 50mL glass beaker containing a magnetic stirrer bar 

in PBS solution and the 50mL beaker was subsequently placed on a 37ºC heating block. The 

contents was mixed slowly at 40 rpm for 5 min to avoid shearing the newly released embryogenic 

contents. The supernatant containing cell debris was discarded, and 20mL PBS was added to the 

pellet and mixed for 5 min on a heating block set at 40 rpm at 37ºC. The supernatant was decanted 

and 20mL Trypsin-EDTA (Gibco, 25200-072) was added to the pellet to digest the cell 

membranes and therefore release individual cells.  

 

The resulting mixture was mixed at 40 rpm for 25 min at 37ºC (Figure 3.4, step 7). The supernatant 

was mixed with 20mL Dulbecco’s Modified Eagle Medium (DMEM) (Lonza, BE12-614F) 
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containing 10% foetal bovine serum (FBS) (Gibco, 10100147) and 0.05 mg Gentamicin (Lonza, 

17-519Z). This preparation was centrifuged at 1106xg for 10 min. Such a mixture is referred to as 

full medium. The supernatant was discarded, and the pellet was resuspended in full media and 

finally transferred to a tissue culture flask. The cells were then incubated at 37ºC in a 5% CO2 

incubator with set humidity. After 24 hours, the original full medium was removed, the cells were 

rinsed with PBS, and fresh full medium was added. The cells were left to divide, and by the third 

passage, images of the cells were taken under an OLYMPUS (BX53) microscope using a phase 

contrast at 10x magnification. 

 

Figure 3.4: Preparation of chicken embryo fibroblasts (CEFs) from an 11-day-old chicken 

embryo. 3.4.1: The egg is cracked open. 3.4.2: The egg contents poured into a sterile glass 

petri-dish. 3.4.3: The PBS rinsed embryo transferred into a sterile glass petri-dish with 

PBS. 3.4.4: The body of the embryo with the head and limbs removed. 3.4.5: The embryo 

body minced with scissors and a blade in PBS. 3.4.6: The embryo body completely minced. 

3.4.7: The minced embryo body digestion in Trypsin-EDTA. 
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3.5.3  Assessing the expression of the non-replicative Adenovirus vector (pAd/CMV/V5-

GW/lacZ control plasmid) (Life Technologies, K4930-00) in chicken embryo fibroblasts 

 

3.5.3.1 Amplification of the Adenovirus vector pAd/CMV/V5-GW/lacZ control plasmid in 

293T cells   

 

The Life Technologies replication deficient Adenoviral vector pAd/CMV/V5-GW/lacZ control 

plasmid (Figure 3.5) that was used in this part of the study was a gift from colleagues at Plymouth 

University, UK.  About 1 x 106 293T cells were seeded per well in a six-well plate with 2mL DMEM 

supplemented with 10% FBS and 0.05mg Gentamicin. Once the cells were approximately 60-

70% confluent, the spent medium was removed. The cells were rinsed three times with PBS, and 

then 100µL of the Adenoviral vector stock was mixed with 0.5mL DMEM containing 10% FBS. 

This mixture was added to the cells and incubated at 37ºC in a 5% CO2 incubator for 1-2 hours 

before adding another 1.5mL of DMEM containing 10% FBS to allow attachment to the plate 

surface. The viral  medium was removed and replaced with fresh medium after incubation for 24 

hours. Once a complete cytopathic effect (CPE) characterised by rounding off of cells 

accompanied by cell detachment from plate surface had been reached, both the medium and the 

cells were collected into a 15mL conical tube and centrifuged in a table-top centrifuge at 1106xg 

for 15 min at room temperature. The supernatant containing the viral particles was transferred to 

cryovials in 1mL aliquots and stored at -80ºC. The cell pellets were subsequently used for the 

assessment of protein expression. 
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Figure 3.5: Adenovirus vector (pAd/CMV/V5-GW/lacZ control plasmid) (Life 

Technologies, K4930-00) used in this study. This vector was first amplified in 293T cells 

before expressing infecting chicken embryo fibroblasts and Vero cells. Human Ad5 

sequences (wt 1-458; includes 5’ L-ITR and packaging signal): 1-458, pAd forward priming 

site: bases 361-384, CMV promoter: bases 728-1315, T7 promoter/priming site: bases 1359-

1378, attR1 site bases: 1407-1531,  ccdB gene: bases 1960-2265 (C), Chloramphenicol 

resistance gene (CmR): bases 2607-3266 (C), attR2 site: bases 3547-3671, V5 epitope: 

bases 3697-3738, TK polyadenylation signal: bases 3765-4036, human Ad5 sequence(wt  

3513-35935; E3 region deleted, includes 3’ R-ITR): bases 4056-34604, pAd reverse priming 

site: bases 4059-4082, pUC origin: bases 34781-35442 (C), Ampicillin (bla) resistance gene: 

bases 35568-36428 (C), bla promoter: bases 36429-36527 (C), Pac I restriction sites: bases 

34610 and 36684, (C) = complementary strand. 

3.5.3.2 Extraction of the Adenovirus DNA from the supernatant 

 

The Adenovirus DNA was extracted from the supernatant that had been prepared as described 

in section 3.5.3.1. The extraction was done using the PureLink® viral RNA/DNA kit (Life 

Technologies, 12280-050) according to the manufacturer’s instructions. Briefly, 200µL of the 

supernatant was lysed in a lysis buffer containing 25µL proteinase K and 5.6µg carrier RNA. This 

was mixed by vortexing for 15 s and incubated at 56ºC for 15 min. Exactly 250µL of 100% ethanol 

was added to the lysate and mixed by vortexing for 15 s to precipitate the exposed nucleic acids 

after lysis. The lysate was incubated for 5 min at room temperature. This was followed by 

centrifugation using the viral spin column at 6800xg for 1 min. The column was rinsed twice with 

500µL wash buffer and the DNA eluted in 20µL sterile RNase free water. The DNA was stored at 

-80ºC.   
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3.5.3.3 Confirmation of the presence of the Adenovirus DNA in the crude virus 

supernatant using PCR 

 

This test was done using the KAPA HIFI hotstart ready mix PCR kit (KAPA BIOSYSTEMS, 

KK2601) according to the manufacturer’s instructions. The PCR mixture contained 12.5µL of 2x 

KAPA HIFI hotstart ready mix, 0.6µM each of forward (5’-TAATACGACTCACTATAGGG-3’) and 

reverse (5’-ACCGAGGAGAGGGTTAGGGAT-3’) primers, and 11µL of DNA. The thermocycling 

program was performed using the Roche LightCycler® 96 as follows: Pre-incubation at 95°C for 

180 s, followed by 25 cycles at 98°C for 20 s (denaturation), at 47°C for 15 s (annealing), and at 

72°C for 15 s (extension). Lastly, the final extension step was performed at 72ºC for 60 s. Then 

10µL of the PCR products was resolved using 1% agarose (Whitehead Scientific (Pty) Ltd, USA) 

gel electrophoresis to confirm the presence of amplification product. 

 

3.5.4 Whole protein extraction from the cell pellet 

 

About 430µL of lysis buffer consisting of 1M Tris, 0.5M EDTA, 1M KCL, 0.5% Triton x 100 and 1 

x protease inhibitor in distilled water was added to the 293T cells infected with the Adenovirus 

vector and to 293T non-infected cells that were to act as the control. The cells were rotated at 45 

rpm for 25 min at room temperature. This was followed by centrifugation at 10 285xg for 10 min 

at 4ºC. The supernatant was taken and centrifuged at 15 641xg for 10 min at 4ºC. The supernatant 

contained whole cell protein that was stored at -70ºC until it was required for western blot analysis. 

 

3.5.4.1 Adenovirus vector expression assessment using western blot analysis 

 

For this part of the experiments, protein concentrations were not determined, but different 

volumes of the protein (10µL, 5µL, 2µL, and 1µL) of the Adenovirus infected 293T cell protein and 

5µL of the non-infected 293T cell protein were separated by SDS-PAGE on BoltTM 4-12% Bis-Tris 

Plus gels (Life Technologies, MAN0006862). Protein solution was transferred to an Immun-Blot® 

PVDF membrane (BIO-RAD, 162-0174) in a 1x BoltTM MES running buffer (Life Technologies, 

B002) for 1 hour at a constant voltage of 100V, using the BIO-RAD mini trans-blot system. The 

membrane was rinsed three times with PBS.  

 

To block non-specific proteins, the membrane was incubated for 5 hours in 5% non-fat dry milk 

(BIO-RAD blotting-grade blocker, 170-6404) in PBS containing 0.1% Tween-20 (Sigma, P9416-

100ML) (PBST). The membrane was rinsed three times with PBST and incubated overnight at 

4ºC with mouse anti-V5 (AbD Serotec ®, USA) at 1:2000 in 5% milk PBST for the detection of the 
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V5 epitope expressed in the Adenovirus pAD /CMV/V5-GW/lacZ. After three times (5 min each) 

rinsing in PBST, the membrane was incubated with 1:2000 goat anti-mouse IgG-HRP (Santa Cruz 

Biotechnology, Inc, sc-2031) in 5% milk PBST for 1 hour at room temperature. The signal was 

revealed by chemiluminescence using clarityTM western ECL substrate (BIO-RAD, 170-5061). 

The membrane was then exposed to UV-light, and images were taken using the Gel DocTM XR + 

documentation system (BIO-RAD, 1708195). 

 

3.5.4.2 Adenovirus vector expression assessment in chicken embryo fibroblasts and 

Vero cells using western blot analysis 

 

This investigation was conducted to test the specificity of the Adenovirus control vector in chicken 

embryo fibroblasts. The process is illustrated in section b.2.1 of the protocol workflow (Figure 3.1). 

Both the chicken embryo fibroblasts and Vero cells were seeded at a concentration of 1 x 106 

cells per well in a 6-well plate with 2mL DMEM containing 10% FBS and 0.05mg Gentamicin. 

Once the cells were approximately 60-70% confluent, the spent  medium was removed. The cells 

were then rinsed three times with 2mL PBS. Exactly 200µL of the Adenovirus amplified stock was 

mixed with 2mL of DMEM containing 10% FBS. The same virus mixture was added to each well 

of the chicken embryo fibroblasts and the Vero cells. Each of these cells had a control well which 

was non-treated. After 5 days of incubation, the spent medium was removed, the cells were rinsed 

three times with ice-cold PBS, scraped off the wells in a final volume of 1mL PBS, and transferred 

into a sterile Eppendorf tube. The cells were centrifuged at 1145xg for 2 min using the bench top 

mini centrifuge to pellet the cells. The supernatant was discarded and whole protein was extracted 

from the cell pellet using the same method as described in section 3.5.4. Protein concentration 

was determined using the Qubit® 2.0 Fluorometer and QubitTM protein assay kit (Life 

Technologies, USA). Western blot analysis of all samples was performed according to the method 

described in section 3.5.4.1.    

 

3.6 Development of a Non-Replicative, Recombinant Adenovirus (rAd) (pAd/PL-DESTTM) 

for the Expression of the Gene of Choice  

 

Sections 3.6 is shown in the protocol overview workflow (Figure 3.1, b.3). 

 

3.6.1 Newcastle disease virus (NCDV) Matrix gene primer design 

 

The NCDV Matrix gene was sequenced in-house using the next generation sequencer, Ion PGM 

system (Thermo Scientific). The NCDV (3090/11) sample used for sequencing was a gift from our 

collaborators at Rainbow Farms (Pty) Ltd. The 1095 base pairs Matrix gene shown in Figure 3.6 
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was used to design primers specific for this gene using the NCBI 3 and Blast 

(https://www.ncbi.nlm.nlh.gov/tools/primer-blast). Ten (10) primer sets were generated. These 

sets are shown in Table 3.4 below. Primer pairs were specific to the input template as no other 

targets were found in the selected database. A set that amplified the longest fragment was 

selected for downstream experiments. 

 

ATGGACTCATCTAGGACAATTGGGCTGTACTTTGATTCTGCCCATTCTTCTAGCAACCTG 

TTAGCATTTCCGATCGTCCTACAAGACACAGGAGATGGGAAGAAGCAAATCGCCCCGCAA 

TATAGGATCCAGCGCCTTGACTTGTGGACTGATAGTAAGGAAGACTCAGTATTCATCACC 

ACCTATGGATTCATCTTTCAAGTTGGGAATGAAGAAGCCACTGTCGGCATTATCGATGAT 

AAACCCAAGCGCGAGTTACTTTCCGCTGCGATGCTCTGCCTAGGAAGCGTCCCAAATACC 

GGAGACCTTATTGAGCTGGCAAGGGCCTGTCTCACTATGATGGTCACATGCAAGAAGAGT 

GCAACTAATACTGAGAGAATGGTTTTCTCAGTAGTGCAGGCACCCCAAGTGCTGCAAAGC 

TGTAGGGTTGTGGCAAACAAATACTCATCAGTGAATGCAGTCAAGCACGTGAAAGCGCCA 

GAGAAGATCCCCGGGAGTGGAACCCTAGAATACAAGGTGAACTTTGTCTCCTTGACTGTG 

GTACCGAAGAAGGATGTCTACAAGATCCCAGCTGCAGTATTGAAGATTTCTGGCTCGAGT 

CTGTACAATCTTGCGCTCAATGTCACTATTAATGTGGAGGTAGACCCGAGGAGTCCTTTG 

GTTAAATCTCTGTCTAAGTCTGACAGCGGATACTATGCTAACCTCTTCTTGCATATTGGA 

CTTATGACCACCGTAGATAGGAAGGGGAAGAAAGTGACATTTGACAAGCTGGAAAAGAAA 

ATAAGGAGCCTTGATCTATCTGTCGGGCTCAGTGATGTGCTCGGGCCTTCCGTGTTGGTA 

AAAGCAAGAGGTGCACGGACTAAGCTTTTGGCACCTTTCTTCTCTAGCAGTGGGACAGCC 

TGCTATCCCATAGCAAATGCTTCTCCTCAGGTGGCCAAGATACTCTGGAGTCAAACCGCG 

TGCCTGCGGAGCGTTAAAATCATTATCCAAGCAGGTACCCAACGCGCTGTCGCAGTGACC 

GCTGACCACGAGGTTACCTCTACTAAGCTGGAGAAGGGGCACACCCTTGCCAAATACAAT 

   CCTTTTAAGAAATAA 

 

 

Figure 3.6: The NCDV Matrix gene sequenced in-house using the Ion PGM system (Thermo 

Scientific) for next generation sequencing. The 1096 base pairs gene was used to design 

primers to be used for the amplification of this gene.
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Table 3.4: Ten primer sets for the specific detection of the Matrix gene (Figure 3.6). These primers were designed using the NCBI 3 and 

Blast databases. 
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3.6.2 NCDV nucleotide confirmation using OIE approved NCDV detection PCR primers 

Both the NCDV H3090/11 and H3343/11 samples were a gift from our collaborators at Rainbow 

Farms (Pty) Ltd. The viral RNA was extracted from these samples using the QIAamp® viral RNA 

mini kit as described in section 3.3.2.  cDNA was synthesised using the same method as 

described in section 3.3.2. To confirm the sequencing results that the H3090/11 and H3343/11 

were indeed NCDVs, these samples were tested using the KAPA HIFI hotstart ready mix PCR kit 

as described in section 3.5.3.3. The forward (5’-TCCGGAGGATACAAGGGT-3’) and reverse (5’-

AGCTGTTGCAACCCCAAG-3’) primers were used instead  of primers used in section 3.5.3.3. 

The annealing temperature was 60ºC. 

 

3.6.2.1 Testing the designed PCR primers on the NCDV cDNAs   

 

Using the KAPA HIFI hotstart ready mix PCR kit, amplification was conducted using different 

NCDV Matrix gene primer sets designed for the detection of the same gene (see Table 3.5). The 

aim was to get a set that would amplify the largest PCR fragment for subsequently cloning in the 

donor vector, which was the pENTRTM directional TOPO vector (Life Technologies, K2400-20). 

The PCR was made up of 12.5µL of 2 x KAPA HIFI hotstart ready mix (KAPA BIOSYSTEMS, 

KK2601) for fast and high-fidelity PCR for long fragment amplification and for amplification of DNA 

fragments for cloning, 0.6µM of each forward and reverse primer sets in Table 3.5 and 11µL of 

cDNA were also added to the reaction. The thermocycling program using the ROCHE 

lightCycler® was as follows: Pre-incubation at 95ºC for 180 s, 25 cycles at 98ºC denaturation for 

20 s, annealing for 15 s at 57ºC, and extension for 15 s at 72ºC. This was followed by a final 

extension at 72ºC for 60 s. The PCR products were resolved on a 1% agarose (Whitehead 

Scientific (Pty) Ltd, USA) gel electrophoresis for amplification confirmation. The largest PCR 

fragment amplified was cut out of the agarose gel under a UV light and cleaned using the 

GeneJET gel extraction kit (Thermoscientific, #K0691). The cleaned PCR products were stored 

at -20ºC. 
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Table 3.5: PCR primer sets used to detect the largest NCDV gene Matrix fragment using 

H3090/11 and H3343/11 NCDV cDNA  

Primer Sets Forward and Reverse Primers  

Set 1 MF1A and MR1A 

Set 2 MF1A and MR5 

Set 3 MF1A and MR6 

Set 4 MF8A and MR1A 

Set 5 MF8A and MR5 

Set 6 MF8A and MR6 

 

3.6.2.2 Vectors used for creating an expression clone (Adenovirus vector expressing the 

NCDV Matrix gene) 

 

The vector illustrated in Figure 3.7, pENTRTM/D-TOPO (Life Technologies, K2400-20) (Figure 

3.7A), which was a donor vector, and the pAd/CMV/V5-DESTTM (Life Technologies, V493-20) 

(Figure 3.7B), which functioned as an expression vector, were used to create an expression clone 

to express the NCDV Matrix gene. This is what was used as a vector vaccine that was tested for 

functionality in 293T cells. 
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Figure 3.7: Maps of the two vectors. A: pENTRTM/D-TOPO (Figure 3.7A) was a donor vector 

and B: pAd/CMV/V5-DESTTM (Figure 3.7B) functioned as an expression vector. 

3.6.2.3 Primer design for cloning the Matrix gene derived from PCR into the pENTRTM/D-

TOPO vector 

 

The PCR primers that were designed as discussed in section 3.6.1 were modified in order to 

make them ideal for directional cloning. For directional cloning to be successful, the CACC 

sequence was added at the 5’ end of the forward primer (Table 3.6) in order for this sequence to 

pair with the overhang sequence, GTGG in the pENTRTM/D-TOPO vector. This is illustrated in 

Figure 3.8. For proper initiation of translation in mammalian cells, the ATG initiation codon was 

also included with the forward primer (Table 3.6). No changes were made to the reverse primer.  

To produce a blunt-end PCR product, the KAPA HIFI hotstart ready mix PCR kit was used. The 

PCR mixture was made up of the following: 12.5µL of 2 x KAPA HIFI hotstart ready mix, 0.6µM 

of forward (5’- CACCATGTATAGGATCCAGCGCCTTGAC-3’) and 0.6µM of reverse (5’- 

GTATTTGGCAAGGGTGTGCC-3’) primers, and 11µL of the gel cleaned PCR product prepared 

(as discussed in section 3.5.3.3) in order to add the over-hangs to the PCR products. The 

thermocycling program using the ROCHE lightCycler® was set as follows: Preincubation at 95ºC 

for 180 s, 25 cycles of denaturation for 20 s at 98ºC, annealing for 15 s at 57ºC, and extension 

for 15 s at 72ºC. This was followed by a final extension at 72ºC for 60 s. The PCR products were 

run on 1% agarose (Whitehead Scientific (Pty) Ltd, USA) gel electrophoresis to confirm 

amplification. The PCR products with the overhangs were cut out from the gel and cleaned using 
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the GeneJET gel extraction kit according to the manufacturer’s instructions. The cleaned PCR 

products were stored at -20ºC for later cloning into the pENTRTM/D-TOPO® vector. 

Table 3.6: PCR primers (section 3.6.1) and cloning primers designed by modifying the 

PCR primers 

Primers PCR Cloning 

Forward 
primer ATAGGATCCAGCGCCTTGAC CACCATGTATAGGATCCAGCGCCTTGAC 

Reverse 
primer GTATTTGGCAAGGGTGTGCC GTATTTGGCAAGGGTGTGCC 

 

 

Figure 3.8: TOPO® cloning site for pENTRTM/D-TOPO®. This figure shows how to design 

suitable PCR primers to clone the PCR product into the pENTRTM/D-TOPO®. The shaded 

region corresponds to the DNA sequence that was transferred from the entry clone to the 

destination vector (pAd/PL-DESTTM) following LR recombination. 

 

3.6.2.4 Cloning and transformation 

 

The pENTRTM directional TOPO® cloning kit was used to set up the TOPOTM cloning reaction. 

Briefly, 4µL of the cleaned blunt-end PCR products (PCR products with the overhangs) and 1µL 

of the TOPO® vector were gently mixed in an Eppendorf tube and incubated for 5 min at room 

temperature. Two  µL of the TOPO® cloning reaction was added into a 50µL vial of one Shot® 

TOP10 chemically competent E.coli and mixed gently. This mixture was incubated on ice for 30 

min, followed by heat-shocking the cells for exactly 30 s at 42ºC and immediately transferring the 

tubes to ice. About 250µL of room temperature S.O.C medium (Life Technologies, K2400-20) 

was added to the mixture. The vial was closed tightly and shaken horizontally at 200 rpm for 1 

hour in a 37ºC incubator. Two hundred (200) µL of the transformation mixture was spread on a 
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pre-warmed Luria-Bertani (LB) plate consisting of 1L distilled water, 32g of LB agar (Invitrogen, 

22700-25), and   50µg/mL kanamycin to select the positively transformed E.coli. The plates were 

then incubated overnight at 37ºC. 

Five (5) colonies were chosen and cultured overnight in LB medium containing 10g of tryptone, 

while 10g sodium chloride and 5g yeast extract were dissolved in 1L distilled water at pH 7. The 

medium was supplemented with 100µg/mL Kanamycin. The plasmid DNA was extracted using 

the PureLinkTM HQ mini plasmid purification kit (Invitrogen, K2100-01) according to the 

manufacturer’s instructions.  

Briefly, 3mL of the E.coli cells from an overnight culture was centrifuged in a table-top centrifuge 

at 1,500xg for 15 min. The supernatant was discarded, and the pellet completely resuspended in 

240µL of a resuspension solution with RNASe A. To this solution, 240µL of the lysis buffer was 

added and mixed gently by inverting the tubes 8 times. This mixture was incubated for 5 min at 

room temperature, followed by an addition of 340µL of a neutralising/binding buffer. The lysate 

was then mixed gently by inverting the tube 8 times and centrifuging the contents for 10 min at 

maximum speed in a table-top centrifuge in order to clarify the cell lysate. The supernatant was 

transferred into the spin column and centrifuged at 14,000g for 1 min. This was followed by a 

washing step with a wash buffer and elution of the plasmid DNA in a 50µL elution buffer. In order 

to confirm successful cloning, the KAPA HIFI hotstart ready mix PCR kit was used following the 

same protocol as  described in section 3.5.3.3. However, the primers that were used for cloning 

confirmation were used, namely the forward primer (5’- ATAGGATCCAGCGCCTTGAC-3’) and 

the reverse primer (5’-GTATTTGGCAAGGGTGTGCC-3’). 

 

3.6.2.5 Creating the Adenoviral expression clone/recombinant Adenovirus 

 

To create an expression clone, i.e., the Adenovirus vector expressing the gene of interest, the 

primary requirement was to perform an LR recombination reaction using the attL-containing entry 

clone (pENTRTM/D-TOPO) expressing the gene of interest and the attR-containing the destination 

vector (pAd/CMV/V5-DESTTM). This mechanism is shown in Figure 3.9. In this process, the gene 

of interest cloned into the entry clone (pENTRTM/D-TOPO) was transferred into the expression 

clone (pAd/CMV/V5-DESTTM) via LR recombination. The product was what is usually used as a 

vaccine vector. 
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Figure 3.9: An LR recombination reaction between a pENTRTM/D-TOPO entry clone and the 

pAd/CMV/V5-DESTTM destination vector to create an expression clone and a by-product 

 

To perform the LR recombination reaction, the LR clonase® II enzyme mix (Life Technologies, 

11791-020) was used according to the manufacturer’s instructions. Six (6) µL of the plasmid DNA 

vector expressing the Matrix gene purified in section 3.6.2.4 and 2µL of the destination vector 

(pAd/CMV/V5-DESTTM) was added in a 0.5mL microcentrifuge tube at room temperature. Then 

2µL of the LR clonase® II enzyme mix was also added and mixed well by pipetting up and down. 

This reaction  was incubated at 25ºC for 18 hours in order to increase the level of recombination. 

This was followed by the addition of 1µL of the proteinase K solution to the reaction and incubation 

for 10 min at 37ºC. Two (2) µL of the LR recombination reaction was transferred into the TOP10 

chemically competent E.coli using a similar method as described in section 3.6.2.4. Then 200µL 

of the transformation mixture was spread on pre-warmed LB plates consisting of 1L distilled water, 

32g of LB agar, and 100µg/mL Ampicillin. The plates were incubated overnight at 37ºC. Five (5) 

to 10 colonies were selected and cultured overnight in LB medium containing10g of tryptone, 10g 

sodium chloride, and 5g yeast extract in 1L distilled water at pH 7, supplemented with 100µg/mL 

Ampicillin. The plasmid DNA was extracted using the PureLinkTM HQ mini plasmid purification 

and by following the same protocol as described in section 3.5.3.2. 

 

To confirm that the Matrix gene was successfully cloned in the pAd/CMV/V5-DESTTM and also in 

the correct frame, PCR was conducted using the KAPA HIFI hotstart ready mix PCR kit and the 

primers T7 promoter forward primer (5’-TAATACGACTCACTATAGGG-3’) and Matrix reverse 

primer (5’- GTATTTGGCAAGGGTGTGCC-3’). The PCR mixture was prepared in the manner 

described in section 3.5.3.3. The thermocycling program that was followed is shown in Table 3.7. 
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The PCR products were resolved on a 1% agarose gel electrophoresis for amplification 

confirmation. 

Table 3.7: PCR thermocycling steps for the confirmation of the recombinant Adenovirus 

Steps 
Temperature and 

time Cycles 

Preincubation at 95⁰C for 180 s 1 

Initiation at 98⁰C for 20 s 

25 Annealing at 47⁰C for 15 s 

Extension at 72⁰C for 15 s 

Final extension at 72⁰c for 60 s 1 

 

3.6.3 293T cell transfection with the recombinant Adenovirus  

The purified plasmid (recombinant Adenovirus) was first digested using the PacI enzyme before 

transfecting it into 293T cells to allow the left and right viral ITRs to be exposed and also for the 

bacterial sequences (pUC origin and Ampicillin resistant gene) to be removed. To achieve this, a 

Pac I enzyme (Thermo Scientific, #ER2201) was used according to the manufacturer’s 

instructions. Briefly, 17µL of the 5.9 x 104 ng/mL purified DNA plasmid of the pAd/CMV/V5-

DESTTM expression construct, 2µL of the 10 x PacI buffer, and 2µL of the PacI enzyme were 

gently mixed together. The reaction was incubated at 37⁰C for 16 hours for the plasmid to be 

completely digested. This was followed by incubation at 65⁰C for 20 min to inactivate the PacI 

enzyme. To prepare the cells for transfections, 5 x 105 293T cells were seeded in one well in a 6-

well plate using 2mL DMEM supplemented with 10% FBS and 0.05mg Gentamicin. After 24 hours 

of incubation, the spent culture medium was removed from the 293T cells and replaced with 

1.5mL of DMEM containing 10% FBS. To perform a transfection reaction, the DNA-

Lipofectamine® 2000 (Life Technologies, 11668-019) complex was prepared in the following 

manner: Exactly 20µL of PacI digested pAd/CMV/V5-DESTTM expression plasmid was diluted in 

250µL Opti-MEM® I reduced serum medium (Life Technologies, 31985-062) in a microcentrifuge 

tube and mixed gently. In a different microcentrifuge tube, 3µL of the Lipofectamine® 2000 was 

diluted in 250µL Opti-MEM® I reduced serum medium, mixed gently, and incubated at room 

temperature for 5 min. The diluted DNA was then combined with the diluted Lipofectamine® 2000 

and mixed gently. This mixture was incubated for 20 min at room temperature, allowing the 

formation of the DNA-Lipofectamine® 2000 complexes. These complexes were added dropwise 

to one well of a 6-well plate containing 293T cells and 1.5mL DMEM containing 10% FBS. The 

plate was rocked back and forth to gently mix the medium in the well and the added DNA- 

Lipofectamine® 2000 complexes. The cells were incubated overnight in a CO2 incubator at 37ºC. 
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After incubation for 24 hours, the medium containing the DNA-Lipofectamine® 2000 complexes 

was removed and replaced with 2mL DMEM supplemented with 10% FBS and 0.05mg 

Gentamicin. After 48 hours, the cells were trypsinised, added to DMEM containing 10% FBS, and 

transferred into a sterile 10c.m tissue culture plate. The spent culture medium was replaced with 

fresh DMEM containing 10% FBS every 2-3 days until regions of CPE were visible.  

Once 80% of CPE was observed, the Adenovirus containing cells were harvested by squirting 

cells off the plate with a 10mL tissue culture pipette. The cells and  medium were then transferred 

to a sterile 15mL tightly closed centrifuge tube. To lyse the cells, the tube was stored at -80ºC for 

30 min, followed by thawing it in a 37ºC water bath for 15 min. The freezing and thawing steps 

were repeated twice. The cell lysate was centrifuged in a table-top centrifuge at 1106xg at room 

temperature for 15 min to pellet the cell debris. The supernatant containing viral particles were 

transferred in aliquots to 2mL Eppendorf tubes. Some of the viral stocks were stored at -80ºC for 

future use while others were used for PCR to confirm that the crude virus contained the NCDV 

Matrix gene. To confirm the presence of the NCDV Matrix gene, the same PCR protocol as 

described in section 3.5.3.3 was followed. The following minor modifications were made: The 

forward (5’- ATAGGATCCAGCGCCTTGAC-3’) and reverse (5’-GTATTTGGCAAGGGTGTGCC-

3’) primers were used instead at an annealing temperature of 57ºC. The PCR products were run 

on a 1% agarose gel electrophoresis to confirm amplification.  

To infect target cells in vitro, the Adenovirus crude viruses usually have to first be amplified twice 

or thrice to obtain 100% transfection efficiency, depending on the cell type being studied. To 

amplify the crude virus prepared above, 3 x 106 293T cells with 10mL DMEM supplemented with 

10% FBS were plated on a 10c.m tissue culture plate and incubated in a CO2 incubator at 37ºC. 

Once the cells were 80% confluent, 400µL of the stored crude Adenovirus stock was thawed and 

added to the cells, followed by the swirling of the plate gently to mix. The cells were incubated at 

37ºC in a CO2 incubator until 80% CPE was reached. The Adenovirus containing cells were 

harvested by squirting cells off the plate with a 10mL tissue culture pipette and transferring both 

the cells and  medium to a 15mL sterile tube and then tightly closing it. The amplified viruses were 

collected using the same freeze and thaw method as described in the paragraph above. The 

supernatant containing the viral particles was transferred to cryovials in 1mL aliquots and stored 

at -80ºC. The virus amplification was repeated three times. 

3.6.4 Next generation sequencing (NGS) for the recombinant Adenovirus vector to 

confirm the Matrix inserted in the vector  

The Ion Torrent PGM system (Thermo Fisher Scientific, 4462921, USA) was used for the targeted 

next-generation sequencing of the recombinant Adenovirus vector. Adenovirus plasmid DNA 
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(200ng) was digested into uniform fragments of approximately 200bp using the AB Library 

BuilderTM system (Thermo Fisher Scientific, USA). This was done in duplicate.  

To differentiate between the duplicate sample libraries, barcoded adapters (Ion ExpressTM 

Barcode Adapters kit) (Life Technologies, USA) were used. To ensure that sufficient library 

fragments were generated for the downstream experiment, a Qubit dsDNA HS Assay kit (Thermo 

Fisher Scientific, USA) was used for quantification of the library samples. The libraries were 

pooled together in equimolar amounts of 200pM to ensure equal representation of each barcoded 

library in the sequencing run. This was followed by clonal amplification using the Ion OneTouchTM 

2 system (Thermo Fisher Scientific, USA). In this reaction the barcoded libraries attached to the 

ion sphere particles (ISPs), thus forming template-positive ISPs. The template-positive ISPs were 

then enriched for using the Ion OneTouchTM ES system. To determine the ratio of the template-

positive ISPs to all ISPs present in the mixture, the Ion Sphere Quality Control assay kit was used 

together with the Qubit 2.0 fluorometer (Life Technologies, USA). This provided the percentage 

templated ISPs. It is noteworthy that it is an important quality control measure prior to 

commencing sequencing. The pooled samples (templated ISPs) were loaded onto a 314TM chip 

v2 for sequencing using the Ion Torrent PGM system. For the analysis of the sequencing data 

(FASTQ format), the CLC Genomics Workbench software (CLC BIO, Denmark) was used. The 

known sequence of the Adenovirus control vector (pAd/CMV/V5-GW/lacZ) was aligned with the 

current sequence that was obtained while sequencing the recombinant Adenovirus. 

 

3.6.5 Assessing the RNA expression of the designed recombinant Adenovirus in 293T 

cells 

 

About 5 x 105 293T cells were seeded per well in a 6-well plate using 2mL DMEM supplemented 

with 10% FBS and 0.05mg Gentamicin. The cells were incubated at 37ºC in a CO2 incubator. At 

24 hours after incubation, the spent culture medium was removed from the cells and replaced 

with 2mL DMEM containing 10% FBS. Then 200µL of the amplified crude recombinant 

Adenovirus was added to each of the four wells and mixed gently. No virus was added to the 

other two wells. Two (2) hours later, cells from one well infected with the crude recombinant 

Adenovirus and cells from the two wells not infected with the virus were harvested by squirting 

the cells off the wells using a 5mL tissue culture pipette. Both the cells and medium were 

transferred into a 15mL sterile tube and tightly closed. The tubes were centrifuged at 1106xg for 

5 min at room temperature. The supernatant was discarded, and the cells were stored at -80ºC. 

The infected cells in the three remaining wells were harvested in a similar manner after 6, 12, and 

24 hours respectively and stored at -80°C. 
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Once ready for RNA extraction, the cells were thawed, and RNA extraction was performed using 

the RNeasy® mini kit (QIAGEN®) according to the manufacturer’s instructions. Exactly 350µL of 

the RLT lysis buffer containing β-mercaptoethanol (β-ME) was added to each of the harvested 

cell pellets and mixed by vortexing. The lysate was centrifuged for 3 min at maximum speed. The 

supernatant was removed by pipetting it into a new sterile tube. Then 1 volume of 70% ethanol 

was added to the lysate and mixed well by pipetting. The sample was transferred to a RNeasy 

mini spin column placed in a 2mL collection tube and centrifuged at ≥8000xg for 15s. The flow-

through was discarded. The spin column was washed and centrifuged for 15 s at ≥8000xg first 

with 700µL RW1 buffer, then 500µL buffer RPE, and lastly with 500µL RPE buffer for 2 min. The 

RNA was eluted in 30µL of RNase-free water. DNase digestion in the extracted RNA samples 

was performed using the TURBO DNA-freeTM kit (Life Technologies, AM1907) according to the 

manufacturer’s instructions. For each sample, 0.1 volume of the 10 x TURBO DNase buffer and 

3µL of the TURBO DNase were added to the RNA and mixed gently. This reaction was incubated 

at 37ºC for 30 min. After the incubation, 0.2 volume of the resuspended DNase inactivation 

reagent was added and mixed well. This was followed by incubation at room temperature for 5 

min and mixing occasionally. Finally, the reaction was centrifuged at 10 000xg for 1.5 min and the 

RNA was transferred to a fresh sterile tube. For each RNA sample, cDNA was synthesised using 

the Transcriptor first strand cDNA synthesis kit and following the method as described in section 

3.3.2. 

To confirm the expression of the recombinant Adenovirus in the synthesised cDNA, PCR was 

performed using SsofastTM EvaGreen® Supermix (BIO-RAD, #172-5202) and by following the 

manufacturer’s instructions.  To set up a 20µL PCR, the following were mixed together: 10µL of 

2 x SsoFast EvaGreen supermix (BIO-RAD, #172-5202), 0.8µM of each of the T7 promoter 

forward (5’-TAATACGACTCACTATAGGG-3’) and Matrix reverse (5’- 

GTATTTGGCAAGGGTGTGCC-3’) primers, 6.4µL of nuclease free water, and 2µL cDNA. Using 

the ROCHE lightCycler®, thermocycling was conducted using the following steps: Preincubation 

at 95ºC for 30 s, 45 cycles at 95ºC denaturation for 10 s, 47ºC annealing for 10 s, and 60ºC 

extension for 40 s. The melting cycle was done at 95ºC for 10 s, 60ºC for 60 s, and 97ºC for 1 s. 

The PCR product was resolved on a 1% agarose gel to confirm amplification. 

3.6.6 Assessing the DNA expression of the recombinant Adenovirus in chicken embryo 

fibroblasts (CEFs) 

 

This part of the methodology is illustrated in section b.3.2 of the protocol workflow (Figure 3.1). 

Approximately 3 x 106 of CEFs cells and 10mL DMEM supplemented with 10% FBS were cultured 

per plate in two 10c.m tissue culture plates and incubated in a CO2
 incubator at 37ºC. Once the 
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cells had reached 70% confluency, the spent  medium was removed and replaced in one plate 

with 10mL DMEM containing 10% FBS and 2mL of the amplified crude recombinant Adenovirus. 

The contents of the other plate was replaced with10mL DMEM containing 10% FBS only. The 

cells were incubated for 4 days at 37ºC in a CO2 incubator. Four (4) days after infection, the spent  

medium  was removed from each culture plate and the cells were harvested by trypsinization. 

The trypsin was inactivated by the addition of DMEM with 10% FBS to the cells. The cells, together 

with the inactivated trypsin, were centrifuged at 1106xg for 5 min and removed the supernatant. 

The cells were resuspended in 200µL PBS. To extract genomic DNA from the cells, the PureLink® 

genomic DNA kit (Life Technologies, K1820-01) was used according to the manufacturer’s 

instructions. Twenty (20) µL of the proteinase K was added to each of the samples, followed by 

the addition of 20µL RNase A to each of the samples. The samples were mixed well by brief 

vortexing and incubated at room temperature for 2 min. After the incubation, 200µL PureLink® 

genomic lysis/binding buffer was added to each sample and mixed well by vortexing. The samples 

were incubated at 55ºC for 10 min for protein digestion. The 200µL of 96-100% ethanol was added 

to the lysate, which was mixed well by vortexing for 5 s. The lysates were each added to the 

PureLink® spin column. This was centrifuged at 10 000xg for 1 min at room temperature. The 

columns were washed with 500µL wash buffer and centrifuged at room temperature at 10 000xg 

for 1 min. The column was washed for the second time with 500µL wash buffer 2 and centrifuged 

at maximum speed for 3 min at room temperature. The genomic DNA was eluted with 25µL 

PureLink® genomic elution buffer. To assess the expression of the recombinant Adenovirus in 

the chicken embryo fibroblasts genomic DNA, PCR was used following the method as described 

in section 3.5.3.3. The following minor modifications were made: The forward (5’- 

ATAGGATCCAGCGCCTTGAC-3’) and reverse (5’-GTATTTGGCAAGGGTGTGCC-3’) primers 

were used instead at an annealing temperature of 57ºC. The PCR products were then run on a 

1% agarose gel electrophoresis to confirm amplification.  

 

3.6.7 Mass spectrometry (MS) protein expression analysis 

 

3.6.7.1 Protein extraction from the recombinant Adenovirus crude lysate 

 

The crude recombinant Adenovirus was purified using the ViraBindTM Adenovirus purification kit 

(Cell Biolabs, Inc., VPK-100) according to the manufacturer’s instructions. Prior to virus 

purification, the virus supernatant was clarified by passing it through a 0.45µm sterile filter. The 

clarified viral supernatant was then passed through the purification filters (each pre-rinsed with 

5mL of 1 x wash buffer) by gravity flow. This was followed by two washes with 10mL of a wash 

buffer using gravity flow. The virus sample was eluted in 3mL of an elution buffer using gravity 

flow.  
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The purified Adenovirus sample was diluted 5-fold in lysis buffer (4% SDS, 50mM Tris-HCL pH 

8.0) and heated at 90ºC for 5 min. The lysate was pulse sonicated on ice for 90 s (10 s per pulse 

and 10 s intermission between pulses) and incubated with 25 units of benzonase (Merck) at 37ºC 

for 30 min. This was followed by centrifugation at 15 000xg for 10 min. The supernatant was 

collected, and the protein concentration was determined using the Qubit® 2.0 Fluorometer and 

QubitTM protein assay kit. A final concentration of 10mM Dithiothreitol (DTT) (Amresco) was used 

to reduce the protein at 37ºC for 45 min. The protein was then alkylated using a final concentration 

of 25mM Iodoacetamide (IAA) (Sigma) for 30 min in the dark. The IAA (Sigma) was quenched 

with a final concentration of 10mM DTT (Amresco). 

3.6.7.2 Protein extraction from CEFs 

Approximately 3 x 106 of CEFs cells with 10mL DMEM supplemented with 10% FBS were cultured 

per plate in two 10c.m tissue culture plates and incubated in a CO2 incubator at 37ºC. Once the 

cells reached 70% confluency, the spent medium  was removed and replaced into one plate with 

10mL DMEM containing 10% FBS and 2mL of the amplified crude recombinant Adenovirus. The 

other plate was replaced with10mL DMEM containing 10% FBS only. The cells were incubated 

for 4 days at 37ºC in a CO2 incubator. Four days after infection, the spent  medium  was removed 

from each culture plate and the cells were scraped off the wells in a final volume of 1mL PBS and 

transferred into a sterile Eppendorf tube. The cells were centrifuged at 1145xg for 2 min using the 

bench top mini centrifuge to pellet the cells. The supernatant was discarded and whole protein 

was extracted from the cell pellet using the same method as described in section 3.5.4. Protein 

concentration was determined using the Qubit® 2.0 Fluorometer and QubitTM protein assay kit 

(Life Technologies, USA). 

3.6.7.3 Mass spectrometry (MS) protein expression analysis of the recombinant 

Adenovirus in CEFs 

Twenty (20) µg of each protein sample (crude recombinant Adenovirus, CEFs infected with the 

recombinant Adenovirus, and non-infected CEFs) was purified of salts and detergents in an 

automated manner using MagReSyn® HILIC particles (ReSyn Biosciences) with on-particle 

protein digestion using sequencing-grade trypsin (Promega). The resultant peptides were 

analysed using a Dionex Ultimate 3000 RSLC system coupled to an AB Sciex 6600 TripleTOF 

mass spectrometer. Injected peptides were inline de-salted using an Acclaim PepMap C18 trap 

column (100 μm x 2 cm: 2 min at 15 μl.min 1 using 2% ACN/0.2% FA). Trapped peptides were 

gradient eluted and separated on an Acclaim PepMap C18 RSLC column (300 μm x 15 cm, 3 µm 

particle size) using a flowrate of 8µl.min 1 with a gradient of 4-30% B over 60 min (A: 0.1% FA; 
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B: 80% ACN/0.1% FA). The 6600 TripleTOF mass spectrometer was operated in positive ion 

mode. Precursor (MS) scans were acquired from m/z 360-1500 (2+-5+ charge states) using an 

accumulation time of 500ms followed by 50 fragment ion (MS/MS) scans, acquired from m/z 100-

1800 with 50ms accumulation time each.  

Spectral data from MS analysis was searched in Search GUI (Compomics) using the X!Tandem, 

MS-GF+ and  Comet search engines. The sequences of the NDV Matrix protein and common 

contaminants were added to the whole proteome of dsDNA viruses (with no RNA stage) database 

found in Swiss-Prot. Decoy sequences were created by reversing the sequences in the target 

database in Search GUI. A 1% false discovery rate cut-off was applied at the PSM (peptide-

spectrum match) and protein level. 
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CHAPTER 4 

POINT-OF-CARE (POC) DIAGNOSIS FOR AI USING LAMP: RESULTS 

AND DISCUSSIONS 

4.1 Sequence Alignment of AI Viruses 

 

In an attempt to develop a POC LAMP for the detection of all AI viruses by targeting the Matrix 

gene and also for the detection of HPAI (H5 and H7), sequences of the South African origin of 

these viruses were retrieved from the influenza research database (http:www.fludb.org/). Twenty-

seven (27) Matrix genes originating from various South African AI viruses were aligned (Figure 

4.1). This was followed by an alignment of 12 hemagglutinin genes of the H5 subtypes from 

various avian species (Figure 4.2). Finally, the alignment of 5  hemagglutinin genes of the H7 

subtypes isolated from various avian species was also performed (Figure 4.3). The alignment for 

all these genes was done using the MUSCLE multiple sequence alignment tool which is described 

in the influenza research database. These alignments were performed in order to identify 

conserved regions for each gene alignment. The specific names of the virus sequences that were 

aligned are indicated on the left panel of the alignments performed for each gene. This is shown 

in Figure 4.1, Figure 4.2, and Figure 4.3. The nomenclature is such that a unique number is given 

to each outbreak, the type of influenza it is, the animal in which the virus was isolated, and the 

region where it was isolated. The alignment results revealed high nucleotide sequence variation 

within the Matrix gene of different avian influenza viruses. These variations make it difficult to 

design primers that are specific for AI subtypes. For the Matrix gene alignments (Figure 4.1), only 

5 AI viruses (accession #: CY014985, JX069084, JX069092, JX069100 and JX069108) had 

conserved regions in the first 60 bases. Similar levels of variation in the alignment results were 

obtained in the processing of the H5 and H7 subtypes (Figure 4.2 and Figure 4.3 respectively). 

Due to the sequence variability of the AIVs, one sequence for each gene which seemed to have 

more common sequence regions with the other aligned sequences was used for primer design. 

Variability occurred not only in the first 60 bases, but throughout the entire gene sequence 

alignments. 

 

 

 



 

62 

 

Figure 4.1: Sequence alignment of the conserved Matrix gene regions of the South African 

AI viruses aligned using the MUSCLE multiple sequence alignment (influenza research 

database). Only the first 60 aligned bases are shown. 

 

Figure 4.2: Sequence alignment of the conserved hemagglutinin (HA) gene of the H5 

subtypes of the South African AI viruses aligned using the MUSCLE multiple sequence 

alignment (influenza research database). Only the first 60 aligned bases are shown. 
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Figure 4.3: Sequence alignment of the conserved hemagglutinin (HA) gene of the H7 

subtypes of the South African AI viruses aligned using the MUSCLE multiple sequence 

alignment (influenza research database). Only the first 60 aligned bases are shown. 

 

4.2 Testing the functionality of the LAMP primers 

 

The selected sequences with the conserved regions for each gene (Matrix, Hemagglutinin  H5 

and H7 subtypes) were uploaded into the LAMP primer designing software, namely the LAMP 

primer explorer (http: primerexplorer/jp/e/) using the default settings of the software. More than 

10 sets of the LAMP primers for each gene were generated. Each set comprised of the BIP, FIP, 

B2/B loop, F2/F loop, B3 and F3. The first two best primer sets were chosen.  

 

To determine whether these primers would work for the LAMP assays, the B3/F3 and the B2/F2 

for two of the chosen sets of each gene were carried out using conventional PCR. These primers 

were tested using three AI viruses, namely HP-H5N2 (11060333C), LP-H5N2 (12060229), and 

LP-H7N1 (12080123A). To confirm that the viruses that were tested with the LAMP primers were 

AI viruses, the OIE approved AI detection primers were used in conventional PCR. 

Figure 4.4 shows the PCR products of the amplified Matrix gene in HP-H5N2 (11060333C), LP-

H5N2 (12060229), and LP-H7N1 (12080123A) using the two sets of B3/F3 and B2/F2 and the 

OIE AI approved detection primers. The OIE detection primers for the AI showed that the three 

samples were indeed AI as is evident on the middle set of amplifications in Figure 4.4. Set 1A (B2 

and F2) as shown on the first set of amplification products in Figure 4.4 was chosen over set 2A 

(B2 and F2 from segment 7), which is shown on the second set of amplifications in Figure 4.4, 

due to the fact that set 1A primers showed more specificity than those of Set 2A, which only 

amplified sample LP-H5N2 (12060229).  Similarly, set 1B (B3 and F3), as shown on the second 

last set of amplification products in Figure 4.4, was chosen over set 2B (B3 and F3), which is 

shown on the last set of amplifications in Figure 4.4, due to the specificity of set 1B over set 2B. 

Although the first PCR using set 1B primers and the LP-H7N1 (12080123A) sample amplified a 

wrong product size of ~500bp of the Matrix gene, it was concluded that it might have been due to 

contamination as the second PCR (a duplicate reaction) gave rise to the correct product size of 
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249bp, which is similar in size to the products of the other samples amplified using the set 1B 

PCR primers. 

To choose primers for use in the H5 and H7 subtype specific LAMP assays, the same technique 

that had been used in choosing primers for the Matrix gene LAMP assay was followed. 

 

Figure 4.4: Image of 1% Agarose gel electrophoresis showing PCR products of the tested 

LAMP primers. M: Low range DNA ladder (Thermo Scientific, # sm1193), Lanes 2-7: PCR 

products using Set 1A(F2/B2), Lanes 8-9: Negative control (H2O), Lanes 10-15: PCR 

products using Set 2A(F2/B2), Lanes 16-21: PCR products using OIE AI primers, Lanes 22-

27: PCR products using Set 1B(F3/B3), Lanes 28-33: PCR products using Set 2B(F3/B3), 

A: HP-H5N2 (11060333C), B: LP-H5N2 (12060229), C: LP-H7N1 (12080123A), H: Negative 

control (H2O). 

4.2.1 Development and optimisation of the LAMP method 

 

4.2.1.1 Samples used for LAMP optimisation 

 

Primers were designed specifically for the detection of South African strains. It would have been 

preferable to include South African outbreak strains, but the laboratory could not access such 

samples. Colleagues abroad who had such strains were unable to make them available owing to 

legal implications or regulatory frameworks that govern the distribution of such samples for 

research work in South Africa. Similarly placed strains were obtained from Italy and the specific 

genes targeted variability, as would have been the case had South African strains been used. 
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4.2.1.2 Viral RNA concentrations 

 

The samples extracted using the QIAamp® viral RNA mini kit were in the range of 1.24 x 103 – 

9.96 x 103ng/L (Table 4.1). The extraction concentrations for each viral sample were from single 

extractions. These concentrations were high enough for LAMP detection. In previous studies 

LAMP was used to detect animal pathogens at concentrations which were much lower than the 

ones obtained in this study (Pham et al., 2005; Peng et al., 2011; Farooq et al., 2015). 

Table 4.1: RNA concentrations quantified using the Qubit® 2.0 Fluorometer (Life 

Technologies, Singapore) and Qubit® RNA high sensitivity kit (Life 

Technologies, USA)   

Sample Numbering 

RNA 
Concentration 

(ng/mL) 

H5N1 inactivated antigen: ANHUI/1/2005 (H5N1) IBCDC - 
RG-6 07/290 1 6.64 x 103 

H5N1 inactivated antigen: A/Cambodia/R040505/2007 
(H5N1) NIBRG-88 2 5.12 x 103 

H5N1 A/mallard/Italy/3401/05 3 1.24 x 103 

H5N1 A/turkey/Turkey/1/05 4 2.03 x 103 

H5N2 A/turkey/Italy/80 5 2.98 x 103 

H5N2 A/turkey/Italy/1258/V05 6 2.4 x 103 

H5N3 A/duck/Italy/775/04 7 4.44 x 103 

H5N9 A/chicken/Italy/22A/98 9 2.92 x 103 

H6N8 A/turkey/Italy/4776-52/2015 10 7.88 x 103 

H7N1 inactivated antigen: AV98/00 984v00/OST/ITALY P2 11 3.28 x 103 

H7N9 inactivated antigen: A/Anhui/1/2013 (H7N9) (NIBRG-
268) 12 1.80 x 103 

H7N1 A/turkey/Italy/1067/99 13 5.08 x 103 

H7N1 A/starling/Africa/983/79 14 2.21 x 103 

H7N3 A/turkey/Italy/9289/02 15 2.03 x 103 

H7N4 A/mallard/Italy/4810-79/04 16 2.42 x 103 

H7N7 A/macaw/England/626/80 17 3.0 x 103 

H8N4 A/turkey/Ontario/6118/68 18 7.16 x 103 

H9N2 A/mallard/Italy73817-34/05 19 9.96 x 103 

A/Turkey/Canada H6N8 NOV84 20 1.82 x 103 

A/Chick/Scotland/59 H5N1 A/S 7/89 21 2.5 x 103 

NCDV 22 2.08 x 103 
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4.2.2 Detected viral RNA from samples (Table 4.1) using the Matrix specific LAMP 

detection assay 

The LAMP reaction was carried out in 25µL at 65⁰C for 30 min on the Roche light cycler using 

viral RNA (Table 4.1) as templates. This translates to a minimum concentration of 0.3 to 2ng/µL 

per sample. These concentrations were above the minimum LAMP starting concentrations for 

RNA, which is usually 0.8µg/µL or less (Pham et al., 2005; Peng et al., 2011; Farooq et al., 2015). 

Positive LAMP results were visualised as characteristic ladders on agarose gel. This is shown in 

Figure 4.5 on the left side of the panel as the first three wells representing Samples 1, 2 and 4. 

This result indicated successful amplification using the LAMP designed primers assay targeting 

the Matrix gene when the template used was RNA.  

The ladder-like patterns indicate that stem-loop DNAs with inverted repeats of the gene of interest 

were produced (Notomi et al., 2000).  To improve the virus amplification for this assay, the use of 

cDNA as a template was tested. 

 

Figure 4.5: LAMP screening of AI using RNA as a template. Lane M: 1Kb DNA molecular 

ladder, Lanes 1-22: Samples shown in Table 4.1, C: Negative control. 

Because only three  samples were detected with the LAMP assay specific for the Matrix gene, a 

few optimisation steps had to be followed. RNA was used as a template in the first instance and, 

as RNA is known to degrade easily, the first step to optimise was to test whether using RNA as a 

template could be the problem. The aim was to determine the best LAMP template amongst RNA, 

random hexamer cDNA, and specific B3/F3 cDNA. This time, the LAMP master mix included 

SYBR® green (Invitrogen, USA). The three different templates were synthesised  from samples 

1, 2 and 3 that had been selected randomly to avoid sample bias. Using the three different 

templates from the three different samples, the results showed that the best template to use to 

obtain optimum LAMP results was cDNA that was synthesised using F3 and B3 LAMP specific 
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primers. These results are presented in Figure 4.6, Figure 4.7, and Figure 4.8. These figures also 

show that the cDNA that was synthesised using B3 and F3 LAMP specific primers was always 

detected earlier than the other templates. This was consistent with theoretical expectations, given 

that the cDNA synthesis in the case of F3/B3 primers had already been selected for the desired 

template rather than random production of complementary RNA. Furthermore, cDNA would be 

considerably more stable than RNA as a template.  

4.2.3 cDNA synthesised with Matrix specific primers is the best template for obtaining 

optimum LAMP results 

 

Sample Name Cq/Ct Call 

A: RNA 17.67 Positive 

B: Random primer Cdna 12.06 Positive 

C: F3B3 LAMP primer 
cDNA 10.51 Positive 

D: Negative control - Negative 

 

Figure 4.6: H5N1 inactivated antigen: ANHUI/1/2005 (H5N1) IBCDC - RG-6 07/290 (sample 

1) processed in different ways to improve the sensitivity of LAMP. 4.6(A): Real-time LAMP 

results of samples A, B, C, and D, 4.6(B): LAMP results of samples A, B, C, and D resolved 

on 1% agarose gel, 4.6(C): Table showing the times (Cq/Ct) at which the samples were 

detected  

 

C 
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Sample Name Cq/Ct Call 

A:  RNA 14.27 Positive 

B: Random primer cDNA 11.16 Positive 

C: F3B3 LAMP primer 
cDNA 8.5 Positive 

D: Negative control - Negative 

 

Figure 4.7: H5N1 inactivated antigen: A/Cambodia/R040505/2007 (H5N1) NIBRG-88 

(Sample 2) processed in different ways to improve the sensitivity of LAMP. 4.7(A): Real-

time LAMP results of samples A, B, C, and D, 4.7(B): LAMP results of samples A, B, C, and 

D resolved on 1% agarose gel, 4.7(C): Table showing the times (Cq/Ct) at which the 

samples were detected   
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Sample Name Cq/Ct Call 

A: RNA 17.75 Positive 

B: Random primer 
cDNA 15.48 Positive 

C: F3B3 cDNA 13.53 Positive 

D: Negative control - Negative 

 

Figure 4.8: H5N1 A/mallard/Italy/3401/05 (sample 3) processed in different ways to improve 

the sensitivity of LAMP. 4.8(A): Real-time LAMP results of samples A, B, C, and D. 4.8(B): 

LAMP results of samples A, B, C, and D resolved on 1% agarose gel, 4.8(C): Table showing 

the times (Cq/Ct) at which the samples were detected 

4.2.4 Concentrations of the cDNA synthesised for all samples using the Matrix specific 

primers 

The synthesised cDNA concentrations were in the range 1.61 x 104 to 2.22 x 104 ng/mL. These 

concentrations were above the conventional LAMP starting concentration for DNA which is 

usually at less than 100fg/µL (Pham et al., 2005; Peng et al., 2011; Xie et al., 2013; Abbasi et al., 

2016). This meant that the template preparation method would yield acceptable concentrations 

for the LAMP method. 

 

 

C 



 

70 

Table 4.2: cDNA concentrations quantified using the Qubit® 2.0 Fluorometer (Life 

Technologies, Singapore) and Qubit® double stranded DNA (dsDNA) high 

sensitivity kit (Life Technologies, USA)  

Sample Numbering 

cDNA 
concentration 

(ng/mL) 

H5N1 inactivated antigen: ANHUI/1/2005 (H5N1) IBCDC - 
RG-6 07/290 1 2.19 x 104 

H5N1 inactivated antigen: A/Cambodia/R040505/2007 
(H5N1) NIBRG-88 2 2.22 x 104 

H5N1 A/mallard/Italy/3401/05 3 2.01 x 104 

H5N1 A/turkey/Turkey/1/05 4 1.96 x 104 

H5N2 A/turkey/Italy/80 5 1.86 x 104 

H5N2 A/turkey/Italy/1258/V05 6 1.81 x 104 

H5N3 A/duck/Italy/775/04 7 1.93 x 104 

H5N9 A/chicken/Italy/22A/98 9 1.99 x 104 

H6N8 A/turkey/Italy/4776-52/2015 10 1.94 x 104 

H7N1 inactivated antigen: AV98/00 984v00/OST/ITALY P2 11 1.93 x 104 

H7N9 inactivated antigen: A/Anhui/1/2013 (H7N9) (NIBRG-
268) 12 1.81 x 104 

H7N1 A/turkey/Italy/1067/99 13 2.05 x 104 

H7N1 A/starling/Africa/983/79 14 1.78 x 104 

H7N3 A/turkey/Italy/9289/02 15 1.61 x 104 

H7N4 A/mallard/Italy/4810-79/04 16 1.76 x 104 

H7N7 A/macaw/England/626/80 17 1.78 x 104 

H8N4 A/turkey/Ontario/6118/68 18 1.76 x 104 

H9N2 A/mallard/Italy73817-34/05 19 1.93 x 104 

A/Turkey/Canada H6N8 NOV84 20 1.93 x 104 

A/Chick/Scotland/59 H5N1 A/S 7/89 21 1.94 x 104 

NCDV 22 1.89 x 104 

 

4.2.5 AI detection by targeting the Matrix gene 

The real-time LAMP assay was performed in a final volume of 25µL (equivalent to 3ng/µL – 

4ng/µL final template concentration per reaction) at 65⁰C for 30 min on the Roche light cycler. 

Specific B3/F3-derived cDNAs synthesised as described in section 4.2.4 (Table 4.2) were used 

as templates for each reaction. Figure 4.9A shows real-time detection of 20 AI samples and two 

negative controls (NCDV and water) using the LAMP method on the Roche thermo cycler with 

SYBR® green as a detection dye. The real-time LAMP results showed that all the samples were 

amplified while the negative controls remained negative, as was expected. The detected samples 

did, however, show a variety of patterns. Other samples were detected much earlier  in less than 

18 min, and these are shown in Figure 4.9A panel 1. This was indicative of higher concentrations 
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of starting template and/or better complementarity with the primers used. Others were detected 

later, after 21 min. These are also shown in Figure 4.9A panel 2. The amplified products were 

resolved on a 1% agarose gel stained with ethidium bromide to confirm the real-time LAMP 

results. The stained agarose gel results (Figure 4.9B) also showed that all the tested samples, 

except samples 12 (H7N9), 2 (H6N8), 21 (H5N1), and the negative controls (22: NCDV and water) 

were true positives. The false positive samples, 12 (H7N9), 2 (H6N8), 21 (H5N1), and the 

negative controls (22: NCDV and water) appeared as though they were amplified on the real-time 

amplification graphs due to non-specific amplification which is usually detected on a real-time 

instrument when a non-specific dye such as SYBR green is used in an amplification reaction.  

The threshold (Cq/Ct) values in Figure 4.9C show how quickly the samples were amplified in 

terms of assay time. All the true positives were detected in less than 16 min. This then relates to 

the suitability of the designed primers and related oligonucleotides against the available samples. 

This result illustrates that the primers, with their degenerate nucleotide substitutions to 

compensate for minor variations among various AI subtypes, did work. The prominent laddering 

pattern on the agarose gel that is visible in Figure 4.9B and the threshold levels shown in Figure 

4.9A account for this success. It can therefore be concluded that the design of the relevant primers 

and probes, as well as the optimum template processing described earlier, was efficacious.   
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Figure 4.9: Screening of AI viruses using LAMP. Figure 4.9A shows the real-time sigmoidal graphs of the LAMP products. Figure 4.9B 

shows the LAMP products that ran on a 1% agarose gel. M: 1Kb DNA molecular marker. 1-22: Samples listed in Table 4.2 and C: Negative 

control. Figure 4.9C shows the times at which the samples were detected.
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4.2.6 The H5 subtype specific detection 

Once an area has been defined as AI positive, it is always important to determine whether the AI 

viruses circulating in that area are highly pathogenic or not. This is an important consideration 

that the authorities tasked with reporting and notifying the OIE have to be sure of. It is therefore 

critical to have an assay that will indicate the pathogenicity of the strain based on hemagglutinin 

known gene classification. To this end, primers targeting the hemagglutinin gene specific for H5 

subtypes were designed and tested. To determine whether the designed H5 LAMP primer set 

was specific for H5 influenza virus amplification, the primers were tested on 20 AI viruses of 

different subtypes as shown in Table 4.2. Two negative controls (NCDV and water) were also 

included. The LAMP reactions were examined by real-time fluorescence detection and by 

agarose gel stained with ethidium bromide. The H5 specific primer set used for the RT-LAMP 

amplified only the H5 influenza virus subtypes (Figure 4.10A and Figure 4.10C). None of the non-

specific amplification products were observed, as shown in Figure 4.10A and Figure 4.10C. To 

confirm the amplified LAMP products’ specificities, ethidium bromide stained 1% agarose gel was 

used. Figure 4.10B shows visibly distinct ladder-like patterns for the amplified H5 influenza virus 

subtypes. Similar to the real-time sigmoidal graph, non-specific amplification products were not 

observed. Figure 4.10C shows just how quickly the H5 samples were detected. The specific H5 

samples were all detected as positive in less than 21 min, while the samples that were not H5 

serotypes showed as negative, as did the negative controls as (Figure 4.10).  

This result has two important implications. First, it is important to note that not only avian AI can 

test positive for the Matrix gene, but that most influenza A viruses will. However, to have a positive 

H5 profile and be accepted as AI H5 subtype, both the Matrix gene-based LAMP assay and the 

H5 assay should be positive. This then gives the assurance that one will not end up with false 

negatives or false positives. Although the complementarity of the H5 primers for the LAMP assay 

seemed to be less effective compared to the Matrix gene-based assay (16 min vs 21 min), this 

will still be good enough in an outbreak situation because H5 assay will be the secondary test 

after Matrix gene assay. It can therefore be concluded that the design for H5 specific degenerate 

primers and probes is sufficiently applicable for use in samples such as the ones used in the 

study. 
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Figure 4.10: Testing the specificity of the H5 detection assay. Figure 4.10A shows a real-time LAMP graph of samples amplified and 

labelled with specific numbers for identification. Figure 4.10B indicates the 1% agarose gel products with corresponding lanes indicating 

the sample number.  Lane M: 1Kb DNA molecular marker, 1-22: Samples listed in Table 4.2, and C: Negative control. Figure 4.10C: Table 

showing the threshold values and result type with numbering corresponding to panel A and B. 
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4.2.7 The H7 subtype specific detection 

Similar to the H5 AI viruses described in the previous section, the H7 AI viruses are also known 

for their high pathogenicity in poultry. Therefore, to determine whether an area is free from H7 AI 

subtypes, an H7 specific assay was designed. The cross reactivity of the H7 subtyping primer 

sets was assessed on the available 20 AI viruses of different subtypes listed and negative controls 

(NCDV and water) (Table 4.2). The H7 specific primer sets amplified all the H7 influenza viruses 

but did not amplify any other subtype (Figure 4.11A and Figure 4.11C). The H7 primer set did 

weakly amplify samples 4 (H5N1), 18 (H8N4), and 19 (H9N2), as shown in Figure 4.11B. This 

should not happen if the primers are properly designed to fit only H7 amplification. However, the 

non-specific or cross-reactive amplified products were clearly distinguishable from the H7 

amplified products by agarose-gel electrophoresis and by the Cq values in Figure 4.11C. This is 

important considering that the agarose gel pattern of the false positives can be distinguished as 

smears rather than a laddering pattern consistent with LAMP amplification. One can easily 

distinguish the false positives from the true positives by looking at the gel fragment patterns in 

Figure 4.11 panel B. Furthermore, these false positives tended to amplify only after 25 min of the 

30-min test run. It is therefore possible to eliminate them by running only a 25-min cycle or by 

rerunning the samples that indicate a positive outcome after 25 min of the test run. Alternatively, 

the samples that are positive after 25 min may be run on a 1% agarose gel to determine the 

laddering pattern. Depending on the instrument used to run the assay, a follow-up melting curve 

could be run to determine the nature of the positive run. If a different pattern to the validated one 

is produced, the sample can safely be reallocated as negative. The NCDV sample, together with 

the negative water control, was not amplified by the H7 specific primer set. One can therefore 

conclude that the primers were specific for H7 subtypes and the fact that the cycles were positive 

in as early as 4 min indicates that this is an overly suitably sensitive test for H7 detection.
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Figure 4.11: Testing the specificity of the H7 detection assay. Figure 4.11A shows a real-time LAMP graph of samples amplified and 

labelled with specific numbers for identification. Figure 4.11B indicates the 1% agarose gel products with corresponding lanes indicating 

the sample number.  Lane M: 1Kb DNA molecular marker, 1-22: Samples listed in Table 4.2, and C: Negative control. Figure 4.11C: Table 

showing the threshold values and result type with numbering corresponding to panel A and B.
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4.2.8 Summary of the RT-LAMP results 

In summary, the RT-LAMP for the Matrix gene amplification in all the AI samples was able to 

detect most of the AI samples tested, except for samples 12 (H7N9), 20 (H6N8), and 21 (H5N1) 

that are highlighted in red in Table 4.3. The reason for the non-detection of these samples could 

be attributed to the fact that the sequences of these samples varied significantly with the samples 

that were detected, which of course would explain why the Matrix primers were not able to amplify 

these samples in the LAMP assay. Another reason could simply be that these three samples were 

not avian at all. Non-avian influenza samples, NCDV and negative control samples tested 

negative with the RT-LAMP for the Matrix gene amplification.  

The H5 RT-LAMP assay detected all the H5 subtypes, except for sample 21 (highlighted in red in 

Table 4.3). This assay did not amplify the other subtypes, including the negative controls (NCDV 

and water). The H7-specific LAMP assay detected all H7 subtypes, except for sample 12 (H7N9) 

which is highlighted in red in Table 4.3. There seemed to be some non-specific amplification in 

the H7 assay on other subtypes which was only detected late according to the Cq values and also 

as viewed on the agarose gel (highlighted in grey in Table 4.3). 
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Table 4.3: Summary of the RT-LAMP assays for the detection of avian influenza viruses 

(Matrix gene, H5 and H7 detection). (+): shows that the sample is positive for 

either the H5 or H7 subtype, (-): shows that the sample is negative for either 

the AI (Matrix gene), H5 or H7. Not applicable (N/A) means that the sample was 

not tested using that particular method. 

 

Some of the samples were not detected by all the designed RT-LAMP assays as is evident in 

Table 4.3. These samples were 12 (H7N9), 20 (H6N8), and 21 (H5N1), which could not be 

detected by the Matrix specific RT-LAMP and the H5 or H7 specific RT-LAMP assays.  In this 

particular investigation, these samples were tested using the OIE approved RT-PCR for AI 

detection. This assay uses a probe that always shows a true positive on the real-time graphs. 

Sample 1 (H5N1), which was detected in both the Matrix-specific RT-LAMP and the H5 specific 

RT-LAMP, was used as a positive control in the RT-PCR confirmation test. Sample 1 (H5N1) was 

successfully amplified by the OIE approved RT-PCR assay, while the other three samples tested 

(sample 12, 20 and 21) were not successfully amplified, as shown in Figure 4.12. These results 

correlated with all the RT-LAMP assay results. This means that the LAMP assay is comparable 

with the OIE recommended RT-PCR assay in terms of the specificity of sample detection. All the 

samples detected on the OIE primer panel were also detectable on the LAMP assay. 

H5 H7 Matrix H5 H7 Matrix

H5N1 inactivated antigen: ANHUI/1/2005 (H5N1) IBCDC - RG-6 07/290 1 + - + + - +

H5N1 inactivated antigen: A/Cambodia/R040505/2007 (H5N1) NIBRG-88 2 + - + + - +

H5N1 A/mallard/Italy/3401/05 3 + + + + + +

H5N1 A/turkey/Turkey/1/05 4 + - + + - +

H5N2 A/turkey/Italy/80 5 + - + + + +

H5N2 A/turkey/Italy/1258/V05 6 + - + + - +

H5N3 A/duck/Italy/775/04 7 + - + + - +

H5N9 A/chicken/Italy/22A/98 9 - - + + + +

H6N8 A/turkey/Italy/4776-52/2015 10 - - + - + +

H7N1 inactivated antigen: AV98/00 984v00/OST/ITALY P2 11 - + + - + +

H7N9 inactivated antigen: A/Anhui/1/2013 (H7N9) (NIBRG-268) 12 - - - - - -

H7N1 A/turkey/Italy/1067/99 13 - + + - + +

H7N1 A/starling/Africa/983/79 14 - + + - + +

H7N3 A/turkey/Italy/9289/02 15 - + + - + +

H7N4 A/mallard/Italy/4810-79/04 16 - + + - + +

H7N7 A/macaw/England/626/80 17 - + + - + +

H8N4 A/turkey/Ontario/6118/68 18 - - + - + +

H9N2 A/mallard/Italy73817-34/05 19 - - + - - +

A/Turkey/Canada H6N8 NOV84 20 - - - - - -

A/Chick/Scotland/59 H5N1 A/S 7/89 21 - - - - - -

New castle disease virus 22 - - + - - +

HP-H5N2 (11060333C) A N/A N/A + N/A N/A +

LP-H5N2 (12060229) B N/A N/A + N/A N/A +

LP-H7N1 (12080123A) C N/A N/A + N/A N/A +

SAMPLE Labelling

Real time graphs Agarose gels
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Figure 4.12: Verification of the RT-LAMP non-detected samples (12-H7N9, 20-H6N8 and 

21-H5N1) as avian influenza or not, using the OIE approved RT-PCR detection method for 

avian influenza. Figure 4.12A shows a real-time PCR graph of samples tested. 4.12B: Table 

shows the Cq values and explanations of results indicated in Figure 4.12A. 

4.2.9 LAMP vs PCR sensitivity 

If one has to use a POC assay, it does have to be sensitive enough so that the advent of false 

negatives is reduced. It is always important when performing an assay to know what the virus 

detection limits of that assay are. In that way, it is possible to determine what levels of virus 

shedding from the host are required before the assay is able to detect the virus. To determine this 

aspect, a series of sample 4 (H5N1) cDNA 10-fold dilutions ranging from 10-1 to 10-9 was used to 

analyse the sensitivity of the RT-LAMP and the conventional real-time PCR (using F3 and B3 

primers). Although the F3/B3 primers are not designed for PCR, it was important to use the same 

primers so that a better sensitivity comparison could be conducted. This means that the same 

gene, the same region, and the same size fragment amplification from both instruments and 

methods could be compared. The Matrix-specific RT-LAMP was used as it would cover most 

samples and therefore reduce bias. The detection limit for the RT-LAMP was  10-4 dilution factor 

(Figure 4.13A and Figure 4.13B), while for the RT-PCR it was 10-7, as shown in Figure 4.13C and 

Figure 4.13D. These results show that the conventional RT-PCR is at least 1 000 times more 

sensitive than the RT-LAMP. The RT-PCR, however, also showed some non-specific 

amplification of the 10-8 to 10-9 dilutions as well as of the negative water control (Figure 4.13C). 

Again, this was attributed to the fact that SYBR green, which is a non-specific detection dye, was 

used in this experiment. This was fortunately controlled by the agarose gel results that showed 

the correct amplified products (Figure 4.13D). These results tend to favour the usage of PCR real-

time protocols for AI detection using the Matrix gene. In other words, one would get better 

sensitivity when using PCR than when using LAMP assay. However, at the point-of-care, PCR 

protocols are not applicable for use. Even though the LAMP assay is less sensitive than the PCR 
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assay in the field, it is still significantly high enough to detect AI positive samples given the amount 

of shedding known to be in the collected samples from an active field outbreak. The samples 

labelled A, B and C in Table 4.3 are representative field samples that were kindly donated for this 

study by the Elsenburg veterinary laboratory in Stellenbosch owned by Ms Pieterse. To control 

for instrument variations, the Roche thermocycler was used for both tests even though it is not 

the instrument of choice for POC field detection. 
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Figure 4.13: The sensitivity of LAMP in comparison to real-time PCR. Ten-fold serial 

dilutions of H5N1 A/turkey/Turkey/1/05 (concentration: 1.96 x 104 ng/mL) from 10-1 to 10-9 

were prepared and tested using both these methods. Figure 4.13A shows a graph for real-

time LAMP assay. The products were run on a 1% agarose gel electrophoresis (Figure 

4.13B). Figure 4.13A: 1-9 shows amplification products for dilutions 10-1 to 10-9 and 

negative control.  Figure 4.13B: M: 1Kb DNA molecular marker, 1-9: 10-1 to 10-9 H5N1 

A/turkey/Turkey/1/05 dilutions, C: Negative control. Figure 4.13C shows a graph for real-

time PCR assay. The products were run on a 1% agarose gel electrophoresis as shown in 

Figure 4.13D. Figure 4.13D: amplification products for dilutions 10-1 to 10-9 and a negative 

control. Figure 4.13D: M: 1Kb DNA molecular marker, 1-9: 10-1 to 10-9 H5N1 

A/turkey/Turkey/1/05 dilutions, C: Negative control. 

4.3 POC RT-LAMP for AI detection using the Axxin T16 isothermal instrument  

As the main purpose for the design of the RT-LAMP assay was testing it for use at the point-of-

care, the Axxin T16 isothermal instrument, which was designed for use at the point-of-care, was 

used to test some of the samples that were tested in a laboratory using the Roche thermo cycler. 

The Matrix-specific LAMP assay was again used to represent the H5 and H7 specific RT-LAMP 

assays. The Matrix-specific LAMP assay protocol was followed as before. The samples that were 

tested were samples 1 (H5N1), 2 (H5N1), 4 (H5N1) and 5 (H5N2), which were randomly chosen. 
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The Axxin T16 isothermal instrument displayed amplification signals in real time. All the samples 

tested positive, as shown in Figure 4.14. The detection of all these samples occurred in less than 

15 min (Figure 4.14A and Figure 4.14B). The positive RT-LAMP products still showed a ladder-

like pattern similar to the initial results when the Roche thermo cycler (Figure 4.14C) was used. 

The negative water control did not amplify, as was expected. The results are shown in Figure 

4.14. 

The advantage of the T16 Axxin LAMP instrument is that it can plot the graphs as fluorescence 

versus time, which allows one to see the real-time amplification (Figure 4.14 A). It can also plot 

the data as a second derivative versus time (Figure 4.14B). This second feature allows one to 

determine the unambiguous, exact point of amplification without necessarily having to contend 

with possible high background fluorescence values that may be introduced by pipetting variations. 

Furthermore, the instrument is light weight and can be battery operated, which makes it ideal for 

field usage. The adaptation of the assay to the Axxin T16 instrument makes the possibility of 

point-of-care detection for AI outbreaks highly feasible.
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Figure 4.14: POC validation of the Axxin T16 isothermal instrument. Figure 4.14A shows the results of some of the samples (samples 1 

(H5N1), 2 (H5N1), 4 (H5N1), and 5 (H5N2) from Table 4.2 which were tested in the field. Figure 4.14B shows the second derivatives of the 

sigmoidal graphs obtained in Figure 4.14A. Figure 4.14C shows the LAMP products that ran on a 1% agarose gel electrophoresis.
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CHAPTER 5 

EXPRESSION OF NON-REPLICABLE ADENOVIRUS VECTORS IN 

293T, CHICKEN EMBRYO FIBROBLASTS, AND VERO CELLS: 

RESULTS AND DISCUSSION 

5.1 Introduction 

Vaccination still remains the primary and most effective strategy for the prevention and 

management of AI. Current licensed influenza vaccines are manufactured using embryonated 

chicken eggs according to a production system that was first used in the 1940s (Partridge and 

Kieny, 2011; Miliän and Kamen, 2015). This production system is not only labour intensive but 

also has other major drawbacks. For instance, in a pandemic the egg-based production system 

might not work due to the unavailability of eggs. Moreover, some virus subtypes, such as the 

H3N2, grow poorly in embryonated chicken eggs while others, including the HPAI subtype H5N1, 

have been shown to be lethal to chicken embryos, thus causing a production of low viral titres (Lu 

et al., 2005; Horimoto et al., 2006; Donis, 2014). Due to an increased demand for vaccines against 

influenza in birds and poultry, new manufacturing strategies have been introduced. The most 

highly favoured strategy is the use of cell culture for the production of vaccines. The first reason 

for this is that cell lines can be stored for future use, unlike egg-based methods that always have 

to be started from scratch. Secondly, in contrast to the egg-based production method, the cell-

based production method can produce higher quantities of vaccines in a shorter space of time 

(Dormitzer et al., 2012; Wong and Webby, 2013; Hilleringmann et al., 2014; Miliän and Kamen, 

2015). Thirdly, viruses produced in cell cultures are quite similar to field strains, unlike viruses 

produced in eggs that might undergo antigenic changes (Hardy et al, 1995; Robertson et al., 

1995; Robertson et al., 1987; Donis, 2014). Lastly, cell-based production methods can be used 

for the preparation of viral seeds, thus avoiding the long process required for the egg-based 

method (Miliän and Kamen, 2015). Several mammalian cells have been successfully assessed 

for the production of influenza vaccines, which include monkey kidney cells (Vero) (Kistner et al., 

1998; Youil et al., 2004), human embryonic retinal cells (PER.C6) (Pau et al., 2001), Madin Darbi 

canine kidney cells (MDCK) (Rimmelzwaan et al., 1998; Voeten et al., 1999) and 293T HEK cells  

(Le Ru et al., 2010; Silva et al., 2016). 

The aim of the investigation that is discussed in this chapter was to produce a non-replicative 

Adenovirus control vector in 293T HEK cells and test the produced virus in  CEFs generated in-

house. The decision to first test the control vector was to demonstrate whether it could infect and 
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express in CEFs before designing the actual Adenovirus-based vaccine for AI prevention. This 

part of the experiment is diagrammatically shown in parts b.1 and b.2 of the protocol workflow in 

Figure 3.1 (Chapter 3). One of the main aims of the larger study was to design an Adenovirus-

based vector vaccine against AI in poultry. Testing the Adenovirus vector in  live poultry would 

have been ideal, but due to ethical requirements and regulations the Adenovirus control vector 

was tested in vitro in chicken embryo fibroblasts instead. CEFs were chosen to represent poultry 

in this study as chicken eggs are always available in all seasons and as only one fertilized egg 

would be needed for this experiment. Moreover,  chicken embryo development is fast as it takes 

between 9-11 days for the embryo to reach the desired stage for the production of fibroblasts. In 

contrast, other poultry embryos, such as ostrich embryos, take ~40 days to reach the required 

stage for use in the production of fibroblasts. Also, chicken embryo development can easily be 

monitored as chicken eggshell is thin enough to see through it using the egg candling method, 

which is a method in which a light is shone through the egg in the dark and one can then easily 

see how far the embryo has developed.  

5.2 Preparation of Chicken Embryo Fibroblasts 

5.2.1 Egg development stages  

One fertilised egg was sterilised using 70% ethanol and incubated at 37ºC in a humid incubator. 

Egg candling was done daily. Embryo development using egg candling is usually identified either 

as visible veins or by the darkening of the inside of the egg. After day 1 of incubation, the embryo 

appeared without a shadow. It was only after day 3 of incubation that the upper 1/5th of the egg 

started appearing darker. On day 4 and day 5, the shadow started getting darker. On day 6 and 

day 8, the upper dark part of the egg extended around the air sac. On day 11, the entire egg, 

except for the air sac, was darker. These stages are shown in Figure 5.1.  It is usually on the 11th 

day that an embryo is suitable for fibroblast preparation, and this was the case in this study (Figure 

5.2).
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Figure 5.1: Chicken embryo development in a fertilised egg from day 1 to day 11
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After 11 days of fertilised egg incubation, the egg was cracked open. The embryo was separated 

from the rest of the egg contents, rinsed in PBS, and placed in a sterile glass petri-dish in PBS.  

The chicken embryo was not fully differentiated. Only the eyes, beak and limbs had started to 

develop (Figure 5.2). No feathers, eyelids, or internal organs had developed yet. This was 

desirable as fibroblasts are generated from the skin cells only. Should the embryo have passed 

the stage of development as depicted in Figure 5.2 (i.e., the development of other parts of the 

body such as feathers), the types of cells produced would have been a mixed culture of 

fibroblasts, epithelial cells, and other cells. What was needed for reliable results was a pure 

culture consisting of fibroblasts only. As the desired stage of embryo development had been 

reached, fibroblasts were therefore successfully generated (Figure 5.3).   

 

Figure 5.2: An 11-day-old chicken embryo. The embryo was separated from the rest of 

the egg contents, rinsed in PBS, and placed in a sterile glass petri-dish in PBS. 

5.2.2 Chicken embryo fibroblasts viewed under the microscope 

The chicken embryo fibroblast cells were routinely cultured at 37ºC in a 5% CO2 in DMEM 

supplemented with 10% FBS and 0.05 mg Gentamicin. As the fibroblasts were still at their earliest 

stage of development, their growth rate was very high in the sense that on every third day they 

reached approximately 95% confluency. However, as the fibroblast passages went up, the growth 

rate decreased somewhat.  The medium was changed once every three days and replaced with 

a fresh one. The chicken embryo fibroblasts were sub-cultured once every five days at a 

confluency of 90%. The fibroblasts appeared to have an elongated and triangular morphology 

with shiny rings around the cell body. This is shown in Figure 5.3. 
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Figure 5.3: Passage three of chicken embryo fibroblasts at different confluence points. 

Images taken under an OLYMPUS BX53 microscope using phase contrast at 10x 

magnification. 

 

5.2.3 Amplified Adenovirus: crude virus using PCR 

 

Replication deficient Adenovirus vector (pAd/CMV/V5-GW/lacZ) was infected into 293T HEK cells 

with 100µL of the stock virus. After a complete CPE had been reached, the culture medium and 

pellet were collected and separated by centrifugation. Adenovirus DNA was extracted from the 

supernatant and PCR was performed to detect the presence of the Adenovirus produced in the 

293T cells. The expected product size of 1017bp was amplified from the Adenovirus DNA (Figure 

5.4). This indicated that the Adenovirus had successfully infected the 293T cells and was also 

replicated in the cells, thus increasing the Adenovirus titre. A high virus titre is required for infection 

of target cells in order to achieve a significant transduction efficiency. 
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Figure 5.4: Test for the presence of Adenovirus produced in 293T cells. PCR was done 

using the viral DNA of the Adenovirus produced in 293T cells. The PCR products were run 

on 1% agarose gel electrophoresis. Lane M: 1Kb plus DNA ladder (#sm1333), Lanes 1 and 

2: Crude Adenovirus supernatant PCR product, Lane 3: Negative control 

5.3 Expressions of the Adenovirus Protein 

5.3.1  Expression of the Adenovirus (pAD /CMV/V5-GW/lacZ control plasmid) protein in 

293T cells 

It was important to detect whether the desired proteins were translated, as this is the method that 

shows whether the virus multiplied within the host cell line . This part of the investigation was thus 

vital as this translation would show that the Adenovirus was able to multiply and that this method 

could be used for the future production of a desired vaccine for AI in poultry. The Adenovirus 

(pAD /CMV/V5-GW/lacZ) infected 293T cells were collected after a complete CPE had been 

formed. The lysates of both the infected and non-infected cells were sampled into SDS-PAGE 

and transferred into a nitrocellulose membrane. The protein was probed by mouse anti-V5 and 

the bound antibody was detected by goat anti-mouse IgG-HRP and visualised with the Gel DocTM 

XR + Documentation system. As depicted in Figure 5.5, four bands with a molecular weight of 

120 kDa were detected in the lysates of 293T infected by the Adenovirus (pAD /CMV/V5-

GW/lacZ), but not in non-infected cells. This is clearly visible in Figure 5.5B, demonstrating that 

the V5 protein expressed in pAD/CMV/V5-GW/lacZ was expressed correctly in 293T cells. 
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Figure 5.5: A: SDS-PAGE gel of protein extracted from 293T cells infected with Adenovirus 

vector. Lane 1: 250kDa protein ladder (Thermo Scientific). Lane 2-5: different volumes (10, 

5, 2 and 1 µL) of 293T cells’ protein infected with Adenovirus vector. Lane 6: uninfected 

293T cells’ protein. B: western blot analysis of the V5 epitope protein expressed in 

Adenovirus (pAD /CMV/V5-GW/lacZ) infected 293T cells. Lane 1: uninfected 293T cells. 

Lane 2-5: 293T cells infected with Adenovirus vector. 

5.3.2 Expression of the Adenovirus (pAD /CMV/V5-GW/lacZ control plasmid) protein in 

293T, CEFs and Vero cells using western blot analysis 

Western blot analysis was conducted in a similar way as described in section 5.3. After three days 

of incubation, the Adenovirus (pAD /CMV/V5-GW/lacZ) infected 293T cells, Vero cells and CEF 

cells were collected. The lysates were separated on SDS-PAGE, transferred to nitrocellulose 

membranes, and incubated with mouse anti-V5 followed by goat anti-mouse IgG-HRP. As is 

shown in Figure 5.5B, Adenovirus (pAD /CMV/V5-GW/lacZ) infected 293T cells highly expressed 

the V5 protein compared to the Adenovirus (pAD /CMV/V5-GW/lacZ) infected Vero cells, which 

showed no expression of the V5 at all (Figure 5.6B). The CEFs, on the other hand, did show an 

expression of the V5 protein, but it appeared to be weak (Figure 5.6B). These results were 

expected as there was no sign of CPE in either the Vero cells or the CEFs during the incubation 

period, thus indicating that there was no virus replication in these cells. The E1 gene of the 

Adenovirus is responsible for the Adenovirus replication in mammalian cells. However, this gene 
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was removed from the Adenovirus (pAD/CMV/V5-GW/lacZ) used in this study, thus making it 

replication deficient (Gao et al., 2006; Jones et al., 2011; Silva et al., 2016). The absence of viral 

replication was due to the E1 gene which was not expressed in either the Vero cells or the CEFs. 

In the 293T cells, however, the E1 gene was expressed in the genome, which explained why the 

CPE occurred 48 hours post infection and became nearly complete after 72 hours. The high 

expression of the V5 protein in the infected 293T cells also indicated that the E1 gene was 

expressed in the 293T genome. Even though the V5 expression in CEFs was weak, it still 

suggests that chicken embryo fibroblasts can be used as Adenovirus cargoes for immunisation 

purposes. No V5 expression was detected in cells not infected with the Adenovirus (pAD 

/CMV/V5-GW/lacZ), as is evident in Figure 5.6B. 
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Figure 5.6: A: SDS-PAGE gel of protein extracted from various cell lines and infected and 

uninfected with Adenovirus vector (pAD /CMV/V5-GW/lacZ). Lane M: 250kDa protein ladder 

(Thermo Scientific). Lane 1: Adenovirus protein positive control. Lane 2: 293T cells’ protein 

infected with Adenovirus vector. Lane 3: 293T cells’ protein uninfected. Lane 4: Vero cells 

infected with Adenovirus. Lane 5: Vero cells uninfected. Lane 6: CEFs infected with 

Adenovirus vector. Lane 7: CEFs uninfected. B: western blot analysis of the V5 epitope 

protein expressed in Adenovirus (pAD /CMV/V5-GW/lacZ) infected 293T cells, Vero cells, 

and CEFs. Lane 1: Adenovirus protein positive control. Lane 2: 293T cells’ protein infected 

with Adenovirus vector. Lane 3: 293T cells’ protein uninfected. Lane 4: Vero cells infected 

with Adenovirus. Lane 5: Vero cells uninfected. Lane 6: CEF cells infected with Adenovirus 

vector. Lane 8: CEFs uninfected. 
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CHAPTER 6 

RESULTS AND DISCUSSION: EXPRESSION OF NON-REPLICATIVE, 

RECOMBINANT ADENOVIRUS VECTOR EXPRESSING THE NCDV 

MATRIX GENE IN CHICKEN EMBRYO FIBROBLASTS 

6.1 Introduction 

 

It was demonstrated in Chapter 5 that the Adenovirus vector undoubtedly infected and expressed 

in CEFs. This finding positively supports the argument that the vector could be used as a 

functional delivery system  in poultry. Therefore, one could confidently design a vaccine using the 

same Adenovirus vector as a delivery system in poultry. However, the regulatory framework in 

South Africa does not allow scientific experimentation using live birds for the purpose of vaccine 

design to curb and ultimately eradicate avian influenza. To do this work and still fall within the 

permitted regulations, a virus close to AI had to be identified and targeted. The closest virus for 

which such work is allowed is NCDV, which was thus targeted in this study.  

The broader study attempted to answer two questions:  

1. Is it possible to significantly reduce the time period that it takes to detect conclusively that a 

viral outbreak occurred in livestock, specifically in poultry?  

2. How effectively can one design and propagate a vaccine as soon as an outbreak has been 

detected in a manner that will permit targeting and eradicating a specific viral outbreak in 

poultry?  

The discussion in the section below attempts to answer the second question. In the sections that 

follow, an attempt is made to show the effectiveness of the proposed protocol for vaccine design 

to combat AI in poultry (see step b.3 in the workflow diagram, Figure 3.1). 

 

6.2 Authentication of the NCDV Samples for Desired Gene Selection before Cloning 

 

Before one proceeds to insert/clone a gene of interest for vaccine design, one needs to verify the 

authenticity of the gene function, its nucleotide sequence, and its possible suitability for eliciting 

the expected immunological response once cloned into the vector of choice. For this reason, RNA 

was extracted from samples H3090/11 and H3343/11 containing the NCDV from an outbreak at 

a commercial farming operation.  
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The inactivated specimens were generously donated for research purposes by the Rainbow 

farms.  Using OIE approved NCDV detection PCR primers, PCR was performed to confirm the 

identity of the virus. The amplification results are presented in Figure 6.1, and these indicate that 

approximately 120bp PCR product was successfully amplified. This expected size fragment 

confirms that the samples actually contained NCDV as reported.  

For subsequent experiments, both the H3090/11 and H3343/11 samples were utilised for 

downstream experiments. 

 

Figure 6.1: PCR products for NCDV samples (H3090/11 and H3343/11). M: low range DNA 

ladder (Thermo Scientific # SM1193). 1: H3090/11, 2: H3343/11, 3: Negative control 

A verification process was followed to confirm that the samples contained NCDV. The gene of 

interest in this case was the Matrix gene. The reason for the selection of this gene was  the Matrix 

protein product’s structural arrangement of the outer shell of the NCDV particle.  This arrangement 

is very similar to that of the AI Matrix gene. Moreover, the protein domains of the two viruses are 

also largely similar. To verify and compute the nucleotide sequence of the NCDV Matrix gene, 

total genomic DNA from sample H3090/11 was sequenced in-house using the PGM next 

generation sequencer procured from Thermo. 

To elicit the desired immunological response − or at least to target the desired immunological 

response − the correct Matrix gene protein product should fold as expected in its native viral state. 

Furthermore, the sections/motifs that are generally exposed to elicit immunological response 

should be included in the cloning exercise.  

Not knowing the exact sections responsible for this part on the Matrix gene, it was critical that as 

much as possible of the Matrix gene was incorporated into the cloning vector. In that way the 

possibility that the cloned gene would not elicit the immunological response, or that it would elicit 
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a different response, was minimised. However, only when challenge studies have been performed 

on live animals shall we be certain whether the desired immunological protection is conferred 

using this approach. This was however not the main thrust of the study and ethical approval for 

clinical challenge studies was never sought. For this reason, and to remain within all ethical 

parameters, the Matrix gene was obtained from sequencing the NCDV H3090/11 to design 

primers specific for this gene. Ten primer sets were generated that were specific to the input 

template. Of these 10 sets that were generated with different overlapping sizes, 12 primers were 

grouped together, aiming to put them into sets from which to choose a set that would amplify the 

largest fragment for later use for cloning into a vaccine vector. In total, 6 sets were grouped 

together, as was indicated in section 3.6.2.1. These 6 grouped sets were tested in PCR using the 

cDNAs of the NCDV. The results are shown in Figure 6.2. Of the two samples that were tested 

(sample A H309011 and B H3343/11), sample A was always detected, and the primer sets always 

appeared to be specific to this sample. This made sense because the primer design was 

performed using the sequence of sample A. Set 5 MF8A forward primer (5’- 

ATAGGATCCAGCGCCTTGAC-3’) and MR5 reverse primer (5’-GTATTTGGCAAGGG TGTGCC-

3’) amplified the largest fragment of 956bp in sample H3090/11, as shown in Figure 6.2. The 

purified chosen fragment is depicted in Figure 6.3. This set of primers and the amplified fragment 

were then chosen for use in the cloning experiments to develop a vector vaccine. 
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Figure 6.2: PCR products of the NCDV Matrix gene of the H3090/11 and H3343/11 samples 

using 6 different designed primer sets. M1: 1Kb plus DNA ladder (Fermentas, #sm0311). 

A: NCDV sample H3090/11, B: NCDV sample H3343/11, C: Negative control, M2: low range 

DNA ladder (Thermo Scientific, #sm1193). Set 1: MF1A forward primer and MR1A reverse 

primer, Set 2: MF1A forward primer and MR5 reverse prime, Set 3: MF1A forward primer 

and MR6 reverse primer, Set 4: MF8A forward primer and MR1A reverse primer, Set 5: 

MF8A forward primer and MR5 reverse primer, Set 6: MF8A forward primer and MR6 

reverse primer. The primer sequences are presented  in section 4.5.1 (Table 4.4).    

 

Figure 6.3: Purified PCR product of a NCDV H3090/11 amplified using set 5 of the Matrix 

specific gene. M: 1Kb plus DNA ladder, 1: gel purified Matrix gene PCR product, 2: Negative 

control (gel with no PCR product gene purified) 
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6.3 Primary Cloning of the Gene of Interest as a Step in Devising a Vaccine Model  

 

The purified PCR product (see section 6.2) was amplified using cloning primers to produce a blunt 

end PCR product. Such primers are designed in a manner that includes digestion enzyme sites 

so that they are able to facilitate integration of the gene of choice into the donor vector 

directionally. The amplification was successful, resulting in the expected 956bp PCR product 

(Figure 6.4). The primers used for this purpose were designed with overhangs on either side of 

the amplified fragment. The necessary sticky ends were introduced by adding the CACC 

sequence at the 5’ end of the forward primer. The successful amplification (Figure 6.4) therefore 

confirms that the overhangs were successfully introduced on the Matrix gene PCR product, thus 

rendering this product ready for cloning into the pENTRTM/D-TOPO® vector. 

 

 

Figure 6.4: PCR products of the Matrix gene with the added overhangs/blunt end PCR 

products using the designed cloning primers. M: 1Kb plus DNA ladder (Fermentas, 

#sm0311), 1-3: Blunt end NCDV Matrix gene PCR products, 4-6: Negative control 

The blunt end PCR products were purified from the gel and directionally cloned into the 

pENTRTM/D-TOPO® vector, which is a donor/intermediate vector. Purification was necessary to 

increase the efficiency of cloning. To confirm that the Matrix gene was successfully cloned in the 

vector, amplification using set 5 (MF8A and MR5) PCR primers was performed using PCR. Once 

again, the amplification of the NCDV Matrix gene was successful, indicating the presence of the 

NCDV Matrix gene within the pENTRTM/D-TOPO® vector (Figure 6.5). 
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Figure 6.5: PCR products of the NCDV Matrix gene cloned into the pENTRTM/D-TOPO® 

vector. M: 1Kb plus DNA ladder (Thermo scientific, #SM1333), 1: NCDV Matrix gene PCR 

product, 2: Negative control  

6.4  Secondary NCDV Matrix Gene Cloning through Homologous Recombination into 

pAD/CMV/V5-DESTTM 

 

For a vaccine to be effective in combating poultry viral outbreak it needs to be propagated in a 

vector that is known to be compatible with the species of interest. Therefore, as the Adenoviral 

vector has been successfully utilised in chickens (Gao et al., 2006; Toro and Tang, 2009; Singh 

et al., 2010; Baron et al., 2018), it was selected for this study. However, this vector has never 

been licensed for commercial application and therefore it is mainly used as a research tool. Other 

vectors will have to be investigated in the same manner if possible, commercialisation is to be 

pursued.  

To create an expression clone (Adenovirus vector expressing the NCDV Matrix gene), an LR 

recombination reaction using the attL-containing entry clone (pENTRTM/D-TOPO®) expressing 

the NCDV Matrix gene and the attR containing the destination vector (pAD/CMV/V5-DESTTM) was 

performed. Once homologous recombination had been completed, the purified plasmid DNA was 

tested using PCR to confirm the success or failure of the process. To confirm the presence of the 

gene of interest in the final vector, one needs to use one primer that is specific for the gene of 

interest, which was the NCDV Matrix gene in this case. Secondly, a primer specific for the vector 

should be used as well, as in that way the amplified product will include the actual inserted gene 

as well as part of the original vector, thus amplification will confirm cloning success as well as the 

correct directional cloning.  
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For this reason, the sets of primers selected for this purpose were the Matrix gene reverse primer 

(MR5) and the Adenovirus forward primer attaching to the T7 promoter of the vector. The 

compatibility of the melting temperature of the primers was critical to encourage specific fragment 

amplification. Furthermore, seeing that the expected fragment was over 1Kb in length, the choice 

of the amplification polymerase enzyme was vital. For this reason, the KAPA hotstart master mix 

was selected due to its high-fidelity property where long fragments are concerned. The 1149bp 

PCR product was detected as anticipated (Figure 6.6). This indicates that: (1) the LR 

recombination was successful; (2) the expression clone was properly constructed; and (3) the 

NCDV Matrix gene was in the correct orientation as the Matrix gene reverse primer and the 

forward primer attaching to the T7 promoter of the vector were used. 

 

Figure 6.6: Image depicting 1% agarose gel electrophoresis of the PCR products of the 

NCDV Matrix gene. M: 1Kb plus DNA ladder (Thermo Scientific, # sm1333). 1: PCR product 

of the NCDV Matrix gene plus part of the T7 promoter of the Adenovirus vector, 2: Negative 

control 

6.5 Recombinant Virus Vaccine Confirmation and Authentication 

 

The choice of Adenovirus, which is replication deficiency, was based on two desired functions. 

First, it can be used as is without necessitating attenuation because it is unlikely to replicate 

without the necessary E1 gene factor required for its replication within the host cells. Therefore, 

vaccine design using this vector is efficient as one can control the virus concentration by 
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effectively determining the required dose during manufacture. Manufacturing literally involves 

propagating the virus in 293T cells that contain the replication factor E1 gene, which is absent in 

poultry (Bett et al., 1994; Tatsis and Ertl, 2004; Kovesdi and Hedley, 2010; Ura et al., 2014; Silva 

et al., 2016; Ma and Guan, 2018). Secondly, the vector is compatible with other formulation 

regimes that are known to further elicit and enhance immune response to the vaccine. 

6.5.1 Propagation of the Adenovirus vector pAD/CMV/V5-DESTTM expressing the NCDV 

Matrix gene 

The 293T cells were transfected with PacI digested pAD/CMV/V5-DESTTM expressing the NCDV 

Matrix gene. This was done to expose the left and right viral ITRs and to remove the bacterial 

sequences for proper packaging of the viral proteins. To show that the 80% CPE observed in the 

cells was due to the multiplication of the virus, the cells and the medium, were collected and lysed 

using the freezing/thaw method, thus leaving the viruses floating in the medium. At this point, if a 

functional virus was formed, it would indicate that the Adenovirus propagated well, hence the 

cloning of the gene of interest had not affected the function of the genes involved in the replication 

mechanism of the virus. It would therefore be necessary to verify whether the Adenovirus 

propagated included the cloned gene of interest. If it did, this would indicate successful cloning of 

the gene of interest while retaining original and full virus functionality. The viral DNA was 

subsequently extracted from the medium. PCR amplification was then performed to test whether 

the viral DNA that was extracted contained the NCDV Matrix gene using the MF8A and MR5 

Matrix specific primers. As expected, the 956bp Matrix gene was successfully amplified as shown 

in Figure 6.7A. It therefore seemed to indicate that the transfection of the secondary vector into 

293T cells and subsequent free infection of the 293T cells by packaged viruses had been 

effectively accomplished and that the viruses had successfully multiplied in the 293T cells. This 

confirmed the possibility of propagating the virus as an effective vaccine for Newcastle disease 

should the vaccine prove to be effective clinically. 

In a typical virus production facility, seed virus stocks are usually kept and used for batch 

propagation of the viral vaccine. The results stock that resulted as described above could thus 

have been used as seed stock if locked in such a bank  for speedy propagation of virus vaccine 

formulation in future production cycles.  

For actual batch production to be formulated and packaged accordingly, it was necessary to use 

virus seed stock to infect appropriate host cell lines, in this case the 293T cells. To mimic this 

process, two samples were used for comparison, namely the pure Adenovirus control with no 

inserted gene and the vector with the Matrix gene. Two petri-dishes of 293T cells were prepared. 

At 80% confluency, one dish of cells was infected with 200µL of the Adenovirus control while the 
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other dish with cells was infected with the Adenovirus with the Matrix gene. Three days later, 

100% CPE was reached in both dishes. The media were collected from both the experiment and 

control vector dishes. Adenovirus DNA was then extracted from the crude (non-purified) viruses. 

PCR was performed using the extracted viral DNA to check whether batch production had been 

successful. The Matrix gene reverse primer was used together with the T7 promoter forward 

primer. It was evident that the 1149bp Matrix gene, plus part of the T7 promoter of the Adenovirus, 

had been successfully amplified (Figure 6.7B). 

 

Figure 6.7: Images of 1% agarose gel electrophoresis. Image A:  M: 1Kb plus DNA ladder 

(Fermentas, #sm0311), 1-2: NCDV Matrix gene PCR product. 3: Negative control. B: M: 1Kb 

plus DNA ladder (Thermo Scientific, # sm1333), 1-2: PCR products of the Matrix gene plus 

a part of the T7 promoter of the Adenovirus vector, 3: Negative control 

The propagation of the virus and the subsequent amplification of the desired fragment confirmed 

two facts. First, that the virus structure was compatible with virus propagation as had been 

expected of Adenovirus within an appropriate host cell line. It further affirmed that the replicated 

Adenovirus contained the gene of interest, in this case the NCDV Matrix gene. However, whether 

the gene of interest was in effect being expressed in this process was not necessarily clear at this 

stage. It was thus argued that a protein product of the gene of interest was required to elicit 

immunological response within the target animal for which the vaccine was intended. 
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6.5.2 Next generation sequencing (NGS) for the Adenovirus vector pAD/CMV/V5-DESTTM 

expressing the NCDV Matrix gene 

To further verify that the Adenovirus propagated included the cloned gene of interest, NGS was 

performed on the viral DNA. The sequencing results that are presented in Figure 6.8 show that 

the pAD/CMV/V5-DESTTM vector on its own was 36686bp in size. During the process of 

recombination, part of the sequence from the pENTRTM/D-TOPO®, including the Matrix gene, 

replaced the region between bases 1414 and 3657, thus reducing the new designed vector to a 

smaller size of 35465bp. Figure 6.8 shows only part of the vector from 25021bp to 26220, with 

the Matrix gene inserted from 25142bp to 26048bp. This is highlighted in yellow in Figure 6.8.The 

pink highlights the DNA sequence that was transferred from the pENTRTM/D-TOPO® into the 

pAD/CMV/V5-DESTTM following LR recombination. Both the inserted Matrix gene and the 

sequence recombined in the pAD/CMV/V5-DESTTM show that the cloning process was not only 

successful, but that the Matrix gene was inserted in the correct orientation.  

The sequencing results also revealed that the V5 epitope was present in the pAD/CMV/V5-

DESTTM virus from 26,165-26,202bp (highlighted in green in Figure 6.8), while in the 

pAd/CMV/V5-GW/lacZ control vector the epitope was located from 4578-4619bp (highlighted in 

green in Figure 6.9). In both these vectors, the V5 epitope was in the correct codon frame. 
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Figure 6.8: Part of a sequence of the pAD/CMV/V5-DESTTM vector expressing the NCDV 

Matrix gene. The part of the sequence highlighted in yellow shows the Matrix gene inserted 

from 25142bp to 26048bp. The pink highlights the DNA sequence that was transferred from 

the pENTRTM/D-TOPO® into the pAD/CMV/V5-DESTTM following LR recombination 
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Figure 6.9: Part of a sequence of the pAd/CMV/V5-GW/lacZ control vector showing the 

position of the V5 epitope highlighted in green 

6.5.3 Assessing the RNA expression of the recombinant Adenovirus in 293T cells 

The 293T infected with the Adenovirus construct expressed the NCDV Matrix gene for 2, 6, 12, 

and 24 hours in separate wells. Non-infected control cells were also included in the experiments 

and RNA extraction was performed on both the infected and non-infected cells. cDNA was 

synthesised from the extracted RNA and real-time PCR (RT-PCR) was performed to test  the 

Adenovirus construct expressing the NCDV in the 293T cells. The results showed successful 

amplification of the NCDV Matrix gene plus a part of the T7 promoter of the Adenovirus vector 

(Figure 6.10). All the infected experimental cell sets that contained the viruses showed a high 

expression of the NCDV Matrix gene with an anticipated PCR product size of 1149bp. This result 

is presented in Figure 6.10 panel 4. However, the expression of the recombinant Adenovirus after 

a 2-hour infection time in 293T cells was lower than after 6 to 24 hours’ infection time. This is 

attributed to the fact that most of the cells might not yet have been infected by the virus after a 2-

hour incubation period, thus rendering the RNA expression in these cells lower in comparison to 

the other infected cells. 
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Figure 6.10: Amplification curves (Figure 6.10.1), Melting curves (Figure 6.10.2), Cq table (Figure 6.10.3), and 1% agarose gel 

electrophoresis (Figure 6.10.4) showing RT-PCR products of the recombinant Adenovirus containing the NCDV Matrix gene expressed in 

293T cells. M: 1Kb plus DNA ladder (Thermo Scientific, # sm 1333), A: 2h virus infected 293T cells, B: 6h virus infected 293T cells, C: 12h 

virus infected 293T cells, D: 24h virus infected 293T cells, E-F: non infected 293T cells
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6.6 Assessing the Functionality of the Recombinant Adenovirus Expressing the NCDV 

Matrix in CEFs 

 

6.6.1 RNA analysis of the recombinant Adenovirus vector by PCR 

The 293T host cell line has been used for years to propagate different types of Adenoviruses 

(Graham and Prevec, 1992; Choi and Chang, 2013; Silva et al, 2010; Silva et al, 2016). In the 

current study, a Life Technologies Adenovirus vector (pAD/CMV/V5-DESTTM) was manipulated 

by inserting a NCDV Matrix gene to test it as a potential vaccine for NCDV and possibly other 

chicken/poultry diseases. As a first step, the recombinant Adenovirus was propagated in 293T 

cells to increase the titre of the viruses for downstream analysis. This was followed by assessing 

the RNA  expression following infection with the vaccine model Adenovirus. The results that were 

discussed in the previous section showed that the recombinant Adenovirus that had been 

designed was expressed  at an RNA level using RT-PCR. These results also showed that the 

vaccine vector had been designed appropriately and was ready to be tested in vitro in CEFs.  

To assess the RNA expression level in CEFs, the cells were seeded on two 10cm sterile culture 

plates. Twenty-four (24) hours later, which is the maximum time that mammalian cells in general 

take to divide, one plate was infected with the recombinant Adenovirus. It was then incubated for 

four days to ensure maximum viral infection in the cells.  

Genomic DNA extraction of both the infected and non-infected cells was subsequently conducted. 

PCR was performed to test the expression of the recombinant Adenovirus in the infected CEFs. 

CEFs were used because they are the closest to a live chicken. Using a live chicken would have 

given us a true reflection, but animal trials can only be done when vaccine tests were done in vitro 

first. The reason that the expression of the Adenovirus was assessed at DNA level in CEFs is that 

the Adenovirus can only replicate in cells such as 293T cells expressing the E1 gene, which 

suggests that the expression of Adenovirus late genes is dependent upon the E1 gene. Once the 

Adenovirus is in the nucleus of the 293T cells, transcription and translation of the E1 proteins may 

be initiated, followed by the expression of the adenoviral late genes and viral replication (Graham 

and Prevec, 1992; Choi and Chang, 2013; Silva et al, 2010; Silva et al, 2016). In chicken embryo 

fibroblasts, however, the E1 gene is absent, meaning that the Adenovirus will be replication 

deficient in these cells (Graham et al, 1977; Kamen and Henry, 2004; Silva et al, 2010; Silva et 

al, 2016). Once the Adenovirus is transduced into the chicken embryo fibroblasts and is 

transported to the nucleus, it does not integrate into the genome of the fibroblasts, therefore the 

expression of the Adenovirus can only be detected by assessing the DNA expression rather than 
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the mRNA or protein expression. The Adenovirus DNA was successfully detected in the CEFs 

using PCR, and an expected band size of 1149bp was obtained (Figure 6.11). 

 

Figure 6.11: Image of 1% Agarose gel electrophoresis showing the expression of the 

Adenovirus with an inserted NCDV Matrix gene in CEFs. M: 1Kb plus DNA ladder (Thermo 

Scientific, #sm 1333), 1: PCR product of the amplified Matrix gene containing a few bases 

of the T7 promoter of the Adenovirus vector expressed in chicken embryo fibroblasts, 2: 

PCR product of non-infected chicken embryo fibroblasts (negative control) 

6.6.2 Protein analysis of the recombinant Adenovirus vector by mass spectrometry (MS) 

To aid the universal application of the designed vaccine strategy, mass spectrometry was used 

instead of western blotting to confirm the expression of the target antigen (Matrix) by the 

recombinant Adenovirus, because mass spectrometry is not dependent on the availability of 

commercial antibodies related to the antigen of interest. While mass spectrometry may not 

necessarily be cheap or readily available, such analyses can be performed by designated 

laboratories at relatively reasonable costs. The combination of accuracy and fast turnaround times 

of mass spectrometry dictates the preferential use of this strategy. Mass spectrometry confirmed 

that the CPE formed in the 293T cells was due to Adenovirus infection (see Figure 6.12, Figure 

6.13, Figure 6.14, and Table 6.1). This method also confirmed that the PCR and sequencing 

results were correct given the presence of the Matrix gene protein on the virus coat.  

The recombinant Adenovirus contained all five the peptides that were identified in the Matrix 

protein with a 19% protein coverage (Table 6.1). However, the protein of the CEFs infected with 

the recombinant Adenovirus contained only four of the peptides identified in the Matrix protein 

with a 16% protein coverage. These percentage coverages were significant enough to consider 
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the Matrix protein to be expressed in the Adenovirus vector and the CEFs. As anticipated, the 

control non-infected CEFs contained none of the peptides identified in the Matrix protein. 

 

Figure 6.12: The NCDV Matrix protein sequence which was cloned in the Adenovirus vector 

(pAD/CMV/V5-DESTTM). This sequence shows where the protein was cleaved during the 

on-particle protein using trypsin. The highlighted regions show the peptides that were 

formed when the recombinant Adenovirus was digested.  

The relevant protein fragments that were parts of the Matrix gene are shown in Figure 6.12. The 

position and size of each fragment are visible. The coverage and the uninterrupted amino acid 

sequences of the fragments were significant and unique enough to confirm the presence of the 

cloned in Matrix gene product from the actual Adenovirus coat. Figure 6.13 reveals the mass over 

charge size of each of the fragments, hence the unique profile of the full protein sequence was 

confirmed. The specific fragments that are labelled in red corresponded to the oligopeptides (see 

Figure 6.12) that ranged in mass from 500mz upwards. This was expected for such large 

fragments. A similar profile was observed (see Figure 6.14), which was produced from the CEF 

proteins infected with the recombinant Adenovirus. Apart from the unique extra fragment size of 

about 300mz, the rest of the fragments were identical, and the same fragments were identified in 

both designs. One can therefore conclude that: 

1. The recombinant Adenovirus expresses the gene of interest, namely the Matrix gene, from 

the NCDV. 

2. The expression and abundance of the resultant Matrix coat protein is high enough to be 

detected in the Adenovirus coat by means of the mass spectrometry method.  

A summary of the results is presented in Table 6.1. This table indicates the number of peptides 

identified and their uniqueness as a measure of the fidelity of the identification method. A single 

unique peptide is usually enough to identify a specific protein presence. In this case, no fewer 

YRIQRLDLWTDSKEDSVFITTYGFIFQVGNEEATVGIIDDKPKRELLSAAMLCLGSVPNT 

GDLIELARACLTMMVTCKKSATNTERMVFSVVQAPQVLQSCRVVANKYSSVNAVKHVKAP 

EKIPGSGTLEYKVNFVSLTVVPKKDVYKIPAAVLKISGSSLYNLALNVTINVEVDPRSPL 

VKSLSKSDSGYYANLFLHIGLMTTVDRKGKKVTFDKLEKKIRSLDLSVGLSDVLGPSVLV 

KARGARTKLLAPFFSSSGTACYPIANASPQVAKILWSQTACLRSVKIIIQAGTQRAVAVT 

ADHEVTSTKLEKGHTLAKY 
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than four  fragments were identified from both the recombinant Adenovirus and the CEFs infected 

with the recombinant Adenovirus that were uniquely those of the Matrix gene protein product. It 

is therefore concluded that the vector design may function as a vaccine production system and 

that 293T cells can be used as a host cell line for virus propagation for seed stock. 

Overall, these findings suggest that the vaccine design strategy used in this study may be a 

promising approach for developing protective vaccines that may be effective against poultry viral 

diseases. However, more in vivo studies/clinical trials will have to be performed as such tests in 

live chickens will give a true reflection of whether these Adenovirus-based vaccines can provide 

immunity by inducing the production of antibodies in chickens against the disease for which they 

are vaccinated, in this case the NCDV. Many researchers have successfully expressed target 

genes in vivo in a multitude of tissues such as the lung, heart, and brain using adenoviral-based 

vectors (Wivel, 1999; Russell, 2000; Wang and Huang, 2000; Baron et al., 2018).
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Figure 6.13: Mass spectrometry-based detection of the Matrix gene in recombinant Adenovirus purified stock. This figure shows the 

fragmentation spectra of N-APEKIPGSGTLEYK-C and highlighted dominant fragment ions.
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Figure 6.14: Mass spectrometry-based detection of the Matrix gene in the CEFs infected with the recombinant Adenovirus. This figure 

shows the fragmentation spectra of N-APEKIPGSGTLEYK-C and highlighted dominant fragment ions.
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Table 6.1: NCDV Matrix protein identification in the recombinant Adenovirus and the 

CEFs infected with the recombinant Adenovirus. The numbers of different 

peptides that were identified in the samples are indicated. These unique 

peptides were identified using the fragmentation spectra in Figure 6.13 and 

Figure 6.14. 

Sample Recombinant 
Adenovirus 

Infected CEFs Non-infected 
CEFs (control) 

Matrix protein coverage (%) 19 16 - 

No. of unique peptides 5 4 - 

Peptides identified (+)  

N-APEKIPGSGTLEYK-C + + - 

N-VNFVSLTVVPK-C + + - 

N-ILWSQTACLR-C + - - 

N-IIIQAGTQR-C + + - 

N-AVAVTADHEVTSTKLEK-C + + - 
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CHAPTER 7 

GENERAL DISCUSSION, CONCLUSION, AND RECOMMENDATIONS 

FOR FUTURE STUDIES 

7.1 Introduction 

AI is an infectious disease that targets many species of birds and affects their respiratory, 

digestive, and nervous systems (Peiris et al., 2007; The Poultry Site, 2017; Shi et al., 2019; Scott 

et al., 2020). Outbreaks caused by avian influenza viruses often lead to significant economic 

losses in the poultry industry worldwide (Alexander et al., 2006; FAO, 2011; Baron et al., 2018; 

Chatziprodromidou et al., 2018; Kim et al., 2019; Scott et al., 2020; Song et al., 2020; Almayahi 

et al., 2020). The methods that are currently used for the detection and control of these viruses 

are too laborious for real-time efficacy and are also time consuming (GAO, 2000; Lee and Suarez, 

2004; Ng et al., 2005, Payungporn et al., 2006; Partridge and Kien, 2011, Shi et al., 2019). An 

early detection and more effective control strategy for these viruses is thus urgently needed if the 

disruption to animal health following AI outbreaks and the concomitant commercial losses that 

follow are to be curbed. The current work focused on developing point-of-care detection assays 

for AI viruses and a protective vaccine that will not only be effective against AI pandemic strains, 

but that may also be produced quickly enough to prevent AI shedding and spreading. 

7.2 LAMP 

LAMP is a nucleic acid amplification technique that operates at isothermal temperatures of 

between 60-65⁰C. What makes this technique so fascinating is its simplicity, specificity, and 

rapidity (Notomi et al., 2000; Tomlinson et al., 2010; Bhat et al., 2013; Camp and Nowotny, 2016; 

Maan et al., 2016; Kim et al., 2018; Zeng et al., 2018; Pumford et al., 2020). Three LAMP assays 

were developed in this study. The first was to detect all AI strains by targeting the Matrix gene, 

while the last two were applied for the specific detection of the H5 and H7 AI subtypes that have 

often been identified as highly pathogenic. These assays were first optimised on a real-time PCR 

machine but were later tested on the Axxin T16 isothermal instrument (Axxin (Pty) Ltd), which 

produced the same results as the PCR machine. The best features of the Axxin T16 are that it is 

portable, produces results real-time, and most importantly is an instrument that operates on 

rechargeable batteries, which makes it ideal for usage in field operations. The three assays were 

tested on 20 Italian sourced avian influenza subtypes. Two negative controls, the NCDV and 

nuclease free water, were also included in the assays in order to compare the AI samples to non-

AI samples.  
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All the AI samples were detected by means of these assays, except for three samples that were 

later shown not to be AI  positive by testing them with the OIE approved PCR detection assay for 

all AI strains. However, the sensitivity of the LAMP assay method was found to be at least three 

logs less than that of the PCR method. Fortunately, this was not a major drawback as the samples 

that were used to validate the LAMP assays were field samples and the AI samples were all 

detected without any difficulty. 

7.3 Developing a Vaccine against NCDV 

According to the DALRRD vaccination against AI is prohibited in South Africa (DAFF, 2017). This 

is because poultry vaccinated for protection against AI using standard vaccines have always been 

found to test seropositive for AI, and this makes it impossible to differentiate between vaccinated 

and infected poultry. Moreover, when this occurs it interferes with surveillance programmes as 

well as export testing protocols for poultry. It was for these reasons that no vaccine against AI 

could be designed and/or developed in the current study as not only the study but also the 

resultant vaccine would not be approved by the National Ministry of Agriculture. As an alternative, 

and also as proof of concept that an effective vaccine against AI can be developed that can 

differentiate between a true and false AI infection, a vaccine against NCDV was designed and 

developed. NCDV was appropriate for this purpose because it is closely related to the AI virus in 

terms of the animals it infects, its genetics, and the symptoms it causes (Miller and Torchetti, 

2014; Shekaili et al., 2015; Bertran et al., 2017). The vaccine was thus developed using human 

Adenovirus vectors because they have been shown to be suitable recombinant vaccine vectors 

due to their ability to infect a wide variety of cell types and grow to high titres in vitro, while they 

also have high levels of transgene expression and they do not integrate with the host genome 

(Robert-Guroff, 2007).  

The Matrix gene of the NCDV was inserted in the Adenovirus expression vector using the 

Gateway cloning technology (Life Technologies Ltd, California). It would have been most 

informative if the final Adenovirus vector-based vaccine that was validated in 293T HEK cells 

could have been tested in live chickens, but ethically one is only allowed to test a first-time 

designed vaccine in vivo as an initial step. Due to this limitation, CEFs were prepared from a 9-

day old chicken embryo. Ethical approval for this part of the study was obtained from the Research 

Ethics Committee of the Council for Scientific and Industrial Research (CSIR) (Approval no. 

73/2013).  

The expression of the recombinant Adenovirus DNA was then tested in the CEFs, and the 

recombinant Adenovirus was found to successfully express in these fibroblasts. The results were 

highly promising and suggest that this design strategy has the potential for use in vaccine 
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development against NCDV in live chickens. It is even more exciting that the possibility exists that 

the same strategy can be used to design and develop a vaccine against AI viruses, the reason 

being that this type of vaccine will not interfere with epidemiological survey strategies of natural 

AI infections because only one gene of the AI virus will be present in the vaccine. In light of the 

current COVID-19 pandemic, the Ad5-nCoV Adenovirus-based vaccine against the COVID-19 

disease is already undergoing clinical trials (Al-Rohaimi and Al-Otaibi, 2020).  

In combination, the LAMP-POC assays and the vaccine developed seem a promising approach 

for controlling poultry viral diseases in general. The strategy that was designed in the current 

study to improve the turnaround time for the detection and control of poultry viral diseases is 

summarised schematically in Figure 7.1. In this strategy, samples are collected from an area 

where poultry viral infection occurred or is suspected of having occurred. The samples are tested 

immediately at the POC using the developed LAMP assays. This process takes a maximum of a 

day as shown in Figure 7.1. Once the samples have been tested and the type of virus circulating 

in that particular area has been identified, the sample/s are taken to the laboratory for sequencing. 

This usually takes 3-5 days using NGS (Thermo Fisher Scientific, 4462921, USA). As soon as 

the sequence of the virus is known, the Adenovirus vector-based vaccine for the circulating viral 

strain/s will therefore be designed. This procedure takes 7 days to be completed. The designed 

recombinant Adenovirus is then propagated in the pre-cultured 293T cells until 100% CPE is 

reached. This usually takes a maximum of 14 days, depending on the concentration of the virus 

that was initially used to infect the cells. The viral medium is then separated from the cells by 

centrifugation, followed by viral DNA purification from the medium. This can then be formulated 

into a vaccine. This entire process takes a maximum of 5 weeks, which is a massive improvement 

considering that the conventional strategy for detecting viral diseases and producing a suitable 

vaccine for AI in poultry usually take 6 to 8 months (GAO, 2000). 
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Figure 7.1: Timeline for avian influenza detection and vaccine production as developed in 

the current study 

7.4 Recommendations for Future Studies  

Although the results achieved by this study are very promising, there is still a lot of room for 

improvement. For example, with regards to the design of the POC detection assays, only 20 AI 

samples were used to validate these assays, therefore future research should involve a large 

sample size of at least 1000 samples. Such studies should also include proficiency testing in 

various laboratories where the same samples that were tested in the current laboratory should be 

tested using the same assays to compare the results.  

Another interesting type of assay to include in future research is the multiplexing LAMP assay. In 

this testing process, the results obtained for one assay can show more than one outcome. For 

example, the following information can be obtained from only one assay: the type of virus found, 

the virus subtype, and also whether the virus is highly pathogenic or low pathogenic. In the current 

study the focus was on avian influenza viruses, whereas other investigations that are in the 

pipeline will include designing POC assays for the detection of other poultry diseases as well. 
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7.5 Conclusion 

The recombinant Adenovirus vaccine strategy that was designed looks promising for controlling 

chicken viral diseases as the Adenovirus expressing the NCDV Matrix gene was shown to 

express in chicken embryo fibroblasts. However, in vivo studies/clinical trials of this recombinant 

Adenovirus vaccine will still have to be performed in live chickens. The reasoning behind this 

suggestion relates to the dose determination, adverse effects analysis, and general clinical 

prognosis of vaccinated animals compared to a control cohort. For a study of this nature, ethical 

approval will of course have to be granted first. It may also be valuable to design an Adenovirus 

vaccine expressing multiple genes for immunity against various viral diseases that are 

problematic in the poultry industry. There is also a need for the mass production of such vaccines 

should they be as successful as this researcher envisions them to be. This challenge can be 

addressed by culturing the virus propagation cells in large-scale bioreactor systems. Previously, 

Adenovirus vectors were successfully produced in large-scale bioreactor systems using 293T 

HEK cells (Stöhr, 2013) or PER.C6 and 293(F) cells (Vemula and Mittal, 2010). If the same results 

are obtained using the vaccine design strategy implemented in this study, the crisis caused by 

various viral disease outbreaks among poultry flocks will be eradicated and such outbreaks will 

become a thing of the past. 
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