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Summary 

 

Towards producing infectious bronchitis virus-like particles in plants as 

potential vaccine candidates 

 

By:   Kamogelo Mmapitso Sepotokele (BSc Hons) 

Supervisor:  Professor C. Abolnik 

Co-supervisor:  Dr M. M. O’Kennedy 

Department:  Production Animal Studies 

Degree:  MSc 

  

Infectious Bronchitis Virus (IBV) causes a highly contagious respiratory disease that affects 

chickens and other poultry. This OIE-listed disease has global economic implications with 

losses per flock estimated at 10% to 20% of the market value. The South African poultry 

industry makes up the largest subsector within the country’s agricultural sector, producing an 

annual turnover of over R40 billion. Therefore, it would be beneficial to the poultry industry 

to prevent economic losses due to diseases such as IBV. Current autogenous IBV vaccines are 

effective but require the passage of live viruses in embryonated chicken eggs. Therefore, safe, 

efficacious, new-generation vaccines are imperative. Biopharming is the production of 

recombinant pharmaceutical proteins by making use of plants as bioreactors. Plants are capable 

of producing large quantities of target proteins cost-effectively, offering attractive alternatives 

for the production of vaccines, antigens for diagnostics, and other pharmaceuticals. 

The aim of this project was to produce infectious bronchitis virus-like particles (VLPs) 

displaying the major surface antigen, the Spike protein, in Nicotiana benthamiana plants by 

transiently co-expressing and assembling the structural proteins of IBV. VLPs are multiprotein 

structures that mimic the authentic virus, while lacking the genome, resulting in safe, 

efficacious, DIVA (distinguish between infected and vaccinated animals) compliant vaccine 

candidates that induce both cellular and humoral immune responses. In addition, the speed of 

gene synthesis and production of VLPs in plants will facilitate a rapid update of the IBV spike 

protein that is tailored and antigenically matched, in vaccine formulations.  
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The native as well as recombinant versions of the spike glycoprotein of QX-like IBV were 

individually cloned into a plant expression vector, as were the membrane, envelope and 

nucleocapsid proteins. Various Agrobacterium strains were tested to identify the most 

appropriate strain to mediate the production of IB VLPs in plants. IBV structural proteins were 

successfully expressed in N. benthamiana ∆XT/FT plant leaf material, as confirmed by 

immunological detection, but low yields were obtained. No VLPs were detected using 

transmission electron microscopy, indicating that VLPs may not have assembled. In future, 

alternative designs of the spike protein and the addition of molecular chaperone genes will 

potentially elevate the numbers of VLPs produced, resulting in a commercially viable vaccine 

product. 

Key words: Infectious bronchitis, plant production, virus-like particle (VLP), vaccine, 

chickens, spike glycoprotein  
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CHAPTER 1 

Introduction 

 

As an economically important OIE-listed disease, IBV needs to be controlled through strict 

biosecurity as well as vaccination. The Massachussetts vaccine has been registered for use in 

South Africa since the 1960s, but since 2013, variant vaccines such as 793B, QX and Variant 

02 have been registered and applied, and this has contributed to higher field virus diversity in 

the country (Dr Fambies van Biljoen, personal communication). Deltamune (Pty) Ltd (South 

Africa) has also developed live tailored autogenous vaccines to control IBV. 

The development of more novel, effective vaccines has been researched, but is hindered by 

cost and method of application (Jackwood and de Wit, 2013). IBV vaccines that are currently 

available commercially cause an unacceptable reduction in the hatchability of eggs when 

applied in ovo. Therefore, there is a huge need for novel IBV vaccines that are cost-effective 

and efficacious for use in the poultry industry. 

Variant inactivated IBV vaccines have great potential to offer better protection against IBV 

infections than current live vaccines do (Ladman et al., 2002). Using inactivated autogenous 

vaccines also removes the risk of the virus spreading and affecting other flocks, which is a risk 

associated with using live variants (Jackwood and de Wit, 2013). 

Plant-based transient expression is the most cost-effective and speedy recombinant platform 

currently available (D’Aoust et al., 2008). It can be used to efficiently assemble virus-like 

particle (VLP) vaccines. Where traditional pharmaceutical manufacturing methods prove 

inadequate, plant-based expression systems are easily scalable and can be used in situations 

where rapid responses are required (Rybicki, 2009; Stoger et al., 2014). This makes them 

appealing in developing countries that lack the infrastructure for the traditional production of 

pharmaceuticals and are most affected by infectious diseases as a result (Hefferon, 2013; Ma 

et al., 2013; Rybicki et al., 2013). Plants are safer to use than other expression systems as the 

growth of potentially infectious prions or viruses is not supported and endotoxins are not 

produced (Moustafa et al., 2016). Plants are also able to assist with post-translational 

modifications such as glycosylation and the formation of disulphide bonds (Tschofen et al., 

2016). The plasticity of the plant proteome also makes the expression of more than one protein 
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possible, allowing the assembly of heteromultimeric protein complexes such as VLPs (Castilho 

and Steinkellner, 2012; Castilho et al., 2010). 

VLPs have been produced for various animal viruses in plants (Liu et al., 2013a). One of the 

earliest examples of the successful expression and production of VLPs in plants is avian 

influenza virus (IAV) VLPs (D’Aoust et al., 2008, 2010). VLPs for IBV have not yet been 

successfully produced in plants.  

Many influenza hemagglutinin (HA) glycoproteins have been shown to have high expression 

levels in planta and form VLPs (D’Aoust et al., 2008; Shoji et al., 2011). Both Medicago, Inc 

(Canada) and Fraunhofer Society (Germany) have proprietary VLP products for pandemic and 

seasonal influenza in advanced clinical trials. As such, it is the only plant-expressed viral 

glycoprotein that has been analysed in human trials (Pillet et al., 2016). Recently, superior 

efficacy of an antigen-matched plant-produced influenza VLP subunit vaccine against the H6 

subtype in chickens has been demonstrated, showing the potential for poultry health (Smith et 

al., 2019). 

With this information in mind, it is important to consider the key differences between IBV and 

IAV, such as the VLP budding site and the properties of the structural proteins. These 

differences may give insight into what may be required to successfully produce IB VLPs in 

tobacco plants. The goal of this study was to assemble IB VLPs expressing the IBV Spike 

protein as a potential candidate vaccine. Ultimately, the IB VLP vaccine candidates will be 

tested for safety and efficacy to confer clinical protection in poultry, but this falls outside the 

scope of the proposed work. 

 

Aims and Objectives of the project 

The main aim of this research project was to transiently express infectious bronchitis virus 

(IBV) structural proteins and to assemble virus-like particles (VLPs) displaying the full-length 

S protein using the pEAQ-HT plant-based expression system in N. benthamiana ∆XT/FT. A 

South African strain of IBV of the QX-like serotype was used as the basis of the investigation.  
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The specific objectives were: 

 To design and have the IBV target genes codon-optimised and chemically 

synthesised by BioBasic (Canada) 

 To clone the target genes encoding IBV native Spike (and recombinant versions 

thereof), Membrane, Nucleocapsid and Envelope proteins into the pEAQ-HT plant 

expression vector  

 To transform the sequence-validated constructs into different Agrobacterium 

tumefaciens strains (AGL-1, GV3101::pMP90 and LBA4404) in order to facilitate 

Agrobacterium-mediated transient expression of target proteins 

 To agroinfiltrate A. tumefaciens harbouring the constructs of interest into Nicotiana 

benthamiana leaves  

 To identify the most appropriate A. tumefaciens strain with which to express IBV 

structural proteins and assemble VLPs 

 To harvest and successfully purify the IB VLPs 

 To confirm IB VLP formation by immunoblotting using IBV-specific antiserum, 

transmission electron microscopy (TEM) and liquid chromatography-mass 

spectrometry (LC-MS/MS) based peptide sequencing of the structural proteins.   
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CHAPTER 2 

Literature Review 

 

2.1. Classification and Structure 

Avian infectious bronchitis virus (IBV) is an extremely contagious respiratory disease of 

chickens and other poultry species, which has significant economic implications in the poultry 

industry globally (Liu et al., 2013b). IBV is a gammacoronavirus belonging to the 

Coronaviridae family of the order Nidovirales (Wickramasinghe et al., 2014; de Groot et al., 

2011; de Groot et al., 2012). It falls under the subfamily Coronavirinae (Jackwood and de Wit, 

2013), predominantly affecting chickens (Gallus gallus) (Eteradossi and Britton, 2013; 

Wickramasinghe et al., 2014). The virus is an enveloped RNA virus with a spherical (or 

pleomorphic) morphology of between 80 and 120 nm in diameter. It has club-shaped spikes 

with lengths of approximately 20 nm (16 – 21 nm) projecting from its surface (Figure (Fig. 1)) 

which make the virus appear crown-like (Liu et al., 2013b; Jackwood and de Wit, 2013). This 

is what gives the virus its name - Corona, which is Latin for the word crown (Jackwood and 

de Wit, 2013). IBV particles fully covered in spikes have a sucrose density of 1.18 g/ml, while 

particles with fewer spikes may have a density as low as 1.15 g/ml (Jackwood and de Wit, 

2013).  

Figure 1:  TEM image of avian IBV virion (native QX-like live IBV strain 

(ck/ZA/3556/11) stained with uranyl acetate, illustrating the club-shaped spikes 

on the surface. 
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2.2. Genome Organisation 

IBV is a single-stranded positive-sense linear RNA virus (Fig. 2) with a genome length of 

approximately 27.5 - 28 kb (Masters and Perlman, 2013; Zhang et al., 2010; Jackwood and de 

Wit, 2013). The genome has a 5' cap as well as a polyA tail on its 3' end (Zhang et al., 2010). 

The first two thirds of the genome on the 5' end code for two overlapping polyproteins, 1a and 

1b, which are further processed by a papain-like protease (PLP) into 15 non-structural replicase 

proteins that play a role in RNA replication and transcription (Liu et al., 2014; Perlman et al., 

2008; Ziebuhr et al., 2000). It is these non-structural proteins that comprise the RNA-dependent 

RNA polymerase of the virus (Perlman et al., 2008). The last one third of the genome on the 3' 

end codes for four structural proteins. These are the spike protein (S), the membrane protein 

(M), the envelope protein (E), and the nucleocapsid protein (N). S, M, and E are involved in 

formation of the virus particle, while N is involved in packaging the genome (Cavanagh, 2007). 

The E protein is a small integral membrane protein that plays a role in the assembly of the virus 

particle (Ruch and Machamer, 2011), while the M glycoprotein spans the envelope of the virus 

three times with part of the amino end exposed on the viral surface (Jackwood and de Wit, 

2013). The N phosphoprotein forms the helical nucleocapsid inside the virus particle by 

encapsulating the RNA genome of the virus. It also interacts with both the E and M proteins to 

assist in assembly of the virus particle (Jayaram et al., 2006). 

The genome organisation is as follows:  

5'UTR-leader-Replicase (1a-1b)-S-3a-3b-E-M-5a-5b-N 3ꞌUTR (Jackwood and de Wit, 2013). 

The functions of 3a, 3b, 5a, and 5b non-structural proteins are unknown (Jackwood and de Wit, 

2013; Boursnell et al., 1987). 

Figure 2:  Genome organisation of Infectious Bronchitis Virus (adapted from Jackwood 

and de Wit, 2013) (not drawn to scale) encoding the structural and non-

structural proteins. 
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IBV replicates within the host cell’s cytoplasm producing a 3' co-terminal set of 5 subgenomic 

messenger RNAs, each of which has a 5' leader sequence that, during transcription, gets joined 

to the mRNA (Jackwood and de Wit, 2013). Some of these subgenomic messenger RNAs are 

polycistronic, however, most of them code for the protein at the farthest 5' end. The full-length 

genome of IBV, mRNA1, codes for the polyproteins of the viral polymerase while the 5 

subgenomic messenger RNAs code for the following: mRNA2 - Spike, mRNA3 - 

3a/3b/Envelope, mRNA4 - Membrane, mRNA5 - 5a/5b, and mRNA6 - Nucleocapsid 

(Jackwood and de Wit, 2013). Once the virus enters the cell, the genome behaves similarly to 

mRNA coding for non-structural proteins 2-16, creating the viral polymerase inside of double 

membrane vesicles at the Golgi apparatus (Hagemeijer et al., 2010). The viral subgenomic 

messenger RNAs are transcribed in the cytoplasm along with the translation of the viral 

proteins (Jackwood and de Wit, 2013). The M, E and S proteins are inserted into the membrane 

of the Golgi, while the N protein binds itself to the viral genome that has been synthesised, thus 

forming the nucleocapsid (Jackwood and de Wit, 2013). The E, M and N proteins interact with 

each other in order to allow the virus particles to bud from the endoplasmic reticulum (ER) on 

the cytoplasmic surfaces. These particles are then transported in vesicles to the plasma 

membrane, where they fuse and bud from the cell (Jackwood and de Wit, 2013). 

 

2.3. Spike Protein 

The S glycoprotein is a trimer that is made up of subunits S1 and S2 (Fig. 3a) of approximately 

520 and 625 amino acids in length respectively (Jackwood and de Wit, 2013). These subunits 

are generated through post-translational cleavage of the S protein by a furin-like host cell 

protease (Liu et al., 2013b; Cavanagh et al., 1986). The S1 subunit associates noncovalently 

with the S2 subunit which anchors it to the membrane (Lai and Cavanagh, 1997). Not only 

does the S1 subunit contain the receptor-binding domain that facilitates attachment of the virus 

to host cell (Promkuntod et al., 2014), it is also the part of the S protein that induces neutralizing 

antibodies (Kant et al., 1992; Koch et al., 1990). The S1 subunit at the N-terminal forms the 

bulb of the oligomeric S protein and is part of the large ectodomain, while the S2 subunit at the 

C-terminal end forms a narrow stalk as well as the short transmembrane (TM) and endodomain, 

and forms the smaller part of the ectodomain (Fig. 3b) (Wickramasinghe et al., 2014). The S2 

subunit not only helps with attaching the virus to the host cell, but it also contains antigenic 

epitopes (Toro et al., 2014). Prior to glycosylation, the S protein monomer has a molecular 
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mass of approximately 128 kDa (Masters and Perlman, 2013). The S protein is directed to the 

ER by a cleaved N-terminal signal peptide where it becomes terminal N-linked glycosylated 

which increases the size of the protein to approximately 200 kDa (Binns et al., 1985; 

Wickramasinghe et al., 2014). Thereafter, the monomers form dimers or trimers through 

oligomerisation (Lewicki and Gallagher, 2002). 

Mutations that occur in the S1 region of the S protein lead to new genotypes and serotypes of 

the virus (Liu et al., 2003). Existing vaccine serotypes may offer partial or poor protection 

against them (Liu et al., 2003). Because this gene determines the IBV serotype, sequencing it 

is useful for characterising different strains of the virus and therefore selecting a suitable 

vaccine for controlling the virus in different areas (Liu et al., 2003). S is a type 1 membrane 

protein that is made up of a receptor binding domain, precoil domain, heptad repeat regions, a 

cleavage site, interhelical domain, fusion peptide, TM, as well as a cytoplasmic tail (CT) (Koch 

et al., 1990; Perlman et al., 2008). The S protein is a class 1 viral fusion peptide that is involved 

in attachment of the virus to the host cell (mediated by the variable S1 domain), as well as 

fusion to the host cell membrane and entry of the virus into the cell (mediated by the conserved 

S2 domain) (Casais et al., 2003; Wickramasinghe et al., 2011; Masters and Perlman, 2013). 

Antibodies for hemagglutination inhibition (HI) as well as virus-neutralisation and serotype-

specific antibodies are directed against the first third of the amino part of the S glycoprotein 

(Koch et al., 1990). In chickens that are infected with the virus, both cellular and humoral 

immune responses are induced by the S protein (Cavanagh, 2007). The production of antibodies 

in the chickens does not necessarily mean that the chicken will be protected against the virus 

(Cavanagh et al., 1986; Collisson et al., 2000). This is because cytotoxic T lymphocytes (CTLs) 

are important for preventing the disease caused by IBV. Cytotoxic T lymphocyte determinants 

are found not only in the N protein, but also in the S glycoprotein (Collisson et al., 2000).  An 

epitope that is responsible for inducing CTL responses to the N protein is located on the N 

protein’s carboxyl terminus (Collisson et al., 2000). Chicks could be protected from acute IBV 

infection by IBV primed CD8+,αβ T lymphocytes when immune T cells were transferred to 

them before they were infected (Collisson et al., 2000). 
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Figure 3:  S glycoprotein subunits (adapted from (a.) Umar et al., 2016 and (b.) Cook, 

1984). 

 

2.4. Serotypes 

Molecular evolution of IBV results in different serotypes of the virus. This can be through 

genetic shift caused by recombination events (Kusters et al., 1990) as well as genetic mutations 

caused by natural errors made by the RNA-dependent RNA polymerase (Hanada et al., 2004). 

New serotypes of IBV emerge when selection acts on those molecular changes (Jordan, 2016). 

Different sources including the use of different vaccines in the commercial poultry industry 

can result in selection pressures (Jackwood et al., 2012). Because new serotypes and variants 

of those serotypes are constantly emerging, poultry producers and animal health companies are 

constantly forced to produce new, more effective vaccines, as well as re-evaluate their current 

plans for vaccination (Jordan, 2016). Jungherr et al., (1956) reported that a Connecticut IBV 

strain did not cross-protect against challenge with a Massachusetts strain, thus showing that the 

virus existed as different serotypes that did not necessarily cross-protect or cross-neutralise. 

Virus neutralisation (VN) tests or HI tests have been used to determine IBV serotypes (Gelb 

and Jackwood, 2008; Ruano et al., 2000).  

The specific circulating antibodies that are developed against the epitopes of the S protein 

following exposure define the IBV serotype (Jackwood and de Wit, 2013). The epitopes that 

induce neutralizing antibodies are very closely linked to three hypervariable regions (HVRs; 

Fig. 3) that are located in the S1 part of the S gene (Cavanagh et al., 1988). Both serotype and 

genotype are based on the S protein’s sequence. Neutralising antibody treatment is used to 

classify IBV isolates by serotype, whereas classifying the isolates by genotype is done by 
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examining the S1 protein sequence (Jackwood and de Wit, 2013). Generally (not always), 90% 

or more amino acid similarity of the HVRs in the S1 gene (genotype) means that strains are of 

the same serotype (Jackwood and de Wit, 2013; Cavanagh, 2001).  

 

2.5. Global Distribution 

IBV was the first of the coronaviruses described in the 1930s in the United States (Schalk and 

Hawn, 1931). Several serotypes of IBV have since been described worldwide in regions of 

America, Europe, Asia, Africa, and Australia (Cavanagh, 2007; Jackwood, 2012). Over 20 

different serotypes of the virus have been found globally with new variants of serotypes still 

increasing (Zhou et al., 2004). It is found both in commercial, as well as backyard chickens 

(Jackwood, 2012; Cook et al., 2012). Most of the IBV serotypes that have been identified over 

the past twenty years have become endemic to some areas or disappeared completely (Bochkov 

et al., 2006). Others have become more prevalent, significantly impacting the poultry industry 

over the years (Terregino et al., 2008). Some serotypes of IBV have been seen to co-circulate 

in specific regions. Some strains can be found on more than one continent while others can 

only be found in one region (Jackwood and de Wit, 2013). IBV is classified as an OIE (World 

organisation for animal health) notifiable disease (https://www.oie.int/en/animal-health-in-the-

world/oie-listed-diseases-2019/).  

IBV is considered to be endemic in Africa, being one of the most common viral respiratory 

diseases that affect chickens. The virus is rife in both unvaccinated as well as vaccinated poultry 

farms (Casais et al., 2003; Liu et al., 2003). It has been suggested that the most important 

variants of IBV may originate from North Africa, but these have not been well studied and may 

therefore also occur in European countries (Jones et al., 2004). Such variants include 793B, 

4/91, and CR88. In France, the 793B variant was found to have existed since 1985, and 

originated from North Africa (Cavanagh et al., 1992). In Morocco, the 793B IBV variant was 

isolated in 1983 for the first time (Jones et al., 2004; El-Houadfi et al., 1986). Infectious 

bronchitis was initially described in North Africa in the 1950s by Ahmed (1954) who observed 

respiratory signs in birds. Eissa et al., (1963) later confirmed this, followed by El Houadfi & 

Jones (1985) in 1983.  

In Egypt, IBV isolates from various poultry farms were serologically shown to be closely 

associated with the 4/91, D-08880, Dutch D3128, D274, and the Massachusetts variants of the 

virus (Ahmed, 1964; Eid, 1998). Similarly, IBV variants D, E, F, H, and M from Morocco were 
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serologically identified as the Massachussets serotype (El-Houadfi & Jones, 1985). A new 

genotype (referred to as the Moroccan ‘G’) was identified by El-Houadfi et al., (1986) and it 

was found to be serologically different from the Massachusetts variant. However, collected S1 

sequence data showed that the Moroccan ‘G’ IBV variant was related to the 4/91 variant, and 

may have originated from the same region (Jones et al., 2004). This led to the suggestion that 

the parts of Africa where IBV variants have not been well studied, may be a reservoir for the 

virus, even though several reservoirs may exist in other countries, as indicated by the increasing 

amount of IBV variants being identified (Khataby et al., 2016).  

In Southern Africa, IBV was first isolated by Morley and Thompson (1984). The vaccines 

developed from the Massachusetts strain offered poor protection to the isolated variant (Cook 

et al., 1999). The potential presence of infectious bronchitis in all bird flocks of Chitungwiza, 

in Zimbabwe was later shown by Kelly et al., (1994) using serological techniques such as 

ELISA and the prevalence of the virus was 86%. The QX-like IBV genotype was reported in 

commercial chickens in Zimbabwe for the first time in 2011 (Toffan et al., 2011). Serological 

studies in Botswana also identified IBV antibodies in poultry farms that were unvaccinated 

(Mushi et al., 2006). Few studies are published on the prevalence and genetic variation of IBV 

in South Africa. Thekisoe et al., (2003) reported a serological IBV prevalence of 43% in 

QwaQwa, South Africa in 2000, and later Knoetze et al., (2014) identified two distinct IBV 

genotypes that were circulating in South African provinces, namely the Massachusetts variant, 

as well as variants of the QX-like genotype. In spite of a lack of published data, South African 

commercial producers routinely use the services of private diagnostic laboratories that identify 

circulating IBV genotypes using advanced genetic techniques. Massachusetts, 793B and QX-

like variants are common locally (Dr Fambies van Biljoen, personal communication). 

 

2.6. Clinical Signs of Disease 

IBV is a disease of the upper-respiratory tract which is transmitted by ingestion or inhalation 

of infectious particles during direct contact with other infected birds within a flock (Jackwood 

and de Wit, 2013; Matthijs et al., 2008). Transmission may also occur indirectly through faeces 

or aerosol droplets, as well as by being exposed to objects likely to carry and spread the disease 

(Jackwood and de Wit, 2013). Because IBV has a short incubation period, clinical signs will 

usually develop within 24 - 48 hours of infection. These include coughing, gasping, sneezing, 

nasal discharge and tracheal rales (Jackwood and de Wit, 2013; Cavanagh and Gelb, 2008). 
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Some chickens may develop swollen sinuses and watery eyes. The chickens also seem 

depressed and tend to huddle themselves around heat sources. These clinical signs are then 

followed by a reduction in feed consumption and ultimately weight loss (Jackwood and de Wit, 

2013). Other signs include urogenital lesions and effects on kidney pathology (Cavanagh and 

Naqi, 1997). Although all ages are susceptible to the disease, these signs are usually more 

pronounced in younger chicks. The older the chickens, the more resistant they become to the 

nephropathogenic effects of the virus, the lesions of the oviducts, as well as the likelihood of 

mortality caused by the infection (Butcher et al., 1990; Chong and Apostolov, 1982). IBV is at 

its highest concentration in the trachea during the first 3 to 5 days following infection with the 

virus. Thereafter, the virus titre decreases rapidly, sometimes dropping to below detection 

levels within the second week post-infection (Jackwood and de Wit, 2013). During infection, 

all birds within the flock become infected with the virus, however, mortality is dependent on 

various factors including the strain of the virus, the age and immunity status of the bird, as well 

as additional stresses. The highest rate of mortality is usually expected in young birds infected 

with nephropathogenic strains of the virus (Jackwood and de Wit, 2013). A nephropathogenic 

strain of IBV causes widespread kidney disease that can be reproduced in experimental 

conditions (Jackwood and de Wit, 2013). Clinical signs include pale, swollen kidneys, as well 

as ureters and tubules that tend to be distended with urates (Jackwood and de Wit, 2013; 

Cumming, 1963). Many IBV strains are associated with nephritis to some extent. The 

significance of kidney complications may be linked to environmental factors (Jackwood and 

de Wit, 2013). Birds that are younger than 2 weeks old display more severe nephritis, while 

older birds are more resistant to the nephropathogenic effects of IBV infections (Jackwood and 

de Wit, 2013). 

In infected broiler chickens, the respiratory clinical signs seem to dissipate after the respiratory 

phase, only to be replaced by signs such as ruffled feathers, wet droppings, depression, 

increased intake of water, and death (Cumming, 1969). In laying chickens, clinical signs 

include a noticeable decrease in the production and quality of eggs (such as misshapen, soft-

shelled, thin, or rough-shelled; as well as decreased shell pigment) along with the usual 

respiratory signs, which can be very mild or absent. The decrease in egg production can vary 

from slightly to a decrease of up to 70% depending on the strain of IBV causing the infection, 

the chicken’s level of immunity, the stage of egg development at the time of infection, as well 

as co-infection with another virus (Box and Ellis, 1985; van Eck, 1983). The albumin may also 

be thin and watery and eggs may fail to hatch (Jackwood and de Wit, 2013). Production levels 
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can drop to as low as 35% of the expected production values of healthy chickens (Broadfoot et 

al., 1954).  

 

2.7. Diagnosis 

Diagnosing IBV requires analysis of clinical signs, the use of antibody-based antigen capture 

assays, lesions, clinical history of the infected bird, sero-conversion, isolation of the virus, as 

well as detection of the viral RNA (Gelb and Jackwood, 2008). The virus genotype or serotype 

needs to be identified in order for the correct vaccine to be used (Jackwood and de Wit, 2013). 

VN or HI tests have often been used to determine the virus serotype. VN tests are time 

consuming as well as labour intensive, while HI tests have the major disadvantage of 

nonspecific cross-reactivity, therefore these two tests have been replaced by molecular-based 

tests (Jackwood and de Wit, 2013). 

IBV affects not only cells of the respiratory tract, but also epithelial cells of the gastrointestinal 

tract, kidney, and oviduct (Jackwood and de Wit, 2013). Detection of IBV is dependent on 

knowledge of its pathogenesis (Dhinaker and Jones, 1997). In order to diagnose the virus, the 

bird’s immune status, as well as the time that passes between infection and sampling, are two 

important factors to consider (de Wit, 2000). Within the first week of infection, the preferred 

sample is fresh tracheal tissue or tracheal swabs. The samples need to be kept cold until they 

are ready to be tested (Jackwood and de Wit, 2013). A sample swabbed from the trachea or 

tracheal tissue has to be analysed within the first 3 - 5 days of infection after which IBV titres 

will decrease rapidly as the virus spreads (Jackwood and de Wit, 2013). After its initial growth 

in the upper respiratory tract, the virus spreads to nonrespiratory tissues. This means that kidney 

and cecal tonsil samples collected post mortem can be useful in post mortem examinations 

where more than one week has passed after the bird was infected (Jackwood and de Wit, 2013). 

Cloacal swabs and faecal material are difficult samples to isolate IBV from even though the 

virus is able to replicate in the gastrointestinal tract. Depending on the clinical history of the 

flock, oviduct, kidney, and lung samples should also be taken (Jackwood and de Wit, 2013).  

Samples are taken from healthy and unhealthy birds when sampling a large flock. The samples 

are then inoculated into specific-pathogen-free (SPF) embryonating chicken eggs or tracheal 

organ cultures, the fluids are harvested from the chosen culture system, and passaged 3 to 4 

times prior to being called negative. This would be based on its failure to cause ciliostasis in 

tracheal organ cultures, lesions or death in embryos (Gelb and Jackwood, 2008). Thereafter, 
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the presence of the virus is confirmed by HI, VN, immunofluorescence, electron microscopy, 

immunochemistry, or viral nucleic acid detection (Jackwood and de Wit, 2013).  

Immunoperoxidase assays, immunofluorescence, or immunohistochemistry, using IBV-

specific polyclonal sera or monoclonal antibodies can be used to detect the presence of IBV 

grown in embryonating eggs or by obtaining post-mortem material from tracheal mucosa or 

other tissue scrapings (Jackwood and de Wit, 2013; de Wit, 2000). Non-specific reactions make 

the results difficult to interpret (Jackwood and de Wit, 2013). Allantoic fluid and tracheal 

material can be used in an agar gel precipitation (AGP) test which has a sensitivity that is not 

lower than that of more contemporary assays when it is used directly on organs (de Wit, 2000). 

The AGP test can also be used to test for IBV presence in inoculated eggs, resulting in an 

increased sensitivity due to the virus having been replicated (Gelb et al., 1981). 

Indirect or antigen-capture ELISA (enzyme-linked immunosorbent assay) using monoclonal 

antibodies can be used to detect and classify IBV that has grown in tracheal organ cultures or 

from allantoic fluid (Ignjatovic and Ashton, 1996). ELISA tests are widely used to serologically 

test for antibodies against IBV. This is because not only can a large number of samples be 

tested in a short amount of time, the test is also inexpensive (Jackwood and de Wit, 2013). 

Antibodies (IgG) can be detected from one week after infection with the virus using 

commercially available tests (Mockett and Darbyshire, 1981; Marquardt et al., 1981). 

However, AGP, ELISA, and immunofluorescence tests cannot be used for the purpose of 

distinguishing between different serotypes because they all bind antibodies to group-specific 

antigens (Jackwood and de Wit, 2013). 

Real time or quantitative RT-PCR (reverse transcription polymerase chain reaction) is 

becoming commonly used for the purpose of detecting IBV from clinical samples (Callison et 

al., 2006). Not only are these tests cost-effective, but several samples can be examined within 

a short space of time. The tests can also quantify the level of viral nucleic acid that is present 

within the sample (Jackwood and de Wit, 2013). In contrast, conventional RT-PCR may require 

serial passaging in embryonating eggs in order to detect the IBV nucleic acid in a sample. 

Nested RT-PCR has been used in cases where little viral RNA is available, however, the test 

is too sensitive for routine testing, leading to false positives from cross-contamination. Not 

only that, but even if a positive result is obtained, it is not enough to determine the IBV serotype 

(Jackwood and de Wit, 2013).  
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Identifying the strain of IBV in the sample requires the analysis of the S1 gene amplicons using 

genotyping methods. These include genotype-specific RT-PCR, restriction fragment length 

polymorphism, and sequence analysis of the hypervariable regions of the S1 gene (Kwon et 

al., 1993; Jackwood and de Wit, 2013).  

The diagnosis of an IBV infection requires demonstrating rising antibody titres against the 

virus between preclinical and convalescent sera. The conserved regions within the S2 gene as 

well as the high amino acid sequence similarity between the N and M proteins result in common 

epitopes amongst all serotypes of the virus (Jackwood and de Wit, 2013).  

 

2.8. Available Vaccines and Methods of Control 

Managing IBV requires high biosecurity, strict isolation of infected chickens, and repopulation 

with chicks that are a day old. The poultry house must be cleaned and disinfected, along with 

any equipment that may have come into contact with the virus via poultry, litter, compost or 

waste removal. Birds must also be vaccinated to prevent further spread of the virus. 

Vaccination may protect chickens from challenge by the same virus strain, but not necessarily 

from other strains (Jackwood and de Wit, 2013).  

The first vaccine was reported by van Roeckel et al., (1942). The van Roeckel M-41 strain, a 

Mass serotype of the virus isolated by the University of Massachusetts in 1941, was used to 

develop the first IBV vaccine in the US, and is the parent of the Mass 41 vaccines that are 

currently used (Jackwood and de Wit, 2013). 

The most commonly used vaccine strains in most countries are live Mass/Mass41/41 and 

Mass/H120/55 of the Massachusetts serotype (Jackwood and de Wit, 2013). Producers usually 

vaccinate with more than one vaccine serotype to broaden flock protection, but this requires 

constant updates regarding the knowledge of existing serotypes due to the evolution of IBV 

(Jordan, 2017). Sometimes only two IBV vaccine serotypes that provide an extensive level of 

heterologous cross-protection are applied (Cook et al., 1999). This vaccination strategy is 

known as protectotype vaccination. Unlike other vaccination strategies which are based on 

sterilizing immunity provided by specific neutralizing antibodies, protectotype vaccination is 

based on reducing the infection caused by IBV enough to protect the tracheal cilia (Jordan, 

2017). Protecting the trachea from ciliostasis reduces the chances of a secondary bacterial 

infection occurring. It is these secondary infections that contribute to most of the losses caused 
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by an IBV infection (Jackwood et al., 2015). Previous studies have demonstrated that the more 

differences there are between the S1 sequences of two different IBV strains, the lower the 

degree of cross-protection there will be between them (Cavanagh et al., 1997; Ladman et al., 

2006). Chickens that have recently been vaccinated or that were recently infected by IBV will 

be protected from getting infected by the same virus again. This is called homologous 

protection. There is variation in the degree of protection against other strains of the virus 

(heterologous protection) (Jackwood and de Wit, 2013). The level of cross-protection observed 

does correlate with the amino acid identity. That being said, some strains that have a low 

similarity have shown a higher level of cross-protection while strains with a higher similarity 

have shown poor cross-protection (de Wit et al., 2011). 

 

2.8.1. Live attenuated vaccines 

Live vaccines, which are attenuated by serial passaging in embryonating chicken eggs 

(Bijlenga et al., 2004) are used in broiler chickens and for initial vaccination of layer and 

breeder types (Jackwood and de Wit, 2013). Locally, this method is used to develop tailored 

autogenous vaccines by Deltamune (Pty) Ltd, South Africa. An autogenous vaccine is a vaccine 

that has been produced from a pathogen or antigen isolated from an animal, with its intended 

use being to immunize or treat that specific animal (Saléry, 2017). 

The disadvantage of live vaccines is that extensive passaging can lead to reduced 

immunogenicity. There is also a variation in the degree and stability of live attenuation between 

vaccines (Jackwood and de Wit, 2013). Hopkins and Yoder (1986) demonstrated evidence that 

back-passage in chickens led to some vaccines becoming more virulent. This showed that a 

rolling infection (constant circulation) of the vaccine virus could increase the virulence of live 

vaccines leading to only a fraction of the chickens in a flock being properly vaccinated. 

Fractional doses of live attenuated IBV vaccines can enhance cyclic infections in poultry flocks 

and increase the virulence of the vaccines (Jackwood and de Wit, 2013).  

Recombinant IBV generated by reverse genetics are promising as vaccine candidates. This is 

because an attenuated live vaccine against a new strain of IBV can be developed faster using 

recombinant techniques than through attenuation by passage in embryonated eggs (Jordan, 

2017). The development of this vaccine involves cloning the genome of a live IBV vaccine 

virus and manipulating the clone via PCR, homologous recombination, or by cloning other 

genes of interest into the genome (Jordan, 2017; Casais et al., 2001). These manipulated 
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genomes get transfected into cell culture lines which replicate the genome, producing the viral 

proteins required to assemble a fully functional infectious bronchitis virus particle (Jordan, 

2017).  

It has been shown that replacing the spike gene of a recombinant IBV with the spike gene of 

an IBV of another serotype changes the recombinant IBV into that serotype. This can then be 

used to induce protective immunity against that serotype (Hodgson et al., 2004; Jordan, 2017). 

This method has many advantages, the main ones being that the method of application is 

practical for large scale poultry vaccination. The initial one-time cost for developing the 

recombinant virus may be high, but once produced, it can be maintained in embryonated eggs 

like any other vaccine could (Jordan, 2017). These recombinant IBVs also have potential as 

vectors for antigen delivery (Bentley et al., 2013). 

The biggest disadvantage is licensing. Each new recombinant IBV vaccine that is created 

would need to be licensed; a process which can take approximately two years (Jordan, 2017). 

This takes away from the advantage of being able to speedily develop attenuated live vaccines. 

There is also the risk of reversion to virulence through recombination or point mutation 

(McGinnes and Morrison, 2014). When used as live vaccines, novel strains may emerge as a 

result of mutation and recombination, which is a major safety concern (Wu et al., 2019). 

 

2.8.2. Inactivated variant vaccines 

Inactivated virus vaccines are also used, which offer protection to the kidney and reproductive 

tracts, as well as the internal tissues (Box et al., 1980; de Wit et al., 2011; Ladman et al., 2002). 

They are also able to induce high levels of serum antibody titres (Jackwood and de Wit, 2013). 

These are administered to breeders and layers before they begin to produce eggs. Unlike live 

vaccines, these do not need to be attenuated because the seed virus is inactivated using a 

suitable inactivant such as beta-propiolactone or formalin (Jackwood and de Wit, 2013). This 

vaccine is usually formulated by making use of mineral oil adjuvants (Jansen et al., 2006). The 

main disadvantage of inactivated vaccines is that they must be administered individually by 

injection (intramuscular or subcutaneous), which is impractical for larger flocks. They are also 

less effective at preventing respiratory tract infections than live vaccines when challenged with 

the homologous virulent virus (Cook et al., 1986). Killed vaccines are able to induce humoral 

immunity, but do not induce a cell-mediated immune response (Bande et al., 2016). 
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It is possible to formulate inactivated autogenous vaccines using variant strains that can be used 

to control the virus in layers. This reduces the risk of live variants spreading to neighbouring 

flocks and infecting them. These variant inactivated vaccines could possibly offer better 

protection against variant live IBV than inactivated vaccines could (Ladman et al., 2002). 

 

2.8.3. Recombinant vaccines 

Recombinant IBV vaccines expressing only IBV antigens, or IBV antigens along with antigens 

from other pathogens have also been developed but, along with being more difficult to 

administer, they do not offer the same protection from IBV challenge as live or inactivated 

vaccines (Li et al., 2016; Yang et al., 2016; Jordan, 2017). They are most commonly produced 

from the vector backbones of fowlpox virus or turkey herpesvirus (Jordan, 2017). An 

acceptable immune response in chickens has been effectively induced by inserting genes 

coding for infectious laryngotracheitis virus, infectious bursal disease virus and Newcastle 

disease virus, into these viral backbones (Morgan et al., 1992; Darteil et al., 1995; Vagnozzi et 

al., 2012). These viral backbones have been used to attempt to develop a recombinant IBV 

vaccine which expresses the S1 region of the IBV spike gene. These resulted in different levels 

of protection from homologous virus challenge (Johnson et al., 2003; Toro et al., 2014a). Other 

recombinant vaccines have been evaluated, which involved the S1 or S2 region of the IBV 

spike protein being incorporated into different viral backbones. These backbones included duck 

enteritis virus, Newcastle disease virus, and avian metapneumovirus (Li et al., 2016; Toro et 

al., 2014b). As these backbone viruses have a tropism for respiratory cells, they may induce a 

stronger immune response in the lymphoid tissues of the head (Jordan, 2017). A study that 

made use of a recombinant adenovirus vaccine which contained the IBV S1 glycoprotein 

showed an induced antibody response conferring 90-100% protection against tracheal lesions. 

This was after heterologous and homologous challenge with N1/62 and Vic S strains of IBV 

(Johnson et al., 2003). 

These viral vector vaccines reduce the issues found with live attenuated IBV vaccines that 

come with RNA mutation (Song et al., 1998), however, they are limited by maternally-derived 

and pre-existing immunity which interferes with the live vector, decreasing the ability of the 

antigen-presenting cells to take up the antigen, therefore the expression of the transgene, and 

consequently, negatively affecting the specific immune response (Faulkner et al., 2013). The 

epitope arrangement and conformation that affect the vaccine’s efficacy and immunogenicity 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



20 

 

may also be affected by a lack of glycosylation, proper protein folding, and post-translational 

modifications within the host system (Dertzbaugh, 1998). 

There are currently no licensed recombinant IBV vaccines used commercially (Jordan, 2017). 

 

2.8.4. Subunit, peptide, and DNA vaccines 

Subunit, peptide, and DNA vaccines have also been considered and have demonstrated partial 

protection against IBV challenge (Yang et al., 2009), but are again hindered by cost and method 

of application for use in a large-scale poultry industry. These vaccines are centred on 

stimulating the host immune system to develop antibodies against a disease agent, by 

presenting it with an antigen (Jordan, 2017). Subunit vaccines are usually an antigenic protein 

that comes from a pathogen while peptide vaccines are small fragments of amino acids from 

an antigenic protein that comes from a pathogen. Plasmid-based DNA and non-plasmid-based 

nucleic acid vaccines code for an antigenic protein which is expressed within the cells of the 

host (Jordan, 2017). The development of multi-epitope peptide vaccines that can be used 

against many different serotypes of IBV have become a focus for many researchers (Bande et 

al., 2015). Yang et al., (2009) used multiple epitopes from the N-protein and S1 protein genes 

to develop a peptide vaccine against IBV. These synthetic peptides were subjected to 

immunisation studies and expression analyses, which resulted in significant cellular and 

humoral immune responses that offered over 80% protection against challenge with a live IBV 

(Yang et al., 2009). Subunit vaccines are safe to use as no infectious virus particles are used in 

their production. They are highly stable and easy to mass produce as they are genetically 

engineered (Bande et al., 2015; Yang et al., 2009). 

IBV DNA vaccines have been shown to induce protective immunity in many cases (Song et 

al., 1998; Yu et al., 2001; Guo et al., 2010). Avian DNA vaccines are able to minimise 

interference from maternal antibodies and overcome the limitations of immune systems that 

are not yet fully developed (Oshop et al., 2002; Siegrist, 2001). Vaccination using DNA 

vaccines require naked DNA to be injected, which is impractical in the large-scale poultry 

industry. Multiple studies have overcome this limitation by using an attenuated strain 

(Salmonella enterica serovar Typhimurium) as a delivery system for the DNA vaccine. In these 

studies, strong cellular and humoral immune responses are induced by delivering recombinant 

antigens from pathogens either nasally or orally (Ning et al., 2009; Pan et al., 2009). 
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2.8.5. VLP vaccines 

Virus-like particles are multiprotein nanostructures that mimic authentic virus particles 

(McGinnes and Morrison, 2014; Ong et al., 2017). The structural proteins of either an 

enveloped or non-enveloped virus are expressed and self-assemble in order to form VLPs 

(Jennings and Bachmann, 2008; Chroboczek et al., 2014; Ong et al., 2017). VLPs do not 

contain any viral genetic material (Fig. 4) making them non-infectious (McGinnes and 

Morrison, 2014). This makes them safe as they are unable to replicate (Noad and Roy, 2003).  

VLPs that contain a monovalent or multivalent antigen can be produced, which comply with 

serological surveillance requirements. VLP-based animal vaccines are a promising approach 

in the development of DIVA vaccines (Liu et al., 2013a). VLPs have been produced for various 

animal viruses and should be considered as new-generation DIVA compliant vaccine 

candidates in endemic areas (Liu et al., 2013a). 

Figure 4:  Native virus vs virus-like particle. Adapted from Bellier and Klatzmann (2013). 

 

Virus-like particles are able to induce both cellular and humoral immunity without causing 

disease like the authentic virus would (Bright et al., 2007; Grgacic and Anderson, 2006; 

Urakami et al., 2017). They are highly stable, safe, modifiable particles that have great potential 

as vaccine candidates (Blokhina et al., 2013; Şereflioğlu et al., 2017). Purified plant-produced 

VLPs are free from cell and pathogen contamination (McGinnes and Morrison, 2014). VLP 

vaccines can be speedily produced in plant-based expression systems (Zdanowicz and 

Chroboczek, 2016).  
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2.8.5.1. VLPs produced in SF9 insect cells with Baculovirus expression systems  

A study by Liu et al., (2013b) demonstrated the assembly of IB VLPs consisting of only the M 

and full S proteins by making use of a baculovirus expression system in Sf9 cells. These VLPs 

were evaluated and shown to be as effective at inducing a humoral immune response in 

chickens and mice as the inactivated H120 vaccine. The IBV-specific neutralising antibodies 

elicited by the IB VLPs were also comparable to those of the inactivated H120 vaccine. The 

IB VLPs induced a much higher cellular immune response in mice than the inactivated H120 

vaccine did (Liu et al., 2013b). This suggested that a simpler approach (compared to one 

utilising all of the IBV structural proteins) could be used for developing IB VLPs and 

developing a vaccine against IBV (Liu et al., 2013b). 

Xu et al., (2016) generated IB VLPs by co-infecting Sf9 cells with three recombinant 

baculoviruses which each coded for either the E, M, or S genes. The S gene was modified by 

fusing the S1 subunit to the TM and CT domains of the S2 subunit with a flexible peptide linker 

in between (-GlyGlySerSer-), creating a recombinant S protein. The recombinant S protein 

retained its ability to self-assemble into VLPs (Xu et al., 2016). Not only were the generated 

VLPs similar in size and morphology to native IBV particles, but they were also shown to be 

as efficient at eliciting IBV antibodies as an inactivated M41 vaccine. They elicited a strong 

humoral immune response in chickens when inoculated subcutaneously (Xu et al., 2016). 

Slightly higher neutralizing antibody titres were induced by these VLPs after booster 

vaccination than with the inactivated M41 vaccine (Xu et al., 2016). 

 

2.8.5.2. Chimeric VLP vaccines 

Substituting a part, or the entirety, of the extracellular domain of a VLPs surface antigen with 

that of another virus generates chimeric VLPs. These chimeric VLPs are able to induce an 

immune response against the surface antigen of the second virus (Weber et al., 1995). 

Lv et al., (2014) investigated the possibility of using influenza VLPs as a platform to express 

the S1 protein of IBV in order to produce a candidate vaccine. The S1 protein of IBV was fused 

to the TM and CT domains of the neuraminidase protein of the IAV H5N1 virus producing a 

fusion protein. This fusion protein assembled with the IAV matrix 1 protein and formed 

chimeric VLPs that resembled reported IAV VLPs. This was done using a baculovirus 

expression system. The chimeric VLPs were able to elicit both cellular and humoral immunity 
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as well as a neutralisation antibody response in both chickens and mice at a considerably higher 

level than those elicited by the H120 vaccine (Lv et al., 2014). This makes them an attractive 

IBV vaccine candidate. 

In a study by Wu et al., (2019), the TM and CT domain of the S protein of IBV was separately 

fused to the IBV S1 protein (producing a recombinant S - rS) and the ectodomain of the 

Newcastle disease (NDV) F protein (producing a recombinant F - rF). A chimeric IBV-NDV 

VLP vaccine was constructed which contained both rS and rF, as well as the IBV M protein. 

This was done using a baculovirus expression system. These VLPs resembled the native IBV 

particle in both size and morphology (Wu et al., 2019). SPF chickens were immunised with the 

chimeric vaccine in three doses and efficient cellular and immune responses were observed. 

When challenged with live NDV or IBV, the chimeric IBV-NDV VLPs were able to fully 

protect against death while reducing the levels of viral RNA in tissues and swabs (Wu et al., 

2019). The chimeric VLPs were highly immunogenic and were able to completely protect 

against challenge from both NDV and IBV, making them a promising vaccine candidate and 

platform for multivalent antigens (Wu et al., 2019). 

 

2.8.5.3. Known Requirements for VLP formation 

The S protein is the main antigenic determinant of IBV, making it the major target protein for 

the design and development of new vaccines against the virus (Liu et al., 2013b). Interactions 

between the M and S protein mediate the incorporation of the S protein into the virus particle 

(or VLP) (Godeke et al., 2000). The E and M proteins interact with each other via their CT 

domains, which may be essential for the assembly of virus (or virus-like) particles (Lim and 

Liu, 2001; Corse and Machamer, 2003). Many studies suggest that the N protein of 

coronaviruses is able to form high-order oligomers (He et al., 2004). This N-oligomerisation is 

thought to generate a scaffold or improve stability in order to promote M oligomerisation thus 

aiding in the assembly of virus (or virus-like) particles (Ujike and Taguchi, 2015). 

In a study by Ho et al., (2004), the formation of human SARS coronavirus VLPs in Sf21 cells 

required both the M and E proteins. In 293T cells and Vero E6 cells however, the E, M as well 

as N proteins were essential for the same VLPs (Siu et al., 2008; Nakauchi et al., 2008). These 

studies suggest that the assembly of coronavirus VLPs requires at least both the M and E 

proteins.  
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In contrast, a study by Liu et al., (2013b) demonstrated the assembly of IBV VLPs consisting 

of only the M and S proteins by making use of a baculovirus expression system in Sf9 cells.  

Because VLPs for IBV have not yet been produced in plants, the minimum requirements are 

not yet established, therefore, different combinations of all four proteins were investigated. 

 

2.9. The Use of Plants for Transient Protein Expression 

Recombinant proteins have been produced in plants by stable transformation. This method 

modifies the genome of the plant species used and allows the foreign gene sequence to be 

passed down genetically by the production plant (Floss et al., 2007; Pogue et al., 2010). The 

advantage of this method is that it shows robust protein expression. The disadvantage is that it 

can take months to years to derive enough seed to use for recombinant protein production due 

to slow genetic transformation (Pogue et al., 2010). There is also the risk of horizontal 

transmission of the recombinant gene (Pogue et al., 2010). 

In transient expression systems, however, the foreign gene is not passed down genetically by 

the production plant, nor is it transmitted by insects or pollen (Pogue et al., 2010). Transient 

expression systems allow for the speedy expression of proteins, as well as the development and 

analysis of constructs within a few days (Rybicki, 2010). 

Plants are considered a useful alternative host for heterologous protein expression. The 

advantages being that they are cost-effective and void of contaminating animal pathogens 

(Thuenemann et al., 2013). They are also robust and highly scalable (Chen et al., 2006). Plant-

based expression systems are safer to use than traditional expression systems because they do 

not support the growth of infectious viruses or produce contaminating endotoxins (Moustafa et 

al., 2016). Plants are also able to mediate necessary post-translational modifications such as 

glycosylation or the formation of disulphide bonds (Faye et al., 2005). The plasticity of the 

plant proteome also supports the co-expression of more than one protein which enables the 

secretory pathway to be manipulated for producing proteins that have homogenous 

mammalian-like glycosylation (Castilho et al., 2010; Castilho and Steinkellner, 2012). Plant-

derived vaccines may also allow for oral immunisation (Rybicki, 2009). Transient expression 

is used to evaluate plant cell ability to produce certain proteins (Sainsbury et al., 2009). 

Plant-based transient expression is the most cost-effective and speedy recombinant platform 

currently available. It makes use of the ability that Agrobacterium tumefaciens has to transfer 
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T-DNA into the nucleus of a plant host cell (Gelvin, 2003). It involves transferring genetic 

information from A. tumefaciens to appropriate plant cells via agroinfiltration using a plant 

expression vector system (D’Aoust et al., 2008). This limits expression to the leaf tissue that 

was infiltrated with the Agrobacterium suspensions (Sainsbury et al., 2009). 

Nicotiana benthamiana leaf tissue supports high levels of heterologous protein expression and 

is amenable to infiltration. This makes it a desirable host for transient gene expression 

(Sheludko et al., 2007). Up to 1.5 g/kg recombinant protein yields have been obtained using 

transient protein expression in N. benthamiana (Sainsbury and Lomonossoff, 2008). 

Using transient expression systems is useful for rapid expression, development, as well as 

testing of constructs within a few days (Rybicki, 2010). Plant expression systems have been 

used to assemble VLPs with the immunological properties of live viruses, and this has been 

achieved within days of infiltration (Theuenemann et al., 2013). Plant expression only takes a 

few days. This means that milligram quantities of recombinant target proteins can be speedily 

produced. This production speed is an important advantage of plant expression systems because 

quick responses to the outbreaks of infectious diseases are becoming increasingly important 

(Margolin et al., 2018).  

On the other hand, it can take as long as a year to attenuate a live field virus for the purpose of 

producing a live attenuated vaccine (Jordan, 2017). This disadvantage, amongst others 

previously discussed, point to an inadequacy with regards to the effectiveness of live-attenuated 

vaccines.  

 

2.10. Plant Expression Vector Systems 

 

2.10.1. Cowpea Mosaic Virus 

Cowpea Mosaic Virus (CPMV) is a Comovirus and forms part of the Comoviridae family 

(Sainsbury et al., 2010). It infects many legume species including its natural host, cowpea 

(Vigna unguiculata) in which it multiplies to high titres, as well as N. benthamiana which is 

the most commonly used experimental host for the virus (Sainsbury et al., 2010, 2012). The 

CPMV genome is made up of two separately encapsidated positive-stranded RNA molecules 

that are both required for infection (Sainsbury et al., 2010). RNA-1 (5889 nucleotides) encodes 
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the viral replication and polyprotein processing proteins, while RNA-2 (3481 nucleotides), 

which depends on RNA-1 for its replication, encodes the proteins that are responsible for cell-

to-cell movement and systemic spread of the virus (Sainsbury et al., 2010, 2012). CPMV is 

naturally bipartite, meaning that two RNA molecules have to be replicated in the same cell; 

therefore, virus exclusion does not occur. Virus exclusion occurs when two constructs that are 

based the same virus are introduced into a cell, but the first replicating construct prevents the 

second construct from replicating (Sainsbury et al., 2013). This means that monopartite 

systems can only be used for producing a single protein in a cell, unless a different virus that 

does not compete with the first, is used for expressing a second protein (Giritch et al., 2006). 

This make CPMV attractive as a virus-based vector (Sainsbury et al., 2012) for expression and 

for assembling a number of heteromultimeric protein complexes, such as VLPs, in the same 

plant cell.  

 

2.10.2. CPMV-based expression systems 

CPMV-based expression systems focus on the modification of the RNA-2 sequence, with co-

inoculated RNA-1 constructs providing any required replication functions (Sainsbury et al., 

2010, 2012). One of the initial vectors (replication-competent deleted vector - pM81B-S2NT-

1) allowed the entire RNA-2 open reading frame downstream of the second in-frame AUG at 

position 512 to be removed by restriction enzyme digestion and replaced with any sequence 

with compatible ends (Sainsbury et al., 2012). These constructs were then transformed into A. 

tumefaciens and co-infiltrated into N. benthamiana leaves with plasmids that contained RNA-

1 and a suppressor of gene silencing P19 (Sainsbury et al., 2012). These vectors had the 

advantage of biocontainment compared to CPMV vectors that were based on the full-length 

RNA-2 molecules (Sainsbury et al., 2010). 

 

2.10.3. CPMV-HT expression system 

Sainsbury and Lomonossoff (2008) discovered that replication of the deleted version of RNA-

2 was not necessary to obtain high levels of protein expression in plants. The replication-

competent RNA-2 system required the sequence to be fused to AUG 512, making cloning a 

more complicated two-step strategy, with a separate construct containing a silencing suppressor 

also required (Sainsbury et al., 2012). Eliminating the first in-frame AUG at position 161 and 
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an out-of-frame AUG at 115, thus stopping replication, amplified the levels of expression of 

many proteins (Sainsbury et al., 2010). This was caused by the mRNAs being rendered 

“hypertranslatable” (HT) by the modified 5' - UTR. The resulting expression system was called 

CPMV-HT (Sainsbury et al., 2010, 2012). The advantages of eliminating replication while still 

achieving high levels of expression removed any problems that involved virus exclusion and 

genetic drift, while having no limits on the size or complexity of foreign sequences expressed 

(Sainsbury et al., 2012). The host range of HT leaders is also extended past host species that 

require the replication of CPMV to occur (Sainsbury et al., 2010). Therefore, the CPMV-HT 

system allowed for simultaneous expression of multiple proteins in the same cell (Sainsbury, 

et al., 2012). However, this system still required a two-step cloning procedure as well as the 

co-infiltration of a silencing suppressor (Sainsbury et al., 2012).  

 

2.10.4. pEAQ vector expression system 

The pEAQ series of binary vectors was developed based on the abovementioned CPMV-HT 

system. The pEAQ series has been derived from a deleted version of RNA-2 of CPMV 

(Sainsbury et al., 2009, 2012). This expression system is used to transiently express high levels 

of a foreign protein rapidly in plants. This is performed without viral replication (Sainsbury et 

al., 2012, Sainsbury and Lomonossoff, 2008). The pEAQ plasmids are small binary vectors 

that are modular and allow multiple coding sequences to be inserted on the same T-DNA 

segment (Sainsbury et al., 2012). 

To do this, the CPMV-HT expression cassette as well as the P19 silencing suppressor was 

placed in the T-DNA region of a binary vector (Fig. 5) (Sainsbury et al., 2010).  
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Figure 5:  pEAQ-HT plant expression vector (Theunemann et al., 2013). 

 

Each pEAQ vector contains a polylinker of restriction sites which can be used to insert any 

expression cassette or sequence. Removing reading frame dependence meant that a one-step 

cloning procedure could be utilised through restriction enzyme-based cloning or using the 

GATEWAY® system of recombination-based cloning (Sainsbury et al., 2010, 2012). These 

expression vectors are also equipped with the sequences required for His-tagging proteins of 

interest at either the N- or C- terminus, which is useful for purification of proteins from plant 

tissue (Sainsbury et al., 2012). The pEAQ vector series is useful for situations where large 

amounts of protein need to be synthesised (Saunders et al., 2009; Vardakou et al., 2012), as 

well as situations whereby the co-expression of more than one protein is required, such as the 

manipulation of metabolism, the expression of antibodies (Sainsbury et al., 2012), or the 

assembly of more than two structural proteins to form VLPs in plants. The pEAQ-HT vector 

was used in this research project. CSIR Biosciences and UP each have licence agreements 

(Plant Bioscience Ltd., PBL, Norwich) to use the CPMV technology for research purposes until 

2023 with the option to extend the licence agreement thereafter.  
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CHAPTER 3 

Materials and Methods 

 

3.1. Synthetic construct design and cloning of genes into plant expression vector pEAQ-

HT 

 

3.1.1. Design of Constructs 

Gene sequences encoding the Spike (S) (Protein ID AKC34133.1), Envelope (E) (Protein ID 

AKC34135.1), Membrane (M) (Protein ID AKC34136.1) and Nucleoprotein (N) (Protein ID 

AKC34140.1) structural proteins of IBV (QX-like strain ck/ZA/3665/11, Abolnik, 2015) were 

obtained from the National Centre for Biotechnology Information (NCBI). The gene sequences 

were chicken codon-optimised by BioBasic using their proprietary algorithm. These genes 

were then chemically synthesised by BioBasic Inc. Canada with unique AgeI and XhoI sites on 

the 5' and 3' ends, respectively, as well as a stop codon downstream of each gene. All other 

AgeI and XhoI sites within the genes were eliminated. Chemically synthesised genes were 

shipped to South Africa in lyophilised form. Four μg of each pUC57 vector-based construct 

were provided and resuspended to a final concentration of 200 ng/μl in sterile milliQ H2O. All 

reagents were molecular biology grade and obtained from Sigma Life Science unless otherwise 

indicated. 

 

3.1.2. Restriction enzyme digests 

Each sequence was then cloned independently into a pEAQ-HT expression vector via sticky-

end directional AgeI/ XhoI restriction enzyme-based cloning (Fig. 6). Each insert (S, E, M and 

N) as well as the pEAQ-HT plasmid was digested with AgeI and XhoI restriction enzymes 

(Thermo Fisher Scientific) in order to generate compatible sticky-ends for ligating (37°C for 

45 minutes). The digests were then resolved on a 1.2% agarose gel. The inserts, as well as the 

pEAQ-HT vector were cut out using a sterile scalpel blade (for each individual gene and 
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backbone) and purified using the ZymocleanTM Gel DNA Recovery Kit and eluted in 10 μl of 

sterile milliQ H2O.  

Figure 6:  Diagram illustrating the design of pEAQ-HT-S, pEAQ-HT-N, pEAQ-HT-M, 

and pEAQ-HT-E. 

 

3.1.3. Ligation reactions 

Four separate ligation reactions were set up containing linearised vector DNA (pEAQ-HT) and 

each insert DNA (S, E, M or N) at a molar ratio of 1:3 along with Fast-link DNA ligase and 

ligase buffer found in the Fast-linkTM DNA Ligation Kit (Epicentre). The ligation reactions 

were then incubated for an hour producing four pEAQ-HT constructs each containing one of 

the genes encoding the IBV structural proteins (S, E, M and N) (Fig. 6). They were then heat 

inactivated at 70°C for 15 minutes.  

 

3.1.4. Transformation 

Each pEAQ-HT construct was independently transformed into electrocompetent DH10B cells 

(ThermoFisher Scientific) using a Gene PulserTM (Bio-Rad) at 1.8 kV, 200 Ω, and 25 μF. The 

transformed cells were recovered in SOC (0.5% (w/v) yeast extract, 2% (w/v) Tryptone, 10 
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mM NaCl, 2.5 mM KCl, 2.5 mM MgCl2, 20 mM MgSO4, 20 mM Glucose) media on a rotary 

shaker (175 rpm) at 37°C for an hour. Thereafter, they were plated onto Luria Bertani (LB) 

agar (10 g/L NaCl, 5 g/L yeast extract, 10 g/L Tryptone, 15 g/L agar) plates containing 

Kanamycin (50 μg/ml) for selection of pEAQ-HT constructs and incubated at 37°C overnight. 

The next day, colonies were picked and verified via colony PCR using pEAQ-HT specific 

primers (Table 1) for pEAQ-HT-E, pEAQ-HT-N, and pEAQ-HT-M to confirm the presence of 

the inserts. pEAQ-HT specific forward and reverse primers were used unless otherwise 

specified. 

For pEAQ-HT-E, pEAQ-HT-N, and pEAQ-HT-M, PCR mixes were prepared using sterile 

filter tips (as for all PCR reactions). The PCR mixes contained a final concentration of 0.2 µM 

forward/reverse primer (Table 1) (pEAQ-HT primers for E and M, and FSC5 primers for N) 

and the Ampliqon DNA polymerase master mix red. The latter contained Taq DNA polymerase 

enzyme including dNTPs and 1.5 mM MgCl2 (Cat. No.: A180306, Ampliqon). Colonies picked 

from the Luria agar plate using sterile tips were resuspended in the PCR mix. The reactions 

were then set up according to the manufacturer’s instructions and performed in the GeneAmp 

2720 Thermocycler (Applied Biosystems). The cycling conditions were as follows: 1 cycle of 

94˚C for 2 min, followed by 35 cycles of 94˚C for 15 sec, 55°C for 30 sec and 72°C for 30 sec 

followed by 1 cycle of 72°C for 3 min. The PCR products were separated on a 1.2% agarose 

gel. Molecular weight marker (GeneRuler DNA ladder mix, SM0331, Thermo Fisher 

Scientific) was used and pEAQ-HT containing a known insert served as a positive control. 

Insert-containing colonies (for E, N, and M) were propagated, and the plasmids were extracted. 

The structural protein encoding sequences were verified via dideoxy Sanger DNA sequencing 

(Inqaba Biotechnical Industries (Pty) Ltd). Glycerol stocks of each confirmed colony were 

prepared and stored at -80°C.  

Due to the large size of the S protein (3.4 kb) the construct was miniprepped (Zyppy Plasmid 

Miniprep kit) before PCR confirmation of pEAQ-HT-S using pEAQ-HT specific primers 

(Table 1). In all PCR experiments, Ampliqon was used for inserts of 1-1.5 kb and Phusion flash 

for inserts beyond 3 kb. 

For pEAQ-HT-S, a PCR mix was prepared containing a final concentration of 0.5 µM 

forward/reverse primer (Table 1) and the Phusion Flash High-Fidelity PCR Master Mix 

containing Phusion Flash II DNA Polymerase enzyme (Catalog number:  F548S, Thermo 

Fisher Scientific) and were set up according to the manufacturer’s instructions and performed 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



32 

 

in the GeneAmp 2720 Thermocycler (Applied Biosystems). The cycling conditions were as 

follows: 1 cycle of 98˚C for 10 sec, followed by 30 cycles of 98˚C for 1 sec, 65°C for 5 sec 

and 72°C for 55 sec, followed by 1 cycle of 72°C for 1 min. The PCR products were separated 

on a 1% agarose gel. Molecular weight marker (GeneRuler DNA ladder mix, SM0331) was 

used and pEAQ-HT containing a known insert served as a positive control. Insert-containing 

colonies (for S) were propagated, and the plasmid DNA was extracted. The structural protein 

encoding sequence was verified via dideoxy Sanger DNA sequencing (Inqaba Biotechnical 

Industries (Pty) Ltd). Glycerol stocks of each confirmed colony were prepared and stored at -

80°C. 

 

Table 1: Forward and reverse primers used for PCR validation 

Code Sequence (5'-3') 
Concentration 

(µM) 

Tm value 

(°C) 

pEAQ-HT - F ACTTGTTACGATTCTGCTGACTTTCGGCGG 10 74.7 

pEAQ-HT - R CGACCTGCTAAACAGGAGCTCACAAAGA 10 63.6 

FSC5 - F GGTTTTCGAACTTGGAGAAA 10 48.7 

FSC5 - R AGAAAACCGCTCACCAAACATAGA 10 56 

 

The pUC57 vectors (containing the original inserts) were also transformed into 

electrocompetent DH10B cells (Thermo Fisher Scientific) using the Gene PulserTM (Bio-Rad) 

at 1.8 kV, 200 Ω, and 25 μF. The transformed cells were recovered in SOC media on a rotary 

shaker (175 rpm) at 37°C for an hour. Thereafter, they were plated into LB agar plates 

containing Carbenicillin (for Ampicillin resistance) (50 μg/ml) for selection of the pUC57 

vector and incubated at 37°C overnight. The next day, colonies were picked and propagated in 

Luria broth (10 g/L NaCl, 5 g/L yeast extract, 10 g/L Tryptone). Glycerol stocks of each 

construct were made and stored at -80°C. 
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3.2. Transformation of constructs into A. tumefaciens  

 

3.2.1. Transformation into A. tumefaciens 

The sequence-validated recombinant pEAQ-HT plasmids were transformed into 

electrocompetent A. tumefaciens (AGL-1, GV3101::pMP90, or LBA4404 strains) using a Gene 

PulserTM (Bio-Rad) (1.44 kV, 200 Ω, and 25 μF) in order to determine the most appropriate 

Agrobacterium strain for expression and assembly of VLPs in N. benthamiana ∆XT/FT plants 

(∆XT/FT is a mutant strain of N. benthamiana that facilitates mammalian-like glycosylation 

(Strasser et al., 2008)) which offer improved protein expression.  The transformed cells were 

recovered in SOC medium on a rotary shaker (175 rpm) at 30°C for 3 hours. The cells were 

then plated onto LB agar plates containing Kanamycin (50 μg/mL) (to select for pEAQ-HT) 

plus Rifampicin to select for Agrobacterium and the appropriate antibiotic for the chosen A. 

tumefaciens strain (i.e. Carbenicillin (100 μg/mL) for AGL-1, Gentamycin (10 μg/mL) for 

GV3101::pMP90, or Streptomycin (100 μg/mL) for LBA4404) and incubated at 28°C for 2-3 

days. Colonies were then picked and propagated in LB broth (for AGL-1 and GV3101::pMP90 

) or YMB (0.1% yeast extract, 1% Mannitol, 1.7 mM NaCl, 0.8 mM MgSO4.7H20, 2.2 mM 

K2HPO4.3H2O) media (for LBA4404) containing the appropriate antibiotics for selection and 

incubated on a rotary shaker (175 rpm) at 28°C overnight until the OD600 was ≥ 2. These 

cultures would be used for N. benthamiana ∆XT/FT agroinfiltration. Glycerol stocks of each 

confirmed colony were made using 65% glycerol (50:50 ratio) and stored at -80°C. 

 

3.2.2. Culturing of A. tumefaciens 

The target cultures were streaked onto LB agar plates with the appropriate antibiotics for each 

strain and cultured at 28°C overnight for 48 hours. The streaked cultures were then scraped off 

the agar plates and each inoculated separately into 200 ml LB medium (for AGL-1 and 

GV3101::pMP90) or YMB (for LBA4404) medium (containing 200 μM 3,5- Dimethoxy-4-

hydroxy-acetophenone, Sigma Life Science) with the appropriate antibiotics, and incubated 

overnight at 28°C on a shaker incubator ( 200 rpm). 
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3.2.3. Preparing Inoculum 

Cells were harvested from the prepared overnight cultures by centrifuging them at 7000 rpm 

for 7 minutes at 10°C. The cell pellets were resuspended in 2-(N-morpholino)ethanesulfonic 

acid (MES) infiltration buffer (10 mM MES pH 5.6, 10 mM MgCl2, 200 μM 3,5- Dimethoxy-

4-hydroxy-acetophenone). Various combinations of the Agrobacterium suspensions were 

prepared: S alone; S and E; S and M; S, E, and M in 1:1 or 1:1:1 ratios. These were then diluted 

to a final OD600 of 1-2. The solutions were then left at room temperature for 0.5 - 3 hours prior 

to infiltration. 

 

3.3. Infiltration of N. benthamiana ∆XT/FT leaves with A. tumefaciens and crude protein 

extraction 

 

3.3.1. Infiltration of plant leaves 

The leaves of 3-4 week old N. benthamiana ∆XT/FT plants (~20 cm in height) were syringe-

infiltrated with the abovementioned Agrobacterium combinations. A pEAQ-HT (without 

insert) Agrobacterium suspension was used as a negative control. The plants were then 

incubated at 27°C for 6-8 days post-infiltration (dpi) and watered daily. 

 

3.3.2. Harvesting of leaf material 

The Agrobacterium-infiltrated leaves were harvested at two different time points (6 and 8 dpi) 

in order to determine the optimal time for protein expression and VLP formation. The leaves 

were harvested, weighed, and the crude plant proteins were prepared for extraction. 

 

3.3.3. Extraction of crude plant proteins 

The leaf tissue that was harvested at each interval was extracted in two volumes of VLP 

extraction buffer using a multipurpose juice extractor. Two different buffers were tested, PBS 

and Bicine buffer:  1X PBS (10X PBS pH 7.4 – 18 mM KH2PO4, 100 mM Na2HPO4, 27 mM 

KCl, 140 mM NaCl) buffer  (1X PBS with the addition of 0.04% sodium metabisulfite) or 
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Bicine (50 mM bicine, pH 8.4; 20 mM NaCl). Both dithiothreitol (1 mM DTT, ThermoFisher 

Scientific) and protease inhibitor cocktail (Sigma, P2714) were added shortly before extraction. 

The large cell debris was removed by filtering the juice through two layers of cheesecloth and 

centrifuging the plant lysate at 7000 rpm for 4 minutes at 4°C. The supernatant was kept for 

analysis. 

 

3.4. Analysis of crude plant proteins and visualisation of VLPs 

 

3.4.1. Protein purification 

The IBV virus-like particles (VLP) were purified using Iodixanol (OptiprepTM, Sigma) density 

gradient centrifugation. The Iodixanol solutions were prepared by dissolving ultra-high quality 

Iodixanol into VLP dilution buffer (1 X PBS buffer) and layered into gradients of 10% 

incrementing steps from 60% to 20%. The following volumes of OptiprepTM concentrations 

were used: 1 ml 60%, 1 ml 50%, 1.5 ml 40%, 1.5 ml 30%, 1 ml 20%. The step gradients were 

prepared in 13.2 ml ultra-clearTM Beckman tubes (Beckman Coulter, Cat no. 344059). The 

clarified cell lysates were layered on top of the step gradients, and centrifuged at 32 000 x g 

for 2 hours at 10°C using the ultracentrifuge (SW Ti 41 Rotor – Beckman Coulter). Thereafter, 

the gradients were harvested in 500 μl fractions using a Minipuls2 peristaltic pump (Gilson). 

Selected fractions were analysed by denaturing SDS-PAGE and Immunoblotting for the 

presence of structural proteins of IBV VLPs.  

 

3.4.2. Protein confirmation 

 

3.4.2.1. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS PAGE)  

Fractions 7-12 (20-40% iodixanol fractions) from 6 dpi were chosen for analysis in order to 

identify the fraction containing the IB VLPs. A 4-12% Bis-Tris BoltTM (Life Technologies) 

mini gel was prepared for analysing the protein content in each of the chosen fractions. A 

master mix containing sample buffer and reducing agent was prepared and 14 μl was added to 

26 μl of each density gradient fraction according to the manufacturer’s recommendations. The 
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samples were then heated at 70°C for 10 minutes and loaded onto a 4-12% Bis-Tris BoltTM 

mini gel along with a SeeBlue® Plus2 prestained protein marker (Invitrogen), pEAQ-HT 

empty (negative control), and an IBV QX-like strain (positive control). The gel was run in 

Bolt® MES SDS running buffer using the Mini-PROTEAN® Tetra system (Bio-Rad) at a 

constant voltage of 200 V for approximately 20 minutes.  

The gel was stained in Coomassie Brilliant Blue G250 Staining Solution (50% methanol 

(Minema), 10% acetic acid (Minema), 0.1% Coomassie Brilliant Blue G250 (Merck)) for 30-

60 minutes before destaining overnight in destaining solution (10% ethanol, 10% acetic acid, 

10% isopropanol) on a Belly Dancer Orbital shaker (Sigma). The gel was then visualised for 

protein content using the ChemiDocTM MP Imaging System (Bio-Rad). Fractions 10 and 11 

were thereafter used in all future experiments as the highest content of IBV VLP structural 

proteins were established to be present those fractions.  

After establishing the fractions with the highest protein content, fractions 10 and 11 from both 

6 and 8 dpi were mixed with the BoltTM sample buffer and reducing agent (as described above). 

The SDS PAGE protocol was repeated as explained above and the gel was then visualised for 

protein content. 

 

3.4.2.2. SDS-PAGE for immunoblotting 

Eighteen microlitres of density gradient fractions 10 and 11 from both 6 and 8 dpi were mixed 

with Laemmli protein sample buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% 

bromophenol blue and 0.125 M Tris HCl, pH 6.8) and heated at 95°C for 5 minutes to denature 

the proteins. The samples were then loaded onto a 10% SDS polyacrylamide gel which was 

prepared according to the manufacturer’s instructions (BioRad TGXTM and TGX stain-freeTM 

FastCastTM Acrylamide Kit) along with the Precision Plus ProteinTM Western CTM standard 

protein marker (BioRad), pEAQ-HT empty (negative control), and an IBV QX-like strain 

(positive control). The gel was run in 1 X TGS buffer (25 mM Tris-HCl; pH 8.3, 200 mM 

glycine, 0.1% SDS) using the Mini-PROTEAN® Tetra system (Bio-Rad) at an applied current 

of 50V for 20 minutes and thereafter an applied current of 130V for approximately 1.5 hours.  
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3.4.3. Immunoblotting 

SDS-PAGE gels were subjected to an Immunoblotting protocol using QX-like IBV-specific 

antiserum from a vaccinated flock (provided by the Poultry Section, Department of Production 

Animal Studies, University of Pretoria) in order to confirm the identity as well as the position 

of the IBV structural proteins on the gels. The QX-like IBV-specific antiserum was optimally 

matched with the QX-like antigen being used in this study. The internal proteins are more 

conserved between IBV serotypes and would be detected by immunoblotting even if the S 

protein was not identical. The protocol was done by immunoblotting the protein samples onto 

a PVDF membrane within the Trans-blot® TurboTM Transfer Pack (Bio-Rad) using the Trans-

blot® TurboTM Transfer system (Bio-Rad) mixed molecular weight application (1.3 A; 25 V; 

20 minutes). The membrane was then incubated in 3% blocking solution (BSA in 1 X PBS) 

overnight at room temperature with gentle agitation. The next day, the blocking solution was 

poured off, and replaced with more blocking solution and 1:1000 per 10 ml of the QX-like 

IBV-antiserum (primary antibody). This was then incubated for 2 hours at room temperature 

with gentle agitation. The solution was then decanted, and the membrane was washed three 

times for 10 minutes each with wash buffer (1 X PBS and 0.1% TWEEN® 20 (Merck)), shaking 

at room temperature. The membrane was then incubated in 1 X PBS TWEEN with 1:2000 per 

10 ml of Goat α-chicken HRP (secondary antibody, Sigma Aldrich: (SAB370199-2MG)) and 

Precision ProteinTM StrepTactin-HRP conjugate (BioRad) for 2 hours at room temperature with 

gentle agitation. The solution was then decanted, and the membrane was washed three times 

for 10 minutes each with wash buffer (1 X PBS and 0.1% TWEEN® 20 (Merck)), shaking at 

room temperature. The proteins were then detected by adding the ClarityTM Western ECL 

chemilluminescence substrate (BioRad) to the membrane and visualising using the 

ChemiDocTM MP Imager (Bio-Rad). The Chemi Hi Resolution application was used to take 

photographs of the chemilluminescence signals approximately every second for 15 seconds. 

 

3.4.4. LC-MS/MS based peptide sequencing 

Candidate viral protein bands of the correct size were cut out from the SDS-PAGE gel and sent 

for LC-MS/MS based peptide sequencing (a commercial service offered at CSIR Biosciences). 

The gel bands were trypsin digested following the protocol described in Shevchenko et al., 

(2007). To summarise, the gel bands were destained in 50 mM NH4HCO3/50% MeOH. This 

was followed by in-gel protein reduction (50 mM DTT in 25 mM NH4HCO3) and alkylation 
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(55 mM iodoacetamide in 25 mM NH4HCO3). The proteins were digested at 37°C overnight 

using 5-50 µl (depending on the size of the gel piece) of 10 ng/µl trypsin. The digests were 

then resuspended in 20 µl of 2% acetonitrile/0.2% formic acid and analysed using a Dionex 

Ultimate 3000 RSLC system coupled to an AB Sciex 6600 TripleTOF mass spectrometer. The 

peptides were de-salted on an Acclaim Pep/map C18 trap column (100 µM x 2 cm) for 2 

minutes at 15 µl/min using 2% acetonitrile/0.2% formic acid. They were then separated on an 

Acclaim PepMap C18 RSLC column (300 µM x 15 cm, 2 µm particle size). Peptide elution 

was then performed by making use of a flow-rate of 8 µl min-1 with a gradient 4-60% B in 15 

minutes (A: 0.1% formic acid; B: 80% acetonitrile per 0.1% formic acid). An electrospray 

voltage was applied to the emitter (5.5 kV). The 6600 TripleTOF mass spectrometer was 

operated in Data Dependent Acquisition mode. The precursor scans were acquired from m/z 

400-1500 by using an accumulation time of 250 ms followed by 30 product scans, acquired 

from m/z 100-1800 at 100 mn each. This was done for a total scan time of 3.3 seconds. Multiply 

charge ions (2+ -5+, 400 – 1500 m/z) were automatically fragmented in Q2 collision cells with 

nitrogen as the collision gas. The collision energies were chosen automatically as a function of 

m/z as well as charge. Protein pilot v5 making use of paragon search engine (AB Sciex) was 

used in order to compare the obtained MS/MS spectra with the Uniprot Swissprot protein 

database. Only the proteins with a threshold above ≥ 99.9% confidence were reported. 

 

3.4.5. Negative staining TEM visualisation of VLPs 

The IBV VLPs were visualised by adsorbing the samples onto carbon-coated holey copper 

grids and stained. The protein adsorption was done by floating the grids on the undiluted 

protein sample for 5 minutes. The excess sample was blotted off onto filter paper and the grids 

were washed 5 times in 5µl of milliQ water, blotting the excess water off into filter paper each 

time. The grids were then stained in 2% uranyl acetate, pH 4.2 for 30 seconds and the excess 

stain was blotted off onto filter paper. Alternatively, Iodixanol gradient fractions were adsorbed 

onto holey carbon-coated copper grids and stained with sodium phosphotungstate, pH 7.0. The 

grids were air dried and imaged using a CM10 Transmission electron microscope (Philips) at 

Onderstepoort, Laboratory for Microscopy and Microanalysis under the supervision of Ms 

Antoinette Lensink at UP (University of Pretoria). The measuring tool on the Gatan Digital 

Micrograph software was used to measure the diameters of the visualised particles.  
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3.5. Redesign and cloning of recombinant S genes 

 

3.5.1. Design of Recombinant Constructs 

A gene sequence encoding the Spike (S) structural protein of IBV (QX-like strain 

ck/ZA/3665/11, Abolnik, 2015) was obtained from the National Centre for Biotechnology 

Information (NCBI). Four genetically modified versions of the S protein were designed with 

the aim of improving protein expression in plants and assembly of virus-like particles by 

making use of the C-terminal sequences of the IAV HA gene (H6 Sublineage 1) (Fig. 7).  The 

recombinant constructs were as follows: 1 – original S gene (Protein ID AKC34133.1); 2 – 

recombinant S gene with the TM domain substituted with that of the IAV HA gene; 3 - 

recombinant S gene with the TM and CT domains substituted with those of the IAV HA gene; 

4 – recombinant S gene with a murine signal peptide replacing the native signal peptide, 

KOZAK sequence added, and the ER retention signal removed; 5 - recombinant S gene with a 

murine signal peptide replacing the native signal peptide, KOZAK sequence added, TM 

domain substituted with that of the IAV HA gene, and the ER retention signal (KKSV) 

removed. Primers that would appropriately modify the S gene, and add the required AgeI/XhoI 

sites were also ordered from Integrated DNA Technologies Inc (IDT) (Table 2). 

Figure 7:  Recombinant IBV S proteins modified from the original S gene using primers. 
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The gene sequences were chicken codon-optimised as per the algorithm of BioBasic. IBV-S-

IAV-TM and IBV-S-IAV-TM/CT were then synthesised by BioBasic Inc. Canada with a stop 

codon downstream of each gene. All AgeI and XhoI sites in the genes were silenced. Four μg 

of each pUC57 vector-based construct were obtained in lyophilised form. Each sample was 

resuspended to a final concentration of 200 ng/μl in sterile milliQ H2O. The primers were also 

obtained in lyophilised form, resuspended in sterile milliQ H2O to a stock concentration of 100 

µM and further diluted to a working concentration of 10 µM. rIBV-S-IAV-TM and rIBV-S-

IAV-TM/CT (Fig. 7) were then synthesised by using primers to insert AgeI and XhoI sites, N-

terminal and C-terminal, respectively for each of the genes. mIBV-S-KKSV (Fig. 7) was 

synthesised by modifying the original S gene (gene 1, Fig. 7) using primers (Table 2) and 

mIBV-S-IAV-TM-KKSV was synthesised by modifying gene 2 (Fig. 7) using the same 

primers. All reagents were molecular biology grade and obtained from Sigma Life Science 

unless otherwise indicated. 

 

3.5.2. PCR Amplification 

PCR mixes were prepared which contained a final concentration of 0.3 µM forward/reverse 

primer (Table 2), the 5X KAPA HIFI buffer, KAPA dNTP mix, and KAPA HIFI DNA 

polymerase enzyme (KAPA Biosystems) and were set up according to the manufacturer’s 

instructions and performed in the GeneAmp 2720 Thermocycler (Applied Biosystems). The 

cycling conditions were as follows: 1 cycle of 95°C for 3 min, followed by 10 cycles of 98°C 

for 20 sec, 60°C for 15 sec and 72°C for 150 sec, followed by 25 cycles of 98°C for 20 sec, an 

annealing temperature gradient from 60°C to 64°C for 15 sec and 72°C for 200 sec, followed 

by 1 cycle of 72°C for 5 min. The PCR products were separated on a 1% agarose gel. Molecular 

weight marker (Gene Ruler ladder mix, SM0331) was used. Target bands were cut out and 

purified using the ZymocleanTM Gel DNA Recovery Kit and eluted in milliQ water. 
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Table 2: Primers for modifying the original S gene to create recombinant S genes 

Gene Code Sequence (5'-3') 

Concentration 

(µM) 

Tm value 

(°C) 

rIBV-S-IAV-TM 

Fw TM-CT GACACCGGTATGCTGGTGAAGAGCCTGTT 10 65.1 

Rv TM TTGCTCGAGTCACACGCTTTTCTTAGGTCTGTA 10 63.2 

rIBV-S-IAV-TM/CT 

Fw TM-CT GACACCGGTATGCTGGTGAAGAGCCTGTT 10 65.1 

Rv TM-CT TAGCTCGAGTCAGATGCACACTCTACACTGCAT 10 64.2 

mIBV-S-KKSV  

Ultramer primer 

Fw mIBV-S 

TTAACCGGTGCCACCATGGGATGGAGCTGGATC

TTTCTTTTCCTCCTGTCAGGAGCTGCAGGTGTCC

ATTGCAACCTGTTTGATAGCGAT 

10 73.3 

Rv IBV-S-KKSV CCGCTCGAGTCATGGTCTATACTGCTC 10 61.7 

mIBV-S-IAV-TM-KKSV 

Ultramer primer 

Fw mIBV-S 

TTAACCGGTGCCACCATGGGATGGAGCTGGATC

TTTCTTTTCCTCCTGTCAGGAGCTGCAGGTGTCC

ATTGCAACCTGTTTGATAGCGAT 

10 73.3 

Rv IBV-S-KKSV CCGCTCGAGTCATGGTCTATACTGCTC 10 61.7 

 

3.5.3. Restriction enzyme digests 

Each fragment was cloned independently into a pEAQ-HT expression vector via sticky-end 

directional AgeI/ XhoI restriction enzyme-based cloning. Each PCR product (rIBV-S-IAV-TM, 

rIBV-S-IAV-TM/CT, mIBV-S-KKSV and mIBV-S-IAV-TM-KKSV) as well as the pEAQ-

HT plasmid was digested with AgeI and XhoI restriction enzymes (ThermoFisher Scientific) in 

order to generate compatible sticky-ends for ligation (37°C for 45 minutes). The digests were 

then resolved on a 1% agarose gel. The inserts, as well as the pEAQ-HT vector were cut out 

using a sterile scalpel blade (for each individual gene and backbone) and purified using the 

ZymocleanTM Gel DNA Recovery Kit and eluted in 10 μl of sterile milliQ H2O.  

 

3.5.4. Ligation reactions 

Four separate ligation reactions were set up containing linearised vector DNA (pEAQ-HT) and 

each insert DNA at a molar ratio of 1:3 along with Fast-link DNA ligase and ligase buffer 

found in the Fast-linkTM DNA Ligation Kit (Epicentre). The ligation reactions were then 

incubated for an hour producing four new pEAQ-HT constructs each containing one of the 
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genes encoding the recombinant S protein (Fig. 8). They were then heat inactivated at 70°C for 

15 minutes. 

Figure 8:  Diagram illustrating the design of pEAQ-HT-S, pEAQ-HT-rIBV-S-IAV-TM, 

pEAQ-HT-rIBV-S-IAV-TM/CT, pEAQ-HT-mIBV-S-KKSV, and pEAQ-HT-

mIBV-S-IAV-TM-KKSV. 

 

3.5.5. Transformation 

The constructs were transformed into electrocompetent DH10B cells and then into A. 

tumefaciens using the same protocol described previously (see sections 3.1 and 3.2). 

For each construct, PCR validation was performed using Phusion Flash. The PCR products 

were separated on a 1% agarose gel. Molecular weight marker (Gene Ruler ladder mix, 

SM0331) was used and pEAQ-HT containing a known insert served as a positive control. 

Insert-containing colonies (for each construct) were propagated, and the plasmids were 

extracted. The sequence-validated inserts encoding the individual structural proteins were 

verified and stored as described above (see section 3.1). 

The Agrobacterium were cultured and the inoculum for each construct prepared using the 

protocol described above (see section 3.2). 
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3.5.6. Infiltration, extraction and analysis 

Various combinations of the Agrobacterium suspensions were prepared (Fig. 9):  

Figure 9:  Combinations of Agrobacterium suspensions for infiltration. 

 

The different combinations were diluted to a final OD600 of 1-2 and left at room temperature 

for 0.5 - 3 hours prior to infiltration. 

N. benthamiana ∆XT/FT leaves were infiltrated and harvested as described above (see section 

3.3), with the rIBV-S-TM/CT construct being co-infiltrated with the IAV M2 ion channel 

protein gene (an integral membrane protein of IAV) instead of with the IBV E and M genes.  

 

This was followed by the same extraction and analysis protocol described above (see sections 

3.3 and 3.4).  
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3.5.7. Agrobacterium infiltration (addition of N protein to all combinations) 

Various combinations of the Agrobacterium suspensions were prepared (Fig. 10): 

Figure 10:  Combinations of Agrobacterium suspensions for infiltration (with addition of N 

protein to all combinations). 

 

The different combinations were diluted to a final OD600 of 1-2 and left at room temperature 

for 0.5 - 3 hours prior to infiltration. 

N. benthamiana ∆XT/FT leaves were infiltrated and harvested as described above (see section 

3.3), with the N protein added to all of the combinations. This was followed by the same 

extraction and analysis protocol described above (see sections 3.3 and 3.4). The iodixanol 

fractions were also stained with phosphotungstic acid as an alternative to uranyl acetate 

staining. 

 

3.5.8. Analysis of leaf sections and Immunogold labelling 

Small 1x1 mm size pieces of infiltrated leaves were cut out prior to harvesting and stored in 

200 µl of fixative (2.5% Glutaraldehyde, [Wirsam Scientific and Precision Equipment (Pty) 

Ltd; Merck (Pty) Ltd]) or Immunogold fixative (4% Formaldehyde, [Merck (Pty) Ltd]) 
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fixative. Both fixatives were made up by Ms Antoinette Lensink (Electron microscopy unit, 

University of Pretoria) in the following manner: 

 

a. Fixative for leaf sections: 

2.5% Glutaraldehyde (Wirsam Scientific and Precision Equipment (Pty) Ltd. Item Code = 

TAA/G003, Item Description = Glutaraldehyde 25% EM 250 ml) in 0.075M phosphate buffer 

(Merck (Pty) Ltd. Product Code = 1.06346.0500, Product description = Sodium Dihydrogen 

phosphate monohydrate for analysis EMSURE ACS. REAG. PH EUR; Merck (Pty) Ltd. 

Product Code = 1.06580.9050, Product description = di-Sodium hydrogen phosphate dihydrate 

for analysis EMSURE).  

The secondary fixative is 1% Osmium tetroxide (Protea Laboratory solutions (Pty) Ltd. Product 

Code = S-02601-AB, Product description = SPI-Chem Osmium Tetroxide, 1g, Sealed Glass 

Ampoules). 

 

b. Immunogold fixative: 

Phosphate buffered 4% Formaldehyde (Merck (Pty) Ltd. Product Code = 8.18715.1000, 

Product description = Paraformaldehyde for synthesis, UN: 2213, Haz: 4.1III) with 50 mM 

lysine (Merck (Pty) Ltd. Product Code = 1.06346.0500, Product description = Sodium 

Dihydrogen phosphate monohydrate for analysis EMSURE ACS. REAG. PH EUR; Merck 

(Pty) Ltd. Product Code = 1.06580.9050, Product description = di-Sodium hydrogen phosphate 

dihydrate for analysis EMSURE; Merck (Pty) Ltd. Product Code = 1.12233.0100, Product 

description = Lysine Monohydrate for biochemistry) 

 

These were provided to Ms Antoinette Lensink at the UP Faculty of Veterinary Science EM 

Unit for embedding, analysis and imaging according to in-house methods. 

Immunogold labelling was performed by Prof Celia Abolnik, according to the protocol below 

and processed for imaging by Ms Antoinette Lensink as before.  
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The following reagents and equipment were used: 

- Air dried resin-embedded stained sections on nickel grids (and a positive control)  

- Tris-buffered saline Tween-20 (TBS-T) (8.8 g/L NaCl, 0.2 g/L KCl, 3 g/L Tris base, 

500 µl/L Tween-20; up to 1 L distilled H2O; pH 7.4, autoclaved) 

- Primary antibody (chicken IBV positive field antiserum) diluted 1:10 in TBS-T 

- 25 nm gold-labelled secondary antibody (goat anti-chicken antibody, Abcam, Biocom 

Africa (Pty) Ltd, Pretoria) at room temperature 

- Blocking reagent: negative goat serum (same species as secondary antibody) diluted 

1:10 in TBS-T 

- ParafilmTM or sterile petri dishes 

- Forceps or platinum wire loop 

 

Protocol: 

The grids were rinsed twice in 50 µl of TBS-T for five minutes each. They were then incubated 

in 25 µl of blocking reagent for 30 minutes at room temperature. Thereafter, they were 

incubated in 50 µl of the primary antibody (1:10 dilution in TBS-T) at room temperature for 2 

hours. The negative control was incubated in TBS-T for 2 hours at room temperature. After 

incubation, the grids were washed 5 times in 50 µl of TBS-T for 5 minutes each. The grids 

were then incubated in 50 µl of the secondary gold antibody (1:50 dilution in TBS-T) at room 

temperature for 1 hour. After incubation, the grids were washed 5 times in 50 µl of TBS-T for 

5 minutes each. Thereafter, the grids were stained as before (optional).  
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CHAPTER 4 

Results 

 

A series of experiments were performed in order to identify the parameters required for optimal 

infectious bronchitis virus (IBV) membrane-associated protein expression as well as VLP 

assembly. Different buffers, Agrobacterium strains, construct combinations and ratios were 

tested. The results of each experiment will be discussed below. 

 

4.1. Experiment 1 

In the first experiment, IBV genes encoding the spike (S), membrane (M), and envelope (E) 

proteins were individually cloned into pEAQ-HT, transformed into DH10B, then into 

Agrobacterium tumefaciens. These were then agroinfiltrated into Nicotiana benthamiana 

∆XT/FT in various combinations to co-express the membrane-associated proteins optimally. 

Leaf tissue was harvested at 6 and 8 dpi. Plant proteins were extracted using Bicine and PBS 

buffers and compared. 

 

The goals of this experiment were:  

 to co-express IBV membrane-associated proteins optimally 

 to determine the optimal day of harvest  

 to determine the ideal extraction buffer  

 to determine which Agrobacterium strain would be most appropriate for IBV target 

protein co-expression  

 

4.1.1. Cloning IBV genes into pEAQ-HT vector 

In order to achieve these goals, each chicken codon-optimised gene (S, M, and E) was digested 

with AgeI and XhoI enzymes to excise the target gene insert from the pUC57 vector backbone. 

The pEAQ-HT vector was also digested with the same enzymes to linearize it and create 

compatible ends for cloning. Each gene was ligated into pEAQ-HT and transformed into 
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electrocompetent DH10B cells and designated pEAQ-HT-M and pEAQ-HT-E. These were 

verified by colony PCR (Taq DNA polymerase) (Fig. 11). 

Figure 11:  Colony PCR of DH10B cells transformed with a) pEAQ-HT-E. Lane 1: 

GeneRuler ladder mix SM0331, Lane 3: Positive control pEAQ-HT with a 

known insert (±1 200 bp), Lane 4: Negative control (no template DNA), Lanes 

5-14: pEAQ-HT-E ligation, and b) pEAQ-HT-M. Lane 15: GeneRuler ladder 

mix SM0331, Lane 17: Positive control pEAQ-HT with a known insert (±1 200 

bp), Lane 18: Negative control (no template DNA), Lanes 19-28: pEAQ-HT-M 

ligation. PCR was performed using pEAQ-HT forward and reverse primers, 

Table 1. The PCR products were separated on a 1.2% Agarose gel. 

 

A PCR product that correlated with the gene encoding the E protein (351 bp plus 300 bp pEAQ-

HT backbone (±651 bp)) (Fig. 11 a) was present in all of the colonies selected for screening 

(lanes 5-14), and Fig. 11 b) showed a PCR product that correlated with the gene encoding the 

M protein (795 bp plus 300 bp pEAQ-HT backbone (±1095 bp)) which was also present in all 

of the colonies selected for screening (lanes 19-28). This is a first indication that the M and E 

genes were cloned into pEAQ-HT but still needed sequence validation to confirm the 

successful cloning of these target genes. pEAQ-HT primers were used to amplify the E and M 

genes. The pEAQ-HT forward primer hybridizes 170bp upstream of the AgeI site and the 

pEAQ-HT reverse primer hybridizes 120bp downstream of the XhoI site. This results in PCR 

products approximately 300bp larger than expected, explaining why the bands were noticeably 
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higher than what was expected for both genes. The expected sizes were 351 bp and 795bp for 

E and M respectively. 

 

Due to its large size (3 456bp), instead of colony PCR, pEAQ-HT-S was plasmid DNA 

miniprepped and verified using Phusion Flash II DNA polymerase (Fig. 12). 

Figure 12:  PCR products of plasmid DNA miniprepped DH10B cells harbouring pEAQ-

HT-S. Lane 1: GeneRuler ladder mix SM0331, Lane 3: Positive control pEAQ-

HT with a known insert (±1 200 bp), Lane 4: Negative control (no template 

DNA), Lanes 6-9: pEAQ-HT-S DH10B col 1-4 plasmid DNA minipreps. PCR 

was performed using pEAQ-HT forward and reverse primers, Table 1. The PCR 

products were separated on a 1% Agarose gel. 

 

A PCR product that correlated with the size of the S gene (3 456 bp) (Fig. 12) was present in 

the four selected colonies (lanes 6-9). This is indicative that the S gene was successfully cloned 

into pEAQ-HT but still required sequence validation to confirm the successful cloning of the 

target gene. 

 

Therefore, according to the results presented, the S, M, and E genes were potentially 

successfully cloned into the pEAQ-HT expression vector producing three constructs designated 

pEAQ-HT-IBV-S, pEAQ-HT-IBV-M and pEAQ-HT-IBV-E (Figs 13a-c).  
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Figure 13a:  pEAQ-HT harbouring the gene encoding the Spike protein (S). 

 

Figure 13b:  pEAQ-HT harbouring the gene encoding the Membrane protein (M). 

a) 

b) 
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Figure 13c:  pEAQ-HT harbouring the gene encoding the Envelope protein (E).  

 

One of the positive clones for each gene insert was propagated and sent to Inqaba Biotechnical 

Industries (Pty) Ltd for sequence validation, and sequence validated clones were electroporated 

independently into three different Agrobacterium strains (AGL-1, GV3101::pMP90, and 

LBA4404). Colonies were once more PCR validated before Agrobacterium glycerol stocks 

were prepared. Once more, an aliquot of the pEAQ-HT constructs with the IBV gene inserts of 

choice were streaked out and the overnight growth was scraped from the plate to prepare liquid 

cultures for N. benthamiana ∆XT/FT plants for agroinfiltration. Various combinations of each 

were infiltrated.  

 

The following combinations were infiltrated: 

Combo 1 -  S:M:E  1:1:1  (in GV3101::pMP90) 

Combo 2 -  S:M:E  1:1:1 (in LBA4404) 

Combo 3 - S:E  1:1 (in LBA4404) 

 

 

c) 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



52 

 

4.1.2. Analysis of crude plant proteins 

The plant leaf tissue was harvested at 6 and 8 dpi to determine which day the target proteins 

were optimally expressed to assemble IB VLPs. The plant proteins were extracted using two 

different buffers (PBS and bicine) and purified by Iodixanol density gradient 

ultracentrifugation. Fractions (Fr) 7-12 (20-40% Iodixanol) were analysed by Sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting to determine 

where the proteins (and therefore the VLPs) would be most abundant (Fig. 14). 

Figure 14:  Bolt 4-12% SDS-PAGE analysis of pEAQ-HT IBV S, M, and E proteins co-

expressed in N. benthamiana ∆XT/FT 6 dpi. Lane 1: SeeBlue Plus MW marker, 

Lanes 2-7: Agrobacterium-mediated (LBA4404) co-expression of all three 

target proteins (Fr. 12-7), Lanes 8-13: Agrobacterium-mediated 

(GV3101::pMP90) co-expression of all three target proteins (Fr. 12-7). 

 

Agrobacterium strains LBA444 and GV3103::pMP90 were used to co-express all three target 

proteins (S, M, and E) (Fig. 14). There were higher quantities of the IBV target proteins in 

fractions 10-12 (20-30% Iodixanol) compared to fractions 7-9 (30-40% Iodixanol), where only 

very faint bands could be visualised. This indicates that the VLPs (if present) were potentially 

more abundant in the 30% Iodixanol fractions.  
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An immunoblot was performed using IBV-specific antiserum to detect the IBV proteins present 

in the fractions (Fig. 15). Agrobacterium strain GV3101::pMP90 was used to mediate protein 

expression. 

Figure 15:  Immunoblot using IBV-specific antiserum to detect pEAQ-HT co-expressed 

IBV S, M, and E proteins in N. benthamiana ∆XT/FT 6 dpi. Lane 1: Western C 

MW Marker, Lane 2: Positive control IBV QX-like inactivated, Lane 3: 

negative control pEAQ-HT empty, Lanes 4-9: Agrobacterium-mediated 

(GV3101::pMP90) co-expression of proteins S, M, and E (Fr. 7-12).  

 

The expected band sizes were visualised in fractions 10-12 (20-30% Iodixanol) (Fig. 15), which 

indicated that the proteins were expressed: S (127 kDa) and M (29 kDa) bands were very faint, 

whereas E (12.5 kDa) was more distinct. There was a band at ±29kDa in lane 3 (negative 

control). This may have been due to contamination during sample loading, or it may be a 

protein present in the pEAQ-HT vector of the same size. In the case of the latter, it may suggest 

that the bands visualised at 29kDa (lanes 4-9) were not indicative of the M protein. 

 

An immunoblot was performed using the same IBV antiserum, comparing Agrobacterium 

strains LBA4404 and GV3101::pMP90 mediating the expression of the target proteins, and 

also comparing PBS buffer to bicine buffer for optimal expression and extraction of IBV target 

proteins, respectively (Fig. 16). 
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Figure 16:  Immunoblot using IBV-specific antiserum to detect pEAQ-HT IBV S, M, and 

E proteins co-expressed in N. benthamiana ∆XT/FT 6 and 8 dpi. Lane 1: 

Western C MW Marker, Lane 2: Positive control IBV QX-like inactivated, Lane 

3: Negative control pEAQ-HT empty, Lane 4-7: Agrobacterium-mediated 

(LBA4404) co-expression of proteins S, M, and E (Lane 4-5, Fr. 10 and 11, 6 

dpi, PBS; Lanes 6-7, Fr. 10 and 11, 8 dpi, PBS), Lane 8-13: Agrobacterium-

mediated (GV3101::pMP90) co-expression of proteins S, M, and E (Lanes 8-9, 

Fr. 10 and 11, 6 dpi, PBS; Lanes 10-11, Fr. 10 and 11, 8 dpi, PBS; Lanes 12-

13, Fr. 10-11, 8 dpi, bicine), Lane 14-15: Agrobacterium-mediated (LBA4404) 

co-expression of proteins S and E (Fr. 10 and 11, 8 dpi, PBS). 

 

Intense bands correlating with the size of protein E (12.5 kDa) were visualised indicating the 

presence of the target protein (Fig. 16, lanes 8-14). Faint bands correlating with the size of the 

M protein (29 kDa) were visible (Fig. 16, lanes 10-13). No bands correlating with the S protein 

(127 kDa) were observed. There was no difference between the leaves extracted with PBS and 

those extracted with bicine buffer. PBS was therefore used in future experiments as it is more 

cost-effective to use than bicine. There was also very little difference between the results 

obtained harnessing LBA4404 or GV3101::pMP90 to mediate the co-expression of target 

proteins and potential assembly of IB VLPs. The leaves harvested at 8 dpi were yellowed and 

dried out by the time of harvest. Therefore, leaves were harvested at 6 dpi in all future 

experiments. 
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4.1.3. LC-MS/MS based peptide sequencing  

Bands correlating to the sizes of each of the three proteins (S, M, and E) were cut out from the 

SDS-PAGE gel (Fig. 14) and submitted for LC-MS/MS based peptide sequencing (Fig. 17). 

The gel bands were trypsin digested following the protocol described in materials and methods. 

 

 

 

 

 

IBV S protein sample 1 (~127 kDa) 

(11.6% coverage with 95% confidence; 11 peptides)  

 

MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCG

SGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMP

RDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQ

EVIQGLNDSLIDLETLSILKTYIKWPWYVWLAIFFAIIIFILILGWVFFMTGCCGCCCGCFGIIPLMSKCGKKSS

YYTTFDNDVVTEQYRPKKSV 

 

IBV S protein sample 2 (~110 kDa) 

(2.1% coverage with 95% confidence; 2 peptides)  

 

MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCG

SGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMP

RDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQ

EVIQGLNDSLIDLETLSILKTYIKWPWYVWLAIFFAIIIFILILGWVFFMTGCCGCCCGCFGIIPLMSKCGKKSS

YYTTFDNDVVTEQYRPKKSV 

 

IBV M protein (~29.4 kDa) 

(16.7% coverage with 95% confidence; 5 peptides)  
 

MVENLTIRNWNRLSLTSSQRTVGIIKTLQFFKMSNGTENCTLNTEQAVQLFKEYNLFITAFLLFLTILLQYGYAT

RSRFIYILKMVVLWCFWPLNIAVGVISCIYPPNTGGLVAAIILTVFACLSFIGYWIQSIRLFKRCRSWWSFNPES

NAVGSILLTNGQQCNFAIESVPMVLSPIIKNGALYCEGQWLAKCEPDHLPKDIFVCTPDRRNIYRMVQKYTGDQS

GNKKRFATFVYAKQSVDTGELESVTTAGSNLYT 

 

No detection of IBV E protein (~12.5 kDa) 
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Figure 17:  Protein confirmation using LC-MS/MS-based peptide sequencing of IBV 

structural proteins (S, M, and E). LC-MS/MS-based peptide sequence analysis 

for excised bands resulted in the percentage sequence coverage as indicated 

below with a number of unique peptides identified with >95% confidence. 

Peptides with >95% confidence are highlighted in green, those 50-95% 

confidence in yellow and <50% confidence in red. No peptides were identified 

for the non-highlighted regions of the sequence (grey).  

 

Both the S (sample 1) and M proteins were confirmed by LC-MS/MS based peptide sequencing 

(Fig. 17), indicating that these two proteins were expressed in the plant leaf tissue. S (sample 

2) was faintly detected in the band cut out at 110kDa. The band at 12.5 kDa was not confirmed 

to be the E protein. 

 

4.2. Experiment 2 

In the second experiment, the cloned IBV genes (S, M and E) were once again agroinfiltrated 

into N. benthamiana ∆XT/FT in various combinations in an attempt to assemble VLPs. Leaf 

tissue was harvested at 6 dpi. Plant proteins were extracted in PBS buffer. 

 

The goals of this experiment were:  

 to identify which protein combinations were needed to assemble IB VLPs  

 to determine which Agrobacterium strain would be most appropriate for IBV target 

protein co-expression and IB VLP assembly 

 

 

IBV S protein sample 1 (~127 kDa) 

(11.6% coverage with 95% confidence; 11 peptides)  

 

MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCG

SGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMP

RDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQ

EVIQGLNDSLIDLETLSILKTYIKWPWYVWLAIFFAIIIFILILGWVFFMTGCCGCCCGCFGIIPLMSKCGKKSS

YYTTFDNDVVTEQYRPKKSV 

 

IBV S protein sample 2 (~110 kDa) 

(2.1% coverage with 95% confidence; 2 peptides)  

 

MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCG

SGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMP

RDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQ

EVIQGLNDSLIDLETLSILKTYIKWPWYVWLAIFFAIIIFILILGWVFFMTGCCGCCCGCFGIIPLMSKCGKKSS

YYTTFDNDVVTEQYRPKKSV 

 

IBV M protein (~29.4 kDa) 

(16.7% coverage with 95% confidence; 5 peptides)  
 

MVENLTIRNWNRLSLTSSQRTVGIIKTLQFFKMSNGTENCTLNTEQAVQLFKEYNLFITAFLLFLTILLQYGYAT

RSRFIYILKMVVLWCFWPLNIAVGVISCIYPPNTGGLVAAIILTVFACLSFIGYWIQSIRLFKRCRSWWSFNPES

NAVGSILLTNGQQCNFAIESVPMVLSPIIKNGALYCEGQWLAKCEPDHLPKDIFVCTPDRRNIYRMVQKYTGDQS

GNKKRFATFVYAKQSVDTGELESVTTAGSNLYT 

 

No detection of IBV E protein (~12.5 kDa) 
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4.2.1. Analysis of crude plant proteins 

The plant leaf tissue was harvested at 6 dpi. The plant proteins were extracted using PBS buffer 

and purified by Iodixanol density gradient ultracentrifugation. Fractions 9-12 (20-30% 

Iodixanol) were analysed by SDS-PAGE and immunoblotting to determine where the target 

proteins (and potentially, the VLPs) would be most abundant (Fig. 18).  

 

The following combinations were infiltrated (in AGL-1): 

Combo 1 -  S:M:E  1:1:1 

Combo 2 -  S:M  1:1 

Combo 3 - S:E  1:1 

Figure 18:  Bolt 4-12% SDS PAGE analysis of pEAQ-HT IBV S, M, and E proteins co-

expressed in N. benthamiana ∆XT/FT 6 dpi. Lane 1: SeeBlue Plus MW marker, 

Lane 2: Negative control pEAQ-HT empty, Lane 3: Positive control IBV QX-

like inactivated, Lane 4-7: Agrobacterium-mediated (AGL-1) co-expression of 

S and M proteins (Fr. 9-12), Lane 8-11: Agrobacterium-mediated (AGL-1) co-

expression of S and E proteins (Fr. 9-12), Lane 12-15: Agrobacterium-mediated 

(AGL-1) co-expression of S, M, and E proteins (Fr. 9-12). 
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Expression and assembly of the IBV structural proteins (S, M, and E) were mediated by 

Agrobacterium strain AGL-1 resulting in S, M and E detected with SDS PAGE (Fig. 18). There 

was more of the IBV structural proteins visible in fractions 10-12 (20–30% Iodixanol) 

compared to fraction 9 (30% Iodixanol), where only very faint bands were visible. This further 

suggests that the VLPs could have been present in fractions 10-12 (20–30% Iodixanol). Protein 

E was not visible in the SM combination, whilst M was not visible in the SE combination of 

Coomassie stained SDS PAGE. All three target proteins were visible in the SME combination. 

A band correlating with the size of S (127 kDa) was visualised very faintly in all the 

combinations. 

 

An immunoblot was performed using the same IBV antiserum, comparing the different 

combinations agroinfiltrated with AGL-1 harbouring the constructs of interest (Fig. 19). 

Figure 19:  Immunoblot using IBV-specific antiserum to detect pEAQ-HT IBV S, M, and 

E proteins co-expressed in N. benthamiana ∆XT/FT 6 dpi. Lane 1: Western C 

MW Marker, Lane 2: Negative control pEAQ-HT empty, Lane 3: Positive 

control IBV QX-like inactivated, Lane 4-7: Agrobacterium-mediated (AGL-1) 

co-expression of S and M proteins (Fr. 9-12), Lane 8-11: Agrobacterium-

mediated (AGL-1) co-expression of S and E proteins (Fr. 9-12), Lane 12-15: 

Agrobacterium-mediated (AGL-1) co-expression of S, M, and E proteins (Fr. 

9-12). 
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Intense signals that correlated with the size of protein E (12.5 kDa) were visualised (Fig. 19, 

lanes 13-15). Intense bands correlating with the size of the M protein (29 kDa) were visible 

(Fig. 19, lanes 4-15) although they should have only been present in lanes 4-7, and 12-15. Thus, 

the antiserum might detect a plant protein other than protein M. An unknown protein of 75 kDa 

was also detected (Fig. 19, lanes 11-15). No signal was detected correlating with the S protein 

(127 kDa) size. 

 

4.2.2. TEM visualisation of VLPs 

No IB VLP’s were detected using TEM, in any of the iodixanol fractions, with any of the 

extraction buffers used, for any of the construct combinations and Agrobacterium strains used 

thus far. This was possibly because the VLP yield was too low or the negative staining with 

uranyl acetate may have resulted in the disassembling of VLPs.  

 

4.3. Experiment 3 

In the third experiment, various sequence modifications were made to the native S protein 

sequence to investigate whether these would enhance the co-expression of IB structural 

proteins and assembly of VLPs. Two genetically modified versions of the S protein were 

designed with the aim of improving protein expression in plants and assembly of VLPs. These 

were designated rIBV-S-IAV-TM and rIBV-S-IAV-TM/CT. The modifications are described 

in detail in chapter 3. 

 

The cloned IBV genes (S (and the modified versions thereof), M and E) were once again 

agroinfiltrated into N. benthamiana ∆XT/FT in various combinations in an attempt to assemble 

VLPs. Leaf tissue was harvested at 6 dpi. Plant proteins were extracted PBS buffer. 
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The goals of this experiment were:  

 to improve protein expression and assemble IB VLPs 

 to identify which protein combinations were needed to assemble IB VLPs  

 to identify which construct ratios would improve IBV target protein co-expression and 

IB VLP assembly 

 

4.3.1. Cloning recombinant IBV S genes into pEAQ-HT vector 

The original S gene was PCR amplified using ultramer primers that would insert AgeI/XhoI 

sites, and modify the C- or N-terminal sequences as required. The resultant PCR products were 

RE digested (AgeI/XhoI) before they were individually cloned into a pEAQ-HT construct and 

transformed into DH10B electrocompetent cells. The presence of each insert was verified using 

PCR (Phusion Flash II DNA polymerase) (Fig. 20). 

Figure 20:  PCR of plasmid DNA from DH10B cells transformed with pEAQ-HT-rIBV-S-

TM and pEAQ-HT-rIBV-S-TM/CT. Lane 1: GeneRuler ladder mix SM0331, 

Lane 3: Positive control pEAQ-HT with a known insert, Lane 4: Negative 

control (no template DNA), Lane 5-8: pEAQ-HT-rIBV-S-TM DH10B colonies 

1-4 plasmid DNA minipreps, Lane 10-14: pEAQ-HT-rIBV-S-TM/CT DH10B 

colonies 1-4. PCR using pEAQ-HT forward and reverse primers, Table 1. The 

PCR products were separated on a 1% Agarose gel. 
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Both rIBV-S-TM and rIBV-S-TM/CT were successfully amplified (Fig. 20) using their 

respective primers (Table 2) as indicated by the appropriate PCR product size (Fig. 20). A band 

that correlated with the expected size of the recombinant S gene was present in lane 5 for rIBV-

S-TM; and in lanes, 10, 12, and 14 for rIBV-S-TM/CT. This shows that the PCR products 

(rIBV-S-TM and rIBV-S-TM/CT) were successfully cloned into pEAQ-HT but still required 

sequence validation to confirm their successful amplification. Lane 2 should have been empty 

as no template DNA was loaded, therefore it is possible that there was contamination during 

sample loading. Lane 3 should have contained a band at ±1 200bp, (known insert size in pEAQ-

HT). There may not have been enough of the sample loaded to visualise on the gel. 

 

Therefore, according to the results presented, rIBV-S-IAV-TM and rIBV-S-IAV-TM/CT genes 

were potentially successfully cloned into the pEAQ-HT expression vector producing two 

constructs (Fig. 21a and b). 

Figure 21a: pEAQ-HT harbouring the gene encoding the recombinant S protein IBV-S H6-

TM. 

 

a) 
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Figure 21b:  pEAQ-HT harbouring the gene encoding the recombinant S protein IBV-S H6-

TM/CT. 

 

One of the positive clones for each gene insert were propagated and sent to Inqaba Biotechnical 

Industries (Pty) Ltd for sequence validation, and sequence validated clones were electroporated 

independently into three independent Agrobacterium strains (AGL-1, GV3101::pMP90, and 

LBA4404). Colonies were PCR validated before Agrobacterium glycerol stocks were prepared. 

An aliquot of the pEAQ-HT constructs with the IBV gene inserts of choice (as well as the IAV 

M2 gene insert) were streaked out and the overnight growth was scraped from the plate to 

prepare liquid cultures for N. benthamiana ∆XT/FT plants for agroinfiltration. Various 

combinations of each were infiltrated. M2 is an integral membrane protein of IAV that has 

been shown to play a role in the assembly and budding of the virus particle (Rossman and 

Lamb, 2011)). The M2 protein along with the HA and NA (neuraminidase) spike proteins of 

IAV form tetramers on the surface of the infected cell. It forms ion channels which help with 

maintaining a constant pH to prevent the sensitive viral HA protein from being exposed to a 

low intracellular pH (Lal and Chow, 2007). During replication, it assists in the uncoating of the 

viral nucleoprotein (Lal and Chow, 2007). 

 

 

b) 
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The following combinations and ratios were infiltrated (in AGL-1): 

Combo 1 -  S:M:E   1:1:1 

Combo 2 -  S:M:E   2:1:1 

Combo 3 - S:M:E   2:1:2 

Combo 4 - rIBV-S-TM:M:E 1:1:1 

Combo 5 - rIBV-S-TM/CT 1 

Combo 6 - rIBV-S-TM/CT:M2 1:1 

 

4.3.2. Analysis of crude plant proteins 

Agroinfiltrated plant leaves were harvested at 6 dpi. The plant proteins were extracted using 

PBS buffer and clear lysate was purified by Iodixanol density gradient ultracentrifugation. 

Fractions 10 and 11 (20-30% Iodixanol) were analysed by SDS-PAGE (Fig. 22) and 

immunoblotting. Agrobacterium-mediated (AGL-1) infiltration of S, rIBV-S-TM and rIBV-S-

TM/CT constructs in combination with the E and M genes were conducted. The rIBV-S-

TM/CT was co-infiltrated with the IAV M2 ion channel protein gene (to assist with VLP 

formation) instead of with the IBV E and M genes. Different ratios of the constructs were 

infiltrated in an attempt to improve S protein expression and formation of VLPs. 
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Figure 22: Bolt 4-12% SDS PAGE analysis of pEAQ-HT IBV S (or rIBV-S-TM or rIBV-

S-TM/CT), M, E, and IAV M2 ion channel proteins co-expressed in N. 

benthamiana ∆XT/FT 6 dpi. Lane 1: SeeBlue Plus MW marker, Lane 2: 

Negative control pEAQ-HT empty, Lane 3: Positive control IBV QX-like 

inactivated, Lane 4-5: S:M:E 1:1:1 (Frs 10-11), Lane 6-7: S:M:E 2:1:1 (Frs 10-

11), Lane 8-9: S:M:E 2:1:2 (Frs 10-11), Lane 10-11: rIBV-S-TM:M:E 1:1:1 (Frs 

10-11), Lane 12-13:  rIBV-S-TM/CT (Frs 10-11), Lane 14-15: rIBV-S-

TM/CT:M2 1:1 (Frs 10-11).  

 

Agrobacterium strain AGL-1 was used to co-express the genes encoding all three structural 

proteins and this was detected using SDS-PAGE (Fig. 22). The bands correlating to the M (29 

kDa) and E (12.5 kDa) proteins were present in all the lanes including lanes 12-15 (Fig. 22) 

which were leaves that were infiltrated without the M and E constructs. The absence of those 

IBV proteins was anticipated in these plant extracts. Bands of similar size to both the M and E 

proteins were present in lane 2, the negative control lane, suggesting that the sizes of the M and 

E proteins corresponded with non-specific protein bands that were present in the plant leaves. 

This would make it difficult to identify distinct bands correlating to the proteins. Lane 3 

(positive control) was warped, making it difficult to identify what bands were or were not 

present. 
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An immunoblot was performed using the IBV-specific antiserum to detect the IBV proteins 

present in the fractions (Fig. 23). Agrobacterium strain AGL-1 was used to mediate protein 

expression. 

Figure 23:  Immunoblot using IBV-specific antiserum to detect pEAQ-HT IBV S (or rIBV-

S-TM or rIBV-S-TM/CT), M, and E proteins co-expressed (Agrobacterium-

mediated (AGL-1) expression) in N. benthamiana ∆XT/FT 6 dpi. Lane 1: 

Western C MW marker, Lane 2: Negative control pEAQ-HT empty, Lane 3: 

Positive control IBV QX-like inactivated, Lane 4-5: S:M:E 1:1:1 (Frs 10-11), 

Lane 6-7: S:M:E 2:1:1 (Frs 10-11), Lane 8-9: S:M:E 2:1:2 (Frs 10-11), Lane 

10-11: rIBV-S-TM:M:E 1:1:1 (Frs 10-11), Lane 12-13:  rIBV-S-TM/CT (Frs 

10-11), Lane 14-15: rIBV-S-TM/CT:M2 1:1 (Frs 10-11). 

 

Faint signals correlating with the size of the E protein (12.5 kDa) were detected in lanes 4-10, 

but not in lanes 12-15 (Fig. 23), which was expected as the plants were infiltrated without the 

construct encoding the E protein. Bands correlating with the size of the M protein (29 kDa) 

was visible in lanes 4-11, and far less so in lanes 12-15, which was also expected as the gene 

encoding the M protein was omitted from the combination infiltrated. Bands correlating with 

the S protein (127 kDa) size could be visualised in all lanes, more so in lanes 8 and 9, where 

the S:M:E ratio of infiltration was 2:1:1. 
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4.3.3. LC-MS/MS based peptide sequencing  

Bands correlating to the sizes of each of the proteins (S, rIBV-S-TM, rIBV-S-TM/CT, M, and 

E) were cut out from the SDS-PAGE gel (Fig. 22) and submitted for LC-MS/MS based peptide 

sequencing (Fig. 24). The gel bands were trypsin digested following the protocol described in 

materials and methods. 

 

 

 

 

 

 

 

IBV S protein, Combo 2, fr. 11, 11 peptides, 8.3% coverage (95% confidence) 
 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCG

SGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMP

RDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQ

EVIQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMCSNGSMQCRVCI 

 
IBV S protein, Combo 3, fr.11, 7 peptides, 7% coverage (95% confidence) 
 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCG

SGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMP

RDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQ

EVIQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMCSNGSMQCRVCI 

 

 

IBV rIBV-S-TM protein – No detection 
 
IBV rIBV-S-TM/CT protein, Combo 5, fr. 11, 15 peptides, 11.3% coverage (95% confidence)  
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCG

SGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMP

RDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQ

EVIQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMCSNGSMQCRVCI 
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Figure 24: Protein confirmation using LC-MS/MS-based peptide sequencing of IBV 

structural proteins (native S, rIBV-S-TM, rIBV-S-TM/CT, M, and E). LC-

MS/MS-based peptide sequence analysis for excised bands resulted in the 

percentage sequence coverage as indicated below with a number of unique 

peptides identified with >95% confidence. Peptides with >95% confidence are 

highlighted in green, those 50-95% confidence in yellow and <50% confidence 

in red. No peptides were identified for the non-highlighted regions of the 

sequence (grey).  

 

The presence of the S protein at the appropriate size of 127 kDa (IBV S, Combo 2, lane 6; and 

IBV S, Combo 3, lane 8) was confirmed using LC MS/MS based peptide sequencing. rIBV-S-

TM protein could not be detected (Combo 4, lane 10). rIBV-S-TM/CT (Combo 5, lane 12; and 

Combo 6, lane 14) was detected. IBV M protein (Combo 3, lane 9) at 29 kDa could not be 

IBV rIBV-S-TM/CT protein, Combo 5, fr. 11, 15 peptides, 11.3% coverage (95% confidence)  
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCG

SGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMP

RDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQ

EVIQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMCSNGSMQCRVCI 

 
 
IBV rIBV-S-TM/CT protein, Combo 5, fr. 11, 18 peptides, 13.4% coverage (95% confidence)  
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCG

SGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMP

RDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQ

EVIQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMCSNGSMQCRVCI 

 
 

IBV E protein, 4 peptides, 30.9% coverage (95% confidence) 
MMSLLNKSLEENGSFLTALYIFVACVALYLLGRALQAFVQAADACCLFWYTWVLVPGAKGTAFVYKHTYGRKLNN

PELEQVIFNEFPKNGWNNKNPAIFQDVERHGKLHS 

 
 
IBV M protein – No detection 
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detected by mass spectrometry. IBV E protein (Combo 3, lane 9) at 12.5 kDa was detected. 

(See appendix for cut out bands). 

 

4.3.4. TEM visualisation of recombinant S protein VLPs 

None of the recombinant S proteins in combination with the selected IBV structural proteins 

resulted in the assembly of VLPs.  

 

4.4. Experiment 4 

In the fourth experiment, two additional genetically modified versions of the S protein were 

designed with the aim of improving protein expression in plants and assembly of VLPs. These 

were designated mIBV-S-KKSV and mIBV-S-TM-KKSV. The modifications were described 

in detail in chapter 3. 

 

The cloned IBV genes (S (and the modified versions thereof), M and E) were once again 

agroinfiltrated into N. benthamiana ∆XT/FT in various combinations to assemble VLPs. Leaf 

tissue was harvested at 6 dpi. Plant proteins were extracted in PBS buffer. 

 

The goals of this experiment were:  

 to improve protein expression and assemble IB VLPs 

 to identify which protein combinations were needed to assemble IB VLPs  

 to identify which construct ratios would improve IBV target protein co-expression and 

IB VLP assembly 
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4.4.1. Cloning recombinant IBV S genes into pEAQ-HT vector 

The recombinant S genes modified in experiment 3 were PCR amplified using ultramer primers 

that would insert AgeI/XhoI sites, and modify the C- or N-terminal sequences as required. The 

resultant PCR products were RE digested (AgeI/XhoI) before they were individually cloned 

into a pEAQ-HT construct and transformed into DH10B electrocompetent cells. The presence 

of each insert was verified using PCR (Phusion Flash II DNA polymerase) (Fig. 25 and 26). 

Figure 25:  PCR of plasmid DNA from DH10B cells transformed with pEAQ-HT-mIBV-

S-KKSV. Lane 1: GeneRuler ladder mix SM0331, Lane 2: negative control (no 

template DNA), Lane 3: positive control pEAQ-HT with a known insert (±1 200 

bp), Lane 5-10: pEAQ-HT-mIBV-S-KKSV DH10B colonies 1-6. PCR using 

pEAQ-HT forward and reverse primers, Table 1. The PCR products were 

separated on a 1% Agarose gel. 

 

A band that correlated with the expected size of the recombinant S gene was present in all of 

the picked colonies (lanes 5 – 10) (Fig. 25). This shows that the PCR product (mIBV-S-KKSV) 

was successfully cloned into pEAQ-HT but still required sequence validation to confirm their 

successful amplification. The large fragment (lane 2) correlated to the size of S, therefore it 

may have been contamination during the preparation of the PCR mixes as no template DNA 

should have been present.  
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Figure 26:  PCR of plasmid DNA from DH10B cells transformed with pEAQ-HT-mIBV-

S-TM-KKSV. Lane 1: GeneRuler ladder mix SM0331, Lane 2: Negative 

control (no template DNA), Lane 3: Positive control pEAQ-HT with a known 

insert (±1 200 bp), Lane 5-8: pEAQ-HT-mIBV-S-TM-KKSV DH10B colonies 

1-4. PCR using pEAQ-HT forward and reverse primers, Table 1. The PCR 

products were separated on a 1% Agarose gel. 

 

A band that correlated with the expected size of the recombinant S gene was present in 3 of the 

selected colonies (Fig. 26, lanes 6 – 8). This shows that the PCR product (mIBV-S-TM-KKSV) 

was successfully cloned into pEAQ-HT but still required sequence validation to confirm their 

successful amplification. 

 

Therefore, according to the results presented, mIBV-S-KKSV, and mIBV-S-IAV-TM-KKSV 

genes were potentially successfully cloned into the pEAQ-HT expression vector producing two 

new constructs (Fig. 27a and b).  
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Figure 27a:  pEAQ-HT harbouring the gene encoding the recombinant S protein mIBV-S–

KKSV. 

Figure 27b:  pEAQ-HT harbouring the gene encoding the recombinant S protein mIBV-S-

TM-KKSV. 

a) 

d) 
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One of the positive clones for each gene insert were propagated and sent to Inqaba Biotechnical 

Industries (Pty) Ltd for sequence validation, and sequence validated clones were electroporated 

independently into three independent Agrobacterium strains (AGL-1, GV3101::pMP90, and 

LBA4404). Colonies were PCR validated before Agrobacterium glycerol stocks were prepared. 

An aliquot of the pEAQ-HT constructs with the IBV gene inserts of choice (as well as the IAV 

M2 gene insert) were streaked out and the overnight growth was scraped from the plate to 

prepare liquid cultures for N. benthamiana ∆XT/FT plants for agroinfiltration. Various 

combinations of each were infiltrated. 

 

The following combinations and ratios were infiltrated (in AGL-1 and LBA4404): 

Combo 1 -  S:M:E    2:1:1 

Combo 2 -  S:M:E    2:1:2 

Combo 3 - rIBV-S-TM:M:E  2:1:1 

Combo 4 - rIBV-S-TM/CT:M2  2:1 

Combo 5 - mIBV-S-KKSV:M:E  2:1:1 

Combo 6 - mIBV-S-TM-KKSV:M:E 2:1:1 

 

4.4.2. Analysis of crude plant proteins 

Agroinfiltrated plant leaves were harvested at 6 dpi. The plant proteins were extracted using 

PBS buffer and clear lysate was purified by Iodixanol density gradient ultracentrifugation. 

Fractions 10 and 11 (20-30% Iodixanol) were analysed by SDS-PAGE (Fig. 28 and 29) and 

immunoblotting. Agrobacterium-mediated (AGL-1 and LBA4404) infiltration of S, rIBV-S-

TM, rIBV-S-TM/CT, mIBV-S-KKSV, and mIBV-S-TM-KKSV constructs in combination 

with the E and M genes was conducted. The rIBV-S-TM/CT was co-infiltrated with the IAV 

M2 ion channel protein gene (to assist with VLP formation) instead of with the IBV E and M 

genes. Different ratios of the constructs were infiltrated in an attempt to improve S protein 

expression and formation of VLPs. 
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Figure 28:  Bolt 4-12% SDS PAGE analysis of pEAQ-HT IBV S (or rIBV-S-TM or rIBV-

S-TM/CT or mIBV-S-KKSV or mIBV-S-TM-KKSV), M, E and IAV M2 ion 

channel proteins co-expressed in N. benthamiana ∆XT/FT 6 dpi. 

Agrobacterium-mediated (AGL-1) expression. Lane 1: SeeBlue Plus MW 

marker, Lane 2: Negative control pEAQ-HT empty, Lane 3: Positive control 

IBV QX-like inactivated, Lane 4-5: S:M:E 2:1:1 (Frs 10-11), Lane 6-7: S:M:E 

2:1:2 (Frs 10-11), Lane 8-9: rIBV-S-TM:M:E 2:1:1 (Frs 10-11), Lane 10-11: 

rIBV-S-TM/CT:M2 2:1 (Frs 10-11), Lane 12-13: mIBV-S-KKSV:M:E 2:1:1 

(Frs 10-11), Lane 14-15: mIBV-S-TM-KKSV:M:E 2:1:1 (Frs 10-11). 

 

Proteins which correlate to the three structural protein sizes were detected by SDS PAGE 

analysis (Fig. 28).  The bands correlating to the M (29 kDa) and E (12.5 kDa) proteins were 

present in all the lanes including lanes 12-15, but were very faint in lanes 10-12, which were 

the plants that were infiltrated without those two constructs (Fig. 28). Lanes 10-12 were 

generally very faint, however, so the proteins may have still been present. There is a band of 

similar size to both the M and E proteins present in lane 2, the negative control lane, suggesting 

that the sizes of the M and E proteins corresponded with non-specific protein bands that were 

present in the plant leaves which would make it difficult to identify distinct bands correlating 

to them. The band correlating with the size of the S (127 kDa) was very faint in all the lanes 

(4-15) indicating low S protein expression in spite of the modifications. Lane 3 (positive 

control) was warped, making it difficult to identify what bands were or were not present. 
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Figure 29:  Bolt 4-12% SDS PAGE analysis of pEAQ-HT IBV S (or rIBV-S-TM or rIBV-

S-TM/CT or mIBV-S-KKSV or mIBV-S-TM-KKSV), M, E and IAV M2 ion 

channel proteins co-expressed in N. benthamiana ∆XT/FT 6 dpi. 

Agrobacterium-mediated (LBA4404) expression. Lane 1: SeeBlue Plus MW 

marker, Lane 2: Negative control pEAQ-HT empty, Lane 3: Positive control 

IBV QX-like inactivated, Lane 4-5: S:M:E 2:1:1 (Frs 10-11), Lane 6-7: S:M:E 

2:1:2 (Frs 10-11), Lane 8-9: rIBV-S-TM:M:E 2:1:1 (Frs 10-11), Lane 10-11: 

rIBV-S-TM/CT:M2 2:1 (Frs 10-11), Lane 12-13: mIBV-S-KKSV:M:E 2:1:1 

(Frs 10-11), Lane 14-15: mIBV-S-TM-KKSV:M:E 2:1:1 (Frs 10-11).  

 

Proteins which correlate to the three structural protein sizes were detected by SDS PAGE 

analysis (Fig. 29).  The bands correlating to the M (29 kDa) and E (12.5 kDa) proteins were 

present in all the lanes including lanes 12-15, but were very faint in lane 10, which was a plant 

that was infiltrated without those two constructs. Lane 10 was generally very faint, however, 

so the proteins may have still been present. There is a band of similar size to both the M and E 

proteins present in lane 2, the negative control lane, suggesting that the sizes of the M and E 

proteins corresponded with non-specific protein bands that were present in the plant leaves 

which would make it difficult to identify distinct bands correlating to the proteins. The band 

correlating with the size of the S (127 kDa) was very faint in all the lanes (4-15) indicating low 

S protein expression. Lane 3 (positive control) was warped, making it difficult to identify what 

bands were or were not present. 
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4.4.3. TEM visualisation of recombinant S protein VLPs 

No VLPs were detected using TEM in any of the iodixanol fractions, from any of the construct 

combinations harnessing AGL-1 or LBA4404 Agrobacterium-mediated plant leaf infiltrations. 

The samples were also stained with phosphotungstic acid (pH 7.4) as an alternative to the acidic 

uranyl acetate staining, but this also resulted in no detection of VLPs.  

In an effort to detect VLPs in freshly harvested leaf material, leaf pieces (1mm x 1mm) were 

cut out and submerged in fixative prior to extraction and the cross-sections were analysed for 

VLPs in the intact cell compartments (Figs 30a - d).  

 

a) 
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b) 

c) 
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Figure 30:  TEM images of potential plant-produced homogenous IB VLPs. Three to four 

week old N. benthamiana ∆XT/FT were co-infiltrated with the S, E and M 

proteins of IBV. Leaves were harvested 6 dpi. The leaf cross-sections were 

imaged by TEM revealing the presence of spherical particles matching the 

expected size of IBV particles. Expression and assembly of the structural 

proteins were mediated by Agrobacterium strain AGL-1. Scale bars, 500 nm. 

  

Spherical structures that resemble IB VLPs of the appropriate sizes (80-120 nm) were detected 

in the cytoplasm (Figs 30a - d).  However, without the spikes surrounding them, it cannot be 

concluded that they are IB VLPs. They could however, be assembly intermediates expressing 

the structural proteins but without incorporating the S protein. Ujike and Taguchi, (2015) 

showed that co-expressing the M proteins with the E protein resulted in the release of 

sedimentable particles (VLPs) into culture supernatants. When expressed alone in vTF7-3-

infected cells, the E protein was also shown to be released into the cultured supernatant in 

similar particles (Corse and Machamer, 2000). 

 

d) 
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4.5. Experiment 5 

In the fifth experiment, a gene encoding the nucleocapsid (N) protein was cloned into pEAQ-

HT, transformed into DH10B, then into A. tumefaciens in another attempt to assemble IB VLPs 

in plants.  Ujike and Taguchi (2015) indicated that the N protein is likely to assist with VLP 

formation. The cloned IBV genes (S (and the modified versions thereof), M, E, and N) were 

once again agroinfiltrated into N. benthamiana ∆XT/FT in various combinations to assemble 

VLPs. Leaf tissue was harvested at 6 dpi. Plant proteins were extracted in PBS buffer. 

 

The goals of this experiment were:  

 to improve protein expression and assemble IB VLPs 

 to identify which protein combinations were needed to assemble IB VLPs  

 to identify which construct ratios would improve IBV target protein co-expression and 

IB VLP assembly 

 

4.5.1. Cloning IBV genes into pEAQ-HT vector 

In order to achieve these goals, a chicken codon-optimised gene (N) was digested with AgeI 

and XhoI enzymes to excise the target gene insert from the pUC57 vector backbone. The 

pEAQ-HT vector was also digested with the same enzymes to linearize it and create compatible 

ends for cloning. The gene was ligated into pEAQ-HT and transformed into electrocompetent 

DH10B cells. pEAQ-HT-N was verified by colony PCR (Taq DNA polymerase) (Fig. 31). 
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Figure 31:  Colony PCR of DH10B cells transformed with pEAQ-HT-N. Lane 1: 

GeneRuler ladder mix SM0331, Lane 3: Negative control (no template DNA), 

Lane 5: Positive control pEAQ-HT with a known insert (±1 200 bp), Lanes 7-

14: pEAQ-HT-N colonies 1-8. PCR was done using FSC5 forward and reverse 

primers, Table 1. The PCR products were separated on a 1% Agarose gel. 

 

A PCR product that correlated with the size of the N gene (1260 bp) (Fig. 12) was present in 7 

of the 8 colonies selected for screening (lanes 7-14). FSC5 primers were used for screening. 

The FSC5 forward primer hybridizes only 38 bp upstream of the AgeI site, while the FSC5 

reverse primer hybridizes 60 bp downstream of the XhoI site. This results in a PCR product 

that is approximately 100bp larger than expected. This, however, would not be as noticeable 

on the gel as the 300bp increase caused by the pEAQ-HT primers was. This is a first indication 

that the N gene was cloned into pEAQ-HT but still required sequence validation to confirm the 

successful cloning of the target gene.  Lane 3 should have been empty as no template DNA 

was loaded, therefore it is possible that there was contamination during sample loading. 

 

Therefore, according to the results presented, the N gene was potentially successfully cloned 

into the pEAQ-HT expression vector producing a new construct (Fig. 32).  
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Figure 32:  pEAQ-HT harbouring the gene encoding the Nucleocapsid protein (N). 

 

One of the positive clones for the N gene insert were propagated and sent to Inqaba 

Biotechnical Industries (Pty) Ltd for sequence validation, and the sequence validated clone was 

electroporated independently into three different Agrobacterium strains (AGL-1, 

GV3101::pMP90, and LBA4404). Colonies were once more PCR validated before 

Agrobacterium glycerol stocks were prepared. Once more, an aliquot of the pEAQ-HT 

constructs with the IBV gene inserts of choice were streaked out and the overnight growth was 

scraped from the plate to prepare liquid cultures for N. benthamiana ∆XT/FT plants for 

agroinfiltration. Various combinations of each were infiltrated. 
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The following combinations and ratios were infiltrated (in AGL-1): 

Combo 1 -  S:M:E:N    2:1:1:1 

Combo 2 -  S:M:E:N    2:1:2:2 

Combo 3 - rIBV-S-TM:M:E:N   2:1:1:1 

Combo 4 - rIBV-S-TM/CT:M2:N  2:1:1 

Combo 5 - mIBV-S-KKSV:M:E:N  2:1:1:1 

Combo 6 - mIBV-S-TM-KKSV:M:E:N  2:1:1:1 

 

4.5.2. Analysis of crude plant proteins after the addition of the N protein 

Agroinfiltrated plant leaves were harvested at 6 dpi. The plant proteins were extracted using 

PBS buffer and clear lysate was purified by Iodixanol density gradient ultracentrifugation. 

Fractions 10 and 11 (20-30% Iodixanol) were analysed by SDS-PAGE (Fig. 33) and 

immunoblotting. Agrobacterium-mediated (AGL-1) infiltration of S, rIBV-S-TM, rIBV-S-

TM/CT, mIBV-S-KKSV, and mIBV-S-TM-KKSV constructs in combination with the E, M, 

and N genes was conducted. The rIBV-S-TM/CT was co-infiltrated with the IAV M2 ion 

channel protein gene (to assist with VLP formation) instead of with the IBV E and M genes. 

Different ratios of the constructs were infiltrated in an attempt to improve S protein expression 

and formation of VLPs. 
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Figure 33:  Bolt 4-12% SDS PAGE analysis of pEAQ-HT IBV S (or rIBV-S-TM or rIBV-

S-TM/CT or mIBV-S-KKSV or mIBV-S-TM-KKSV), M, E, N, and IAV M2 

ion channel proteins co-expressed in N. benthamiana ∆XT/FT 6 dpi. 

Agrobacterium-mediated (AGL-1) expression. Lane 1: SeeBlue Plus MW 

marker, Lane 2: Negative control pEAQ-HT empty, Lane 3: Positive control 

IBV QX-like inactivated, Lane 4-5: S:M:E:N 2:1:1:1 (Frs 10-11), Lane 6-7: 

S:M:E:N 2:1:2:2 (Frs 10-11), Lane 8-9: rIBV-S-TM:M:E:N 2:1:1:1 (Frs 10-11), 

Lane 10-11: rIBV-S-TM/CT:M2:N 2:1:1 (Frs 10-11), Lane 12-13: mIBV-S-

KKSV:M:E:N 2:1:1:1 (Frs 10-11), Lane 14-15: mIBV-S-TM-KKSV:M:E:N 

2:1:1:1 (Frs 10-11). 

 

Protein bands which correlate to the sizes of the four structural protein sizes were detected 

when subjected to SDS PAGE analysis (Fig. 33).  The bands correlating to the M (29 kDa) and 

E (12.5 kDa) proteins were present in all the protein extracts represented in all the lanes, 

including lanes 10-12, where M and E were omitted. Thus, there appears to be unknown plant 

proteins of similar size to both the M and E proteins in the negative control (pEAQ-empty) 

(represented in lane 2). This would make it difficult to identify distinct bands correlating to the 

proteins of interest. The band correlating with the size of the S (127 kDa) was very faint in all 

the lanes (4-15), again indicating low S protein expression. The N (45kDa) is close to the size 

of Rubisco (50kDa), the most abundant protein in plants. Therefore, it was difficult to identify 

a distinct band correlating to the N protein, if it was present.  
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Subsequently, an immunoblot was performed using IBV-specific antiserum in an attempt to 

detect the IBV proteins present in the fractions (Fig. 34). Agrobacterium strain AGL-1 was 

used to mediate protein expression. 

Figure 34:  Immunoblot using IBV-specific antiserum to detect pEAQ-HT IBV S (or rIBV-

S-TM or rIBV-S-TM/CT or mIBV-S-KKSV or mIBV-S-TM-KKSV), N, M, 

and E proteins co-expressed in N. benthamiana ∆XT/FT 6 dpi. Lane 1: Western 

C MW marker, Lane 2: Negative control pEAQ-HT empty, Lane 3: Positive 

control IBV QX-like inactivated, Lane 4-5: S:M:E:N 2:1:1:1 (Frs 10-11), Lane 

6-7: S:M:E:N 2:1:2:2 (Frs 10-11), Lane 8-9: rIBV-S-TM:M:E:N 2:1:1:1 (Frs 

10-11), Lane 10-11: rIBV-S-TM/CT:M2:N 2:1:1 (Frs 10-11), Lane 12-13: 

mIBV-S-KKSV:M:E:N 2:1:1:1 (Frs 10-11), Lane 14-15: mIBV-S-TM-

KKSV:M:E:N 2:1:1:1 (Frs 10-11). 

 

Protein bands which correlate to the sizes of the target structural protein sizes were detected 

with immunoblot analysis (Fig. 34).  Faint bands correlating with the size of the E protein (12.5 

kDa) could be visualised in all lanes 4-10, although they were not expected in lanes 12-15, 

which were plants that were infiltrated without the gene construct encoding protein E. Bands 

correlating with the size of the M protein (29 kDa) could be seen in lanes 4-9, and in lanes 12-

15. The background made it difficult to identify bands in lanes 10 and 11 which should not be 

present as the plants were infiltrated without them. Faint bands correlating with the S protein 

(127 kDa) size could be visualised in all lanes. Bands correlating to the N protein (45 kDa) 
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were not distinct enough to be visualised with certainty, but were expected to be present in all 

the lanes if it was co-expressed and formed part of the assembled VLP. 

 

4.5.3. LC-MS/MS based peptide sequencing  

Bands correlating to the sizes of each of the four structural proteins (S, rIBV-S-TM, rIBV-S-

TM/CT, mIBV-S-KKSV, mIBV-S-TM-KKSV, M, N, and E) were cut out from the SDS-

PAGE gel (Fig. 33) and subjected to LC-MS/MS based peptide sequencing (Fig. 35). The gel 

bands were trypsin digested as described before.  

IBV S protein, Combo 1, fr. 11, 15 % (95% confidence), 21 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

 

IBV S protein, Combo 2, fr. 11, 14.4 % (95% confidence), 15 peptides  
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

 

IBV rIBV-S-TM protein, Combo 3, fr. 11, 2.7 % (95% confidence), 5 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

 

IBV rIBV-S-TM/CT protein, Combo 4, fr. 11, 19.3 % (95% confidence), 24 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

IBV S protein, Combo 1, fr. 11, 15 % (95% confidence), 21 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

 

IBV S protein, Combo 2, fr. 11, 14.4 % (95% confidence), 15 peptides  
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

 

IBV rIBV-S-TM protein, Combo 3, fr. 11, 2.7 % (95% confidence), 5 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

 

IBV rIBV-S-TM/CT protein, Combo 4, fr. 11, 19.3 % (95% confidence), 24 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF
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IBV rIBV-S-TM protein, Combo 3, fr. 11, 2.7 % (95% confidence), 5 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

 

IBV rIBV-S-TM/CT protein, Combo 4, fr. 11, 19.3 % (95% confidence), 24 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

IBV rIBV-S-TM protein, Combo 3, fr. 11, 2.7 % (95% confidence), 5 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

 

IBV rIBV-S-TM/CT protein, Combo 4, fr. 11, 19.3 % (95% confidence), 24 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

IBV mIBV-S-KKSV protein, Combo 5, fr. 11, 19 % (95% confidence), 17 peptides 
MGWSWIFLFLLSGAAGVHCNLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDV

YNQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTS

VYLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDG

FYPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYK

ASDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRT

NFECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAIL

DTSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQ

NVTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCG

NSLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRS

FIEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSA

AAIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNK

NFGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFC

GSGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYM

PRDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRI

QEVIQGLNDSLIDLETLSILKTYIKWPWYVWLAIFFAIIIFILILGWVFFMTGCCGCCCGCFGIIPLMSKCGKKS

SYYTTFDNDVVTEQYRP 

 

IBV mIBV-S-TM-KKSV protein, Combo 6, fr. 11, 6.8 % (95% confidence), 10 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



86 

 

Figure 35:  Protein confirmation using LC-MS/MS-based peptide sequencing of IBV 

structural proteins (S, rIBV-S-TM, rIBV-S-TM/CT, mIBV-S-KKSV, mIBV-S-

TM-KKSV, M, N, and E). LC-MS/MS-based peptide sequence analysis for 

excised bands resulted in the percentage sequence coverage as indicated below 

with a number of unique peptides identified with >95% confidence. Peptides 

with >95% confidence are highlighted in green, those 50-95% confidence in 

yellow and <50% confidence in red. No peptides were identified for the non-

highlighted regions of the sequence (grey). 

 

The presence of the S protein at the appropriate size of 127 kDa was confirmed using LC 

MS/MS based peptide sequencing (IBV S, Combo 1, lane 5; and Combo 2, lane 7), the rIBV-

S-TM S protein (Combo 3, lane 9), the rIBV-S-TM/CT S protein (Combo 4, lane 11), the 

mIBV-S-KKSV S protein (Combo 5, lane 13) and the mIBV-S-TM-KKSV S protein (Combo 

6, lane 15). The presence of the M protein at the appropriate size of 29 kDa was confirmed 

(Combo 5, lane 13), as was the presence of the E protein at 12.5 kDa (Combo 5, lane 13). The 

N protein at 45 kDa (Combo 5, lane 13) could not be detected by mass spectrometry. (See 

appendix for cut out bands). 

IBV mIBV-S-KKSV protein, Combo 5, fr. 11, 19 % (95% confidence), 17 peptides 
MGWSWIFLFLLSGAAGVHCNLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDV

YNQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTS

VYLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDG

FYPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYK

ASDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRT

NFECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAIL

DTSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQ

NVTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCG

NSLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRS

FIEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSA

AAIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNK

NFGAITSVIQDIYAQLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFC

GSGRHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYM

PRDITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRI

QEVIQGLNDSLIDLETLSILKTYIKWPWYVWLAIFFAIIIFILILGWVFFMTGCCGCCCGCFGIIPLMSKCGKKS

SYYTTFDNDVVTEQYRP 

 

IBV mIBV-S-TM-KKSV protein, Combo 6, fr. 11, 6.8 % (95% confidence), 10 peptides 
MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDVY

NQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKA

SDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILD

TSGAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQN

VTSCPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGN

SLECRKLFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSF

IEDLLFTSVETVGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAA

AIPFATQIQARINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKN

FGAITSVIQDIYAQLDAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSG

RHVLSIPQNAPNGIVFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRD

ITAGDIVTLTSCQANYVNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEV

IQGLNDSLIDLETLSILKTYIKWPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYY

TTFDNDVVTEQYRPKKSV 

IBV N protein, Combo 5, fr. 11, not detected  

 

IBV M protein, Combo 5, fr. 11, 31.4 % (95% confidence), 11 peptides  
MVENLTIRNWNRLSLTSSQRTVGIIKTLQFFKMSNGTENCTLNTEQAVQLFKEYNLFITAFLLFLTILLQYGYAT

RSRFIYILKMVVLWCFWPLNIAVGVISCIYPPNTGGLVAAIILTVFACLSFIGYWIQSIRLFKRCRSWWSFNPES

NAVGSILLTNGQQCNFAIESVPMVLSPIIKNGALYCEGQWLAKCEPDHLPKDIFVCTPDRRNIYRMVQKYTGDQS

GNKKRFATFVYAKQSVDTGELESVTTAGSNLYT 

 

IBV E protein, Combo 5, fr. 11, 22 % (95% confidence), 3 peptides  
MMSLLNKSLEENGSFLTALYIFVACVALYLLGRALQAFVQAADACCLFWYTWVLVPGAKGTAFVYKHTYGRKLNN

PELEQVIFNEFPKNGWNNKNPAIFQDVERHGKLHS 
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4.5.4. TEM visualisation of recombinant S protein VLPs 

Once more, no VLPs were detected in the uranyl acetate stained samples or leaf sections using 

TEM analysis. In an attempt to detect potential VLPs, Immunogold labelling was used to detect 

structures resembling intermediates and VLPs. 

Figure 36a:  A) Unstained TEM image of negative control not stained with primary antibody. 

Scale bar 1000 nm. B) Stained TEM image of negative control labelled with 

gold-labelled secondary goat anti-chicken antibodies (no evidence of immune-

stained VLPs in image B). Scale bar 500 nm. 
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Figure 36b:  A) Unstained TEM image of combination 1 (S:M:E:N 2:1:1:1, Fr. 11). Scale 

bar 1000 nm. B) Stained TEM image of combination 1 (S:M:E:N 2:1:1:1, Fr. 

11) labelled with gold-labelled secondary goat anti-chicken antibodies (no 

evidence of immune-stained VLPs in image B). Scale bar 500 nm. 

Figure 36c:  A) Unstained TEM image of combination 2 (S:M:E:N 2:1:2:2, Fr. 11). Scale 

bar 500 nm. B) Stained TEM image of combination 2 (S:M:E:N 2:1:2:2, Fr. 11) 

labelled with gold-labelled secondary goat anti-chicken antibodies (no evidence 

of immune-stained VLPs in image B). Scale bar 500 nm. 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



89 

 

Figure 36d:  A) Unstained TEM image of combination 3 (rIBV-S-TM:M:E:N 2:1:1:1, Fr. 

11). Scale bar 1000 nm. B) Stained TEM image of combination 3 (rIBV-S-

TM:M:E:N 2:1:1:1, Fr. 11) labelled with gold-labelled secondary goat anti-

chicken antibodies (no evidence of immune-stained VLPs in image B). Scale 

bar 500 nm. 

Figure 36e:  A) Unstained TEM image of combination 4 (rIBV-S-TM/CT:M2:N 2:1:1, Fr. 

11). Scale bar 1000 nm. B) Stained TEM image of combination 4 (rIBV-S-

TM/CT:M2:N 2:1:1, Fr. 11) labelled with gold-labelled secondary goat anti-

chicken antibodies (no evidence of immune-stained VLPs in image B). Scale 

bar 500 nm. 
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Figure 36f:  A) Unstained TEM image of combination 5 (mIBV-S-KKSV:M:E:N 2:1:1:1, 

Fr. 11). Scale bar 1000 nm. B) Stained TEM image of combination 5 (mIBV-S-

KKSV:M:E:N 2:1:1:1, Fr. 11) labelled with gold-labelled secondary goat anti-

chicken antibodies (no evidence of immune-stained VLPs in image B). Scale 

bar 500 nm. 

 

No IBV-like particles were detected using immunogold labelling, although there was partial 

labelling of plant material visible. There were also no immunogold-labelled particles that 

matched the expected size and morphology of the IBV particle. This indicates that there were 

no detectable VLPs assembled in the plants.  
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CHAPTER 5 

Discussion 

 

The aim of this project was to produce infectious bronchitis virus-like particles (VLPs) in 

Nicotiana benthamiana plants by transiently expressing and assembling the major surface 

antigen, Spike (S) protein with membrane-associated structural proteins of IBV. The full-length 

S protein was targeted, as this was previously described for VLPs expressed in insect cells (Liu 

et al., 2013b). In addition, various S protein hybrids were produced in an attempt to elevate 

expression of the S protein and assembly of VLPs. 

The S, E, and M proteins of IBV are involved in virus particle assembly, while the N protein 

is thought to assist in the assembly of the virus particle by interacting with the M and E proteins 

(Cavanagh, 2007; Jayaram et al., 2006). Because VLPs for IBV have not yet been produced in 

plants, the minimum requirements are not yet established, therefore, different combinations of 

all four proteins were investigated. For this reason, genes encoding all four structural proteins 

were chicken codon-optimised, and synthesised chemically. It was previously shown that 

chicken codon-optimisation of the target genes resulted in elevated expression and assembly 

of influenza VLPs compared to plant codon-optimisation (Smith et al., 2019). This was the 

reason for chicken codon-optimisation of the target genes. 

In this study, the sequence-validated constructs (pEAQ-HT-S, pEAQ-HT-M, and pEAQ-HT-

E) were transformed into electrocompetent A. tumefaciens (AGL-1, GV3101::pMP90, or 

LBA4404 strains) in order to determine the most appropriate Agrobacterium strain for 

expression and assembly of VLPs in N. benthamiana plants. The plants were then infiltrated 

with the S, E and M constructs using the three different Agrobacterium strains and incubated 

for 6 and 8 dpi. The plants’ growth was monitored throughout this time, and the leaves were 

still healthy after 6 dpi. By 8 dpi, some of the leaves were beginning to turn yellow and necrotic, 

dried out or wilted. The conclusion was that the peak expression and therefore, optimal harvest 

time was 6 dpi. 

In order to optimise extraction of the VLPs, two different buffers were used for extraction and 

the clear lysate was subjected to iodixanol density gradient ultracentrifugation to purify the 

VLPs. The iodixanol fractions 7-12 (20-40%) were analysed for IBV structural protein content. 

There was no difference in the results between the leaves extracted with PBS and the leaves 
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extracted with bicine buffer, therefore PBS was used in all future experiments as it is the 

standard buffer for vaccine candidates to be tested in target animals. AGL-1 Agrobacterium-

mediated expression and potential assembly of IB VLPs resulted in clearer protein bands when 

analysed with sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) than 

with LBA4404 or GV3101::pMP90. The reason for this is unclear, however, AGL-1 

Agrobacterium-mediated expression of IBV structural proteins was used in a direct comparison 

with LBA4404 in a number of the experiments.  

The presence of protein bands in SDS-PAGE correlating to all three structural proteins show 

that IB VLPs may be present in the 20-30% Iodixanol fractions. This means that the assembled 

IB VLPs, if present, were likely to only penetrate as deep as 20-30% Iodixanol. This indicates 

that the IBV structural proteins may have assembled and formed structures of a high molecular 

weight (Theunemann et al., 2013). Bands correlating to the size of the S protein (127 kDa) 

were observed in the SDS-PAGE gels, albeit very faintly compared to the other proteins on the 

gels. This was regardless of the Agrobacterium strain used to infiltrate, the ratios used, and the 

combinations infiltrated. This implies that the S protein may have had a low level of expression 

in the plants. The later SDS-PAGE results using the recombinant S genes also displayed very 

faint bands, meaning that expression was still very low even after substituting the TM and CT 

domains of the S protein with those of the IAV HA protein.  

Although in many of the results (immunoblotting) there were bands correlating to the sizes of 

the target proteins, those bands also appeared in the negative controls. This suggested that the 

some of the proteins (namely IBV-E and IBV-M) correlated with non-specific protein bands 

that were present in the plant leaves. This would make it difficult to identify distinct bands 

correlating to the proteins. This does not necessarily mean that the IBV-E and IBV-M proteins 

were not present. They may have been present as well as the plant proteins that were present 

in the negative controls. This is shown by the fact that LC-MS/MS analysis detected several 

peptides that matched the IBV-E and IBV-M proteins.  

Many viral glycoproteins demonstrate low expression levels in plants. The reason for this is 

unclear, but it has been speculated that this could be due to a lack of essential chaperone 

proteins to drive protein folding, or as a result of the glycoproteins being incompatible with the 

endogenous plant chaperones present (Margolin et al., 2018). In other heterologous protein 

expression systems, the lack of sufficient amounts of viral molecular chaperone proteins has 

proven to be a limiting factor in the expression of viral glycoproteins (Rudolph and Lilie, 1996; 
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Hsu and Betenbaugh, 1997). Should this be the case in plant expression systems as well, it 

would introduce the challenge of which chaperone proteins to use for improving glycoprotein 

expression (Margolin et al., 2018). These low glycoprotein expression levels are often linked 

to severe tissue necrosis (such as the yellowed, dried out leaves also observed in this study) 

(Howell, 2013). This tissue necrosis may point to stress response in the plant which is a result 

of misfolded proteins accumulating at the ER (Howell, 2013). It may also have been caused by 

overexpression of the proteins exceeding the plant system’s folding capacity (Liu and Howell, 

2010).  

The initial immunoblotting results showed bands that were very faint. Bands correlating to the 

size of the S protein were not visible in the initial immunoblotting results, or were too faint to 

see if present at all. This again implies almost undetectable low expression of the S protein.  

In contrast, the expression of HA alone has been shown to be sufficient for the development of 

IAV VLPs (D’Aoust et al., 2008). Not only that, but many influenza HA glycoproteins have 

been shown to have unusually high expression levels in planta (D’Aoust et al., 2008; Shoji et 

al., 2011). In this study, extremely low native S protein expression levels were detected in N. 

benthamiana plants. Key differences between the IAV HA and the IBV S glycoproteins are 

indicated (Appendix, Table 3). These differences may provide insight as to why the S protein 

expression was low. We hypothesised that modifying the IBV S protein by substituting the TM 

and/or CT domains of the S protein with those of the IAV HA protein could potentially improve 

the expression of the S protein and thus result in the formation of more IBV VLPs.  

For the recombinant S protein experiments, the leaves infiltrated with rIBV-S-IAV-TM/CT 

alone or IBV-S-IAV-TM/CT with the IAV M2 ion channel gene were beginning to dry out and 

turn yellow after 3 dpi. This could have been because the plants were over-expressing the 

protein, or that the protein being expressed was toxic to the plant.  

After modifying the S protein, the bands correlating to the size of the S protein in the SDS-

PAGE gels (Figs 22, 28 and 29) were still faint, indicating that the glycoprotein expression was 

still very low. However, bands correlating to the size of the S protein had a stronger signal 

when subjected to immunoblotting (Fig. 23). This implies that although protein expression was 

still very low, modifying the S protein with the TM and CT domains of IAV HA did slightly 

improve expression.   
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Although the N protein is thought to aid in virus-particle formation, the co-infiltration with the 

N protein made no difference to the S protein bands visualised in the SDS-PAGE or 

immunoblotting results. The N protein was also not detected with LC-MS/MS. 

For LC-MS/MS results to be conclusive, it is preferable that more than one distinctive peptide 

sequence matches the protein being evaluated (Cottrell, 2011). If enough peptide sequences 

match with a known protein, it can be used to identify that protein with a degree of confidence 

(Schaffeld and Markl, 2004). If several MS/MS spectra were to match peptide sequences from 

a single protein, it would increase the likelihood of that protein being present (Cottrell, 2011). 

Usually, a protein that only has one peptide sequence that matches it is considered a suspect, 

and unless that peptide sequence is exclusive to that specific protein, it leaves uncertainty 

regarding the protein from which it originates (Cottrell, 2011). Mann and Wilm (1994) found 

that a short stretch of an amino acid sequence could offer sufficient specificity to 

unambiguously identify a protein, depending on the enzyme specificity, as well as if the peptide 

mass and enclosing fragment ion mass values were known. With this information in mind, LC-

MS/MS results that had three or more peptide sequences that matched the target protein 

increased the confidence with which the protein could be confirmed.  

In experiment 1, IBV S protein sample 1 had 11 peptides that matched that of the IBV S protein. 

IBV M protein sample had 5 peptides that matched that of the IBV M protein. No peptides 

were detected for the IBV E protein sample.  

In experiment 3, IBV S protein samples from combination 2 and 3 had 11 and 7 peptides, 

respectively, that matched that of the IBV S protein. No peptides were detected for the rIBV-

S-TM protein sample. For rIBV-S-TM/CT, 15 and 18 peptides were detected from the samples 

taken. No peptides for the IBV-M sample were detected in this case, while 4 peptides were 

detected for the IBV E protein sample. 

In experiment 5, IBV S protein samples from combination 1 and 2 had 21 and 15 peptides, 

respectively, that matched that of the IBV S protein. The rIBV-S-TM protein sample had 5 

peptides matching that of the IBV-S protein, while the rIBV-S-TM/CT protein sample had 24 

peptides matching that of the IBV-S protein. The mIBV-S-KKSV protein sample had 17 

peptides matching that of the IBV-S protein, while the mIBV-S-TM-KKSV protein sample had 

10 peptides matching that of the IBV-S protein. The IBV-M protein sample had 11 peptides 

matching that of the IBV-M protein and the IBV E protein sample had 3 peptides matching that 

of the IBV-E protein. There were no matching peptides detected for the IBV-N protein sample. 
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The number of peptides detected for IBV S increased from experiment 1 to 5. This suggested 

that the optimisations done to improve expression may have been successful. The number of 

peptides detected for the rIBV-S-TM, rIBV-S-TM/CT, mIBV-S-KKSV, and the mIBV-S-TM-

KKSV protein samples that matched the IBV S protein sequence were higher than for the 

original protein sequence. This suggested that modifying the IBV S protein sequence may have 

improved expression. 

The number of peptides detected for the IBV-M, IBV-E, and IBV-N protein samples were 

fairly low or non-existent. This may provide insight as to why VLP formation was not 

successful.  

In this study, no IBV VLPs fitting the expected IBV description could be visualised harnessing 

negative staining transmission electron microscopy (TEM). Some particles matching the 

expected size could be seen, but they lacked the characteristic crown formed by the S 

glycoprotein of coronaviruses. Therefore, it could not be concluded that they were IB VLPs. 

This means that the S protein may not have been incorporated into the virions, or that the acidic 

uranyl acetate staining may have broken apart any VLPs that may have been present. The 

fractions 10-11 (20-30% Iodixanol), which were the fractions with the most distinct protein 

bands, were also stained with phosphotungstic acid (pH 7.4) to test the latter theory, however, 

there were still no VLPs detected using TEM. 

It has been hypothesised that M proteins of coronaviruses form a dense lattice-like matrix. This 

matrix is formed by lateral M-M interactions inside the viral envelope (De Haan et al., 2000). 

These interactions have been observed to a degree in morphological studies (Neuman et al., 

2011). It is suggested that this lattice-like matrix is involved in the assembly of virions. S 

proteins are thought to be incorporated into the lattice vacancies by interacting with the M 

proteins (De Haan et al., 2000). The incorporation of S proteins into VLPs or virus particles is 

determined solely by the CT domain. Interactions between the CT domain of the M protein and 

the TM and CT domains of the S protein are important for S protein incorporation (Bosch et 

al., 2005; de Haan et al., 1999). The charge-rich region of the CT domain as well as the 

palmitoylation of the cysteine-rich motif (CRM) have been shown to be important for this 

incorporation (Bosch et al., 2005; Thorp et al., 2006; Ujike and Taguchi, 2015). A lack of M-

S interactions caused by an under-palmitoylation of S proteins results in a reduced amount of 

S proteins being incorporated (Thorp et al., 2006). This suggests that substituting this domain 

may have had a negative effect on the M-S interactions required for S protein incorporation. It 
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is possible that the recombinant S proteins were counterproductive to the production of fully 

assembled VLPs. 

In addition to the negative staining TEM, leaf cross-sections were also imaged by TEM 

revealing the presence of spherical particles matching the expected size of IBV particles. 

However, without the characteristic spikes surrounding IB VLPs, the results were inconclusive. 

Immunogold labelling was used to determine whether they were indeed IBV VLPs or assembly 

intermediates. There were no particles labelled that had the size and morphology of an IBV 

particle. Thus, the IBV structural proteins may be expressed, but fail to assemble into VLPs. It 

could also be that the integrity of the particles was disrupted by the staining processes or that 

the S protein was not being incorporated into any formed particles.  

Theunemann et al., (2013) found that co-expressing all four structural proteins of Bluetongue 

virus (BTV 8) resulted in the formation of a combination of different particle types. Some of 

these particles resembled core-like particles (CLPs), while others were notably larger particles 

that were less structured than the CLPs in appearance. Others seemed to be assembly 

intermediates that were between CLPs and VLPs (Theunemann et al., 2013). When all four 

BTV-8 structural proteins were expressed together from separate pEAQ-HT constructs, VP3 

was over-represented which led to the formation of assembly intermediates and subcore-like 

particles. In order to deal with this, the pEAQexpress vector was used to express two of the 

proteins on the same T-DNA, therefore down-regulating the formation of CLPs in favour of 

VLP formation (Theunemann et al., 2013). This may be a good approach to preventing the 

formation of assembly intermediates and producing VLPs. 

 

Conclusion and Future Perspectives 

IBV structural proteins were potentially expressed in N. benthamiana ∆XT/FT plant leaf 

material, but in low quantities as confirmed by SDS-PAGE, transmission electron microscopy 

and immunological detection. The immunogold labelling did not reveal the presence of any 

particles with the characteristic morphology and size of IBV. However, the presence of the 

protein bands in SDS-PAGE confirmed to be IBV structural proteins by liquid 

chromatography-mass spectrometry (LC-MS/MS) based peptide sequencing, indicates that the 

structural proteins did assemble into high molecular weight structures. The number of peptides 

detected for IBV S increased from experiment 1 to 5. This suggested that the optimisations 

done to improve expression may have been successful. The number of peptides detected for 
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the rIBV-S-TM, rIBV-S-TM/CT, mIBV-S-KKSV, and the mIBV-S-TM-KKSV protein 

samples that matched the IBV S protein sequence were higher than for the original protein 

sequence. This suggested that modifying the IBV S protein sequence may have improved 

expression. The number of peptides detected for the IBV-M, IBV-E, and IBV-N protein 

samples were fairly low or non-existent. This may provide insight as to why VLP formation 

may not have been successful. The immunoblotting results were not conclusive enough to make 

significant conclusions regarding the formation of VLPs. The presence of the IBV bands in the 

negative control made it difficult to confirm the identity of the proteins. However, combined 

with the SDS-PAGE results, and the LC-MS/MS results, there is still a possibility that high 

molecular weight structures did form. The expression may have been too low to visualise under 

the TEM or the acidic uranyl acetate staining may have broken apart the few assembled 

structures. It could also be that the S protein was not incorporated into the virus particles. This 

could be due to a number of reasons. Firstly, as with many other viral glycoproteins, the S 

protein may demonstrate low expression levels in plants. Modifying the S protein with the TM 

and CT domain of the IAV HA protein did not improve expression sufficiently enough to result 

in fully assembled IB VLPs under the TEM. This could have been because the CT domain of 

the S protein is essential for the protein’s incorporation into virus or virus-like particles. 

Substituting this domain may have had a negative effect on the M-S interactions required for 

S protein incorporation. Another reason could be that there was a lack of molecular chaperone 

proteins required for glycoprotein expression. 

In future, alternative designs of the S protein and the addition of molecular chaperone genes 

will potentially improve S protein expression and elevate the numbers of VLPs produced, 

resulting in a commercially viable vaccine product. It may also be important to modulate the 

expression of the IBV structural proteins in order to decrease the formation of assembly 

intermediates and potentially assist in the formation of VLPs. Further optimisation is required 

to improve protein expression and form VLP. 

Another future approach may be to experiment with linking the S1 subunit of the S protein to 

the TM and CT domain of influenza HA (with a linker). Previously, researchers Lv et al., 

(2014) and Wu et al., (2019) found that this approach resulted in the formation of VLPs that 

resembled either influenza particles or IBV particles respectively. This was a surprising result, 

as the S2 subunit was absent and it is the S2 subunit that is responsible for anchoring the S1 

subunit to the membrane (Lai and Cavanagh, 1997).  
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BioBasic IBV Nucleotide sequences: 

 

Chicken codon optimised Spike gene with AgeI and XhoI sites in italics (N- and C-terminal, 

respectively): 

CGCACCGGTATGCTGGTGAAGAGCCTGTTCCTGGTGACAATTCTGTGCGCTCTGTGCTCCGCTAACCTGTTTGA

TAGCGATAATAACTACGTGTACTACTACCAGTCCGCTTTTAGACCACCAAACGGCTGGCACCTGCAGGGCGGC

GCCTACGCAGTGGTGAATAGCACAAACCACACCTCCAACGCTGGCAGCGCACAGGGATGTACAGTGGGCGTG

ATCAAGGATGTGTATAATCAGAGCGTGGCAAGCATTGCAATGACAGCCCCTCTGCAGGGCATGGCATGGTTCT

GCACAGCCTATTGCAACTTCTCTGACACCACCGTGTTTGTGACACACTGCTACCACATCAGAATCAGCGCCAT

GAAGAACGGATCTCTGTTCTACAACCTGACCGTGAGCGTGAGTAAATACCCCAACTTTAAGAGCTTCCAGTGC

GTGAACAACTTCACCTCTGTGTATCTGAATGGAGACCTGGTGTTCACCAGCAACAAGACTACCGATGTGACTA

GCGCCGGCGTGTACTTTAAGGCCGGAGGACCAGTGAACTACAGCATTATGAAAGAGTTTAAGGTGCTGGCCTA

CTTTGTGAACGGCACAGCACAGGACGTGATTCTGTGCGATAACTCTCCCAAGGGACTGCTGGCTTGTCAGTAC

AACACAGGCAACTTTTCTGACGGATTTTACCCCTTCACTAATAGCACACTGGTGAGAGAGAAGTTTATTGTGT

ACAGAGAGAGCAGCTTCAACACAACCCTGGCCCTGACTAACTTCACCTTCACAAACGTGAGCAACGCTCAGCC

TAACTCCGGAGGGGTGAATACATTCCACCTGTACCAGACCCAGACAGCTCAGAGCGGCTACTACAACTTCAAT

CTGAGCTTCCTGAGCCAGTTCGTGTACAAGGCAAGCGATTTCATGTACGGAAGCTATCACCCATCATGCTCCTT

TAGACCTGAGACAATCAATTCTGGGCTGTGGTTTAATTCCCTCTCAGTTAGCCTGACATATGGTCCACTCCAGG

GAGGCTGCAAGCAGAGCGTTTTCAGCGGGAAAGCCACCTGCTGCTACGCCTACAGCTACAAGGGACCAATGG

CCTGTAAGGGCGTGTACAGTGGAGAGCTGAGGACTAATTTCGAGTGCGGACTGCTGGTGTACGTGACAAAGTC

CGATGGCAGCAGGATTCAAACCAGAACAGAGCCTCTGGTGCTCACACAGTACAACTACAATAATATTACTCTG

GATAAATGTGTTGCATACAACATCTATGGAAGAGTGGGCCAGGGCTTCATTACCAACGTGACCGACTCAGCTG

CTAACTTTAGCTACCTGGCCGACGGCGGCCTGGCTATCCTGGATACCAGCGGGGCCATCGACGTGTTTGTGGT

GCAGGGAATCTATGGCCTGAACTACTATAAAGTGAATCCCTGCGAGGACGTGAACCAGCAGTTCGTGGTGAG

CGGAGGGAACATCGTTGGAATTCTGACCTCCAGGAACGAGACCGGATCTGAGCAGGTGGAAAACCAGTTCTA

CGTGAAACTGACTAATAGTTCTCACAGAAGAAGACGATCTATTGGCCAGAACGTGACCTCCTGCCCCTACGTG

AGCTATGGCCGCTTCTGCATCGAGCCTGACGGCAGCCTTAAAATGATCGTGCCTGAGGAGCTGAAGCAGTTCG

TGGCTCCGCTGCTGAACATTACCGAGAGCGTGCTGATCCCCAACTCTTTTAACCTGACAGTGACAGATGAGTA

CATTCAGACCAGGATGGACAAGGTGCAGATCAACTGCCTGCAGTACGTGTGCGGCAACAGCCTGGAGTGCAG

GAAACTGTTCCAGCAGTACGGACCTGTGTGTGATAATATCCTGAGCGTCGTGAATTCTGTGTCCCAGAAGGAA

GATATGGAACTGCTGAGCTTCTATAGCTCTACCAAGCCAAAAGGATACGACACCCCCGTGCTGTCTAACGTGA

GCACCGGAGAGTTCAACATCAGCCTGCTGCTGAAAACCCCTATCAGCAGCAGCGGAAGAAGCTTTATCGAGG

ACCTGCTGTTTACTAGCGTGGAGACTGTGGGCCTGCCCACCGACGCTGAGTACAAGAAGTGCACAGCCGGGCC

TCTGGGCACCCTGAAGGACCTCATCTGCGCAAGAGAATACAATGGACTGCTGGTGCTGCCCCCCATCATCACA

GCTGACATGCAGACCATGTATACAGCATCTCTGGTGGGCGCTATGGCATTCGGCGGGATCACCTCCGCTGCCG

CTATCCCCTTCGCCACACAGATCCAGGCCAGGATTAACCACCTGGGAATCACCCAGTCTCTGCTGATGAAGAA

CCAGGAGAAGATCGCTGCAAGCTTTAACAAGGCCATCGGGCACATGCAGGAGGGGTTCAGGAGCACATCCCT

GGCTCTGCAGCAGATCCAGGATGTGGTGAACAAGCAGTCAGCTATTCTGACAGAGACAATGAACAGCCTGAA

CAAGAATTTCGGGGCAATCACATCCGTGATCCAGGATATCTACGCACAGCTGGACGCAATCCAGGCTGATGCA

CAGGTGGACAGGTTGATCACAGGCCGCCTGAGCTCTCTGAGCGTGCTGGCATCCGCAAAACAGAGCGAGTAC

ATCAGGGTGTCTCAGCAGAGAGAGCTGGCTACTAAGAAGATCAACGAATGCGTGAAGAGCCAGAGCAATAGA

TACGGATTCTGCGGCTCCGGAAGGCACGTGCTGAGCATCCCCCAGAACGCCCCCAACGGCATTGTGTTCATTC
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ACTTTACATACACTCCCGAGAGCTTCGTGAACGTGACCGCTATTGTGGGATTCTGTGTGAACCCCGCTAACGCC

TCTCAGTACGCAATTGTGCCTGCTAACGGGAGAGGCGTGTTCATTCAGGTGAACGGAAGCTATTACATTACCG

CCAGAGATATGTACATGCCTCGCGACATCACTGCTGGCGATATCGTGACACTGACCTCTTGCCAGGCTAATTA

CGTGAACGTGAACAAAACTGTGATTAACACCTTCGTGGAGGATGATGATTTTAACTTCAACGATGAGCTGAGC

AAATGGTGGAATGACACCAAGCATGAACTCCCAGACTTTGATGAGTTCAACTACACAGTGCCCGTGCTGAACA

TCAGTAACGAGATTGACAGAATCCAGGAAGTGATCCAGGGCCTGAACGACAGCCTGATCGATCTGGAGACCC

TGAGCATTCTGAAGACCTACATCAAGTGGCCCTGGTACGTGTGGCTGGCTATCTTCTTTGCTATCATCATCTTC

ATCCTGATTCTGGGGTGGGTGTTCTTTATGACCGGGTGCTGCGGATGCTGCTGCGGCTGCTTTGGAATCATCCC

ACTGATGAGTAAGTGCGGCAAGAAGAGCAGCTACTACACCACATTTGATAATGATGTGGTGACTGAGCAGTA

TAGACCAAAGAAGAGCGTGTGACTCGAGCGG 

 

Spike amino acid sequence (Protein ID AKC34133.1): 

MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDV

YNQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKASD

FMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTNFEC

GLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILDTSGAI

DVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQNVTSCPY

VSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGNSLECRKLFQ

QYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSFIEDLLFTSVETVG

LPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAAAIPFATQIQARINHL

GITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKNFGAITSVIQDIYAQLDAI

QADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSGRHVLSIPQNAPNGIVFIHF

TYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRDITAGDIVTLTSCQANYVNVN

KTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEVIQGLNDSLIDLETLSILKTYIKW

PWYVWLAIFFAIIIFILILGWVFFMTGCCGCCCGCFGIIPLMSKCGKKSSYYTTFDNDVVTEQYRPKKSV 

 

Chicken codon optimised Nucleocapsid gene with AgeI and XhoI sites in italics (N- and C-

terminal, respectively) and the Kozak region underlined: 

GGGACCGGTGCCACCATGGCTAGCAGCAAGGCAACAGGCAAAACAGATGCTCCAGCACCTATTATCAAACTG

GGAGGACCTAAACCACCTAAAGTGGGCAGCAGCGGCAACGCATCTTGGTTCCAGCCAATCAAGGCCAAAAAG

CTGAACAGCCCACAGCCAAAGTTCGAAGGAAGCGGGGTGCCAGATAATGAAAACCTGAAACTGAGCCAGCAG

CATGGGTACTGGAGAAGGCAGGCAAGATACAAACCCGGAAAAGGAGGAAGGAAACCAGTTCCAGATGCTTG

GTACTTTTACTATACCGGCACAGGACCCGCTGCAGATCTGAACTGGGGCGAGAATCAGGATGGAATTGTGTGG

GTTGCTGCTAAGGGAGCAGATACAAAAAGTAGAAGCAACCAGGGCACAAGAGATCCTGATAAGTTTGATCAG

TACCCCCTGAGGTTTTCTGATGGAGGCCCCGACGGCAACTTCAGATGGGACTTCATCCCAATTAACAGAGGCA

GATCCGGCCGCAGCACTGCTGCCTCTAGCGCTGCATCTAGCAGAGCCCCATCAAGAGAAGGTTCTAGGGGACG

CAGATCCGGAGCCGAGGATGATCTGATTGCTAGAGCAGCTAAAATCATTCAGGACCAGCAGAAAAAGGGCGC

TAGAATCACAAAAGCTAAGGCTGATGAAATGGCTCATAGGAGGTATTGCAAGAGAACAATTCCACCAGGCTA
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TAAGGTGGATCAGGTGTTCGGACCAAGGACCAAAGGTAAAGAGGGAAATTTTGGAGATGATAAAATGAATGA

GGAAGGAATCAGAGATGGAAGAGTTACAGCAATGCTGAACCTGGTGCCAAGCTCACATGCATGCCTGTTCGG

TTCCAGGGTGACACCCAAGTTGCAGCCCGATGGACTGCACCTGAGATTTGAGTTTACAACTGTGGTGCCTAGA

GATGATCCACAGTTTGATAACTACGTGAAAATTTGTGATCAGTGCGTGGATGGAGTGGGAACAAGACCTAAA

GATGATGAACCAAGACCTAAAAGCAGGCCAAATAGTCGCCCTGCCACTAGAGGAAACAGCCCTGCTCCTAAG

CAGCAGAGGCCTAAGAAGGAGAAGAAACCTAAAAAACAGGATGATGAGGTGGATAAGGCTCTGACAAGCGA

TGAGGAAAGGAACAATGCCCAGCTGGAATTCGATGATGAGCCCAAAGTGATCAACTGGGGCGATAGCGCCCT

GGGCGAGAACGAGCTGTGACTCGAGGGATCCGGG 

 

Nucleocapsid amino acid sequence (Protein ID AKC34140.1): 

MASSKATGKTDAPAPIIKLGGPKPPKVGSSGNASWFQPIKAKKLNSPQPKFEGSGVPDNENLKLSQQHGYWRRQAR

YKPGKGGRKPVPDAWYFYYTGTGPAADLNWGENQDGIVWVAAKGADTKSRSNQGTRDPDKFDQYPLRFSDGGP

DGNFRWDFIPINRGRSGRSTAASSAASSRAPSREGSRGRRSGAEDDLIARAAKIIQDQQKKGARITKAKADEMAHRR

YCKRTIPPGYKVDQVFGPRTKGKEGNFGDDKMNEEGIRDGRVTAMLNLVPSSHACLFGSRVTPKLQPDGLHLRFEF

TTVVPRDDPQFDNYVKICDQCVDGVGTRPKDDEPRPKSRPNSRPATRGNSPAPKQQRPKKEKKPKKQDDEVDKAL

TSDEERNNAQLEFDDEPKVINWGDSALGENEL 

 

Chicken codon optimised Membrane gene with AgeI and XhoI sites in italics (N- and C-

terminal, respectively): 

CGCACCGGTATGGTGGAGAACCTGACCATCAGAAACTGGAACAGACTGAGCCTGACAAGCAGCCAGAGAACA

GTGGGAATCATCAAGACACTGCAGTTCTTTAAAATGAGCAACGGCACAGAGAACTGTACCCTGAACACAGAG

CAGGCTGTGCAGCTGTTTAAAGAATACAACCTGTTTATTACAGCTTTCCTGCTGTTTCTGACAATCCTGCTGCA

GTACGGATACGCCACAAGAAGCAGATTCATCTACATCCTGAAGATGGTGGTGCTGTGGTGCTTCTGGCCACTG

AACATTGCTGTGGGCGTGATTAGCTGCATCTACCCTCCTAATACTGGAGGCCTGGTGGCAGCTATCATCCTGAC

AGTGTTCGCTTGCCTGAGCTTCATCGGCTACTGGATCCAGTCTATTAGACTGTTTAAAAGGTGCAGAAGCTGGT

GGAGCTTTAATCCAGAGAGCAACGCTGTGGGAAGCATCCTGCTGACAAACGGCCAGCAGTGCAACTTCGCAA

TCGAGAGCGTGCCCATGGTGCTGTCACCCATTATCAAGAACGGAGCCCTGTATTGCGAGGGACAGTGGCTGGC

TAAATGCGAACCCGATCACCTGCCTAAAGACATCTTCGTGTGCACACCAGATAGAAGAAACATCTACAGAATG

GTGCAGAAGTACACCGGAGATCAGAGCGGCAACAAGAAGAGATTTGCCACATTTGTGTACGCTAAGCAGAGC

GTGGATACAGGAGAGCTGGAGAGCGTGACAACAGCTGGAAGCAACCTGTACACATGACTCGAGCGG 

 

Membrane amino acid sequence (Protein ID AKC34136.1): 

MVENLTIRNWNRLSLTSSQRTVGIIKTLQFFKMSNGTENCTLNTEQAVQLFKEYNLFITAFLLFLTILLQYGYATRSR

FIYILKMVVLWCFWPLNIAVGVISCIYPPNTGGLVAAIILTVFACLSFIGYWIQSIRLFKRCRSWWSFNPESNAVGSIL

LTNGQQCNFAIESVPMVLSPIIKNGALYCEGQWLAKCEPDHLPKDIFVCTPDRRNIYRMVQKYTGDQSGNKKRFAT

FVYAKQSVDTGELESVTTAGSNLYT 
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Chicken codon optimised Envelope gene with AgeI and XhoI sites in italics (N- and C-terminal, 

respectively): 

CGCACCGGTATGATGAGCCTGCTGAACAAGAGCCTGGAGGAGAACGGAAGCTTCCTGACAGCTCTGTACATCT

TCGTGGCTTGCGTGGCTCTGTACCTGCTGGGAAGAGCTCTGCAGGCCTTTGTGCAGGCTGCTGATGCTTGCTGC

CTGTTTTGGTACACATGGGTGCTGGTGCCAGGAGCCAAAGGAACAGCTTTTGTGTACAAACACACATACGGAA

GAAAGCTGAACAACCCAGAGCTGGAGCAAGTGATCTTCAACGAGTTTCCAAAAAACGGATGGAACAACAAAA

ACCCAGCTATTTTTCAGGATGTGGAAAGACACGGAAAACTGCACAGCTGACTCGAGCGG 

 

Envelope amino acid sequence (Protein ID AKC34135.1): 

MMSLLNKSLEENGSFLTALYIFVACVALYLLGRALQAFVQAADACCLFWYTWVLVPGAKGTAFVYKHTYGRKLN

NPELEQVIFNEFPKNGWNNKNPAIFQDVERHGKLHS 

 

Recombinant Spike Gene Sequences: 

 

rIBV-S-IAV-TM gene: 

GACACCGGTATGCTGGTGAAGAGCCTGTTTCTGGTGACCATTCTGTGCGCCCTGTGCAGCGCTAATCTGTTTGA

TAGCGATAATAACTACGTGTACTACTACCAGAGCGCCTTCAGGCCTCCCAATGGCTGGCACCTGCAGGGAGGA

GCTTACGCAGTGGTGAACAGCACCAACCACACCTCTAATGCCGGAAGCGCTCAGGGCTGCACCGTGGGAGTG

ATCAAGGACGTGTACAACCAGAGTGTGGCTAGTATCGCTATGACAGCCCCACTGCAGGGAATGGCTTGGTTTT

GCACAGCCTACTGCAACTTTAGCGATACAACAGTCTTTGTGACACACTGCTACCACATTAGAATCTCAGCCAT

GAAAAATGGAAGCCTGTTCTATAACCTGACCGTGAGCGTGAGTAAGTATCCTAATTTTAAATCTTTTCAGTGC

GTGAATAACTTTACCAGCGTGTACCTGAACGGCGATCTGGTGTTTACCTCTAACAAAACCACTGATGTGACAA

GTGCAGGAGTTTATTTTAAGGCCGGGGGCCCCGTGAATTACTCTATCATGAAGGAGTTTAAAGTGCTCGCCTA

CTTTGTGAATGGAACAGCACAGGATGTGATCCTGTGCGACAATAGCCCTAAGGGCCTGCTGGCTTGCCAGTAT

AACACAGGAAACTTTTCCGATGGCTTCTATCCTTTCACGAACAGTACACTGGTGAGGGAAAAGTTTATTGTGT

ACAGAGAGAGCAGCTTTAACACTACCCTGGCACTGACTAACTTCACTTTTACCAACGTGAGTAACGCTCAGCC

CAACAGCGGCGGAGTGAATACATTTCACCTGTACCAGACCCAGACCGCTCAGAGTGGCTACTATAATTTCAAC

CTGAGTTTTCTGTCCCAGTTTGTGTACAAGGCCTCTGATTTCATGTACGGCAGCTACCATCCCTCCTGCTCCTTT

AGGCCCGAAACAATTAATAGTGGACTGTGGTTCAACTCCCTGAGCGTGAGCCTGACCTACGGCCCCCTGCAGG

GCGGCTGCAAGCAGTCTGTGTTTAGCGGCAAGGCCACCTGCTGCTACGCCTACAGCTACAAAGGCCCCATGGC

ATGCAAGGGCGTGTACAGCGGCGAACTGAGGACCAATTTTGAATGCGGGCTGCTGGTGTATGTCACCAAATCT

GATGGCAGCAGAATCCAGACAAGAACCGAGCCTCTGGTGCTGACACAGTATAACTACAATAACATTACACTG

GATAAGTGCGTGGCTTACAATATCTACGGCAGGGTGGGACAGGGCTTCATCACTAACGTGACAGATAGCGCC

GCCAATTTTAGTTACCTGGCCGATGGCGGACTCGCTATCCTGGACACATCCGGAGCCATCGATGTGTTCGTGGT

GCAGGGAATCTACGGACTGAACTACTACAAAGTGAACCCATGCGAGGACGTGAACCAGCAGTTTGTGGTGAG

TGGAGGCAACATCGTGGGTATTCTGACCAGCAGGAATGAGACAGGAAGCGAGCAGGTGGAAAACCAGTTCTA

CGTGAAGCTGACAAACAGCTCCCACAGGAGGAGGAGAAGCATCGGACAGAACGTGACAAGCTGCCCTTACGT

GAGCTATGGCAGATTTTGCATTGAGCCAGATGGCAGCCTGAAGATGATCGTGCCCGAAGAGCTGAAGCAGTTC
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GTGGCTCCACTGCTGAACATTACTGAGAGCGTGCTGATCCCCAACAGCTTTAACCTTACCGTGACAGATGAGT

ACATCCAGACAAGGATGGATAAGGTGCAGATTAACTGTCTGCAGTACGTTTGCGGCAATTCACTGGAGTGTCG

AAAGCTGTTTCAGCAGTACGGTCCGGTGTGTGACAACATCCTGTCTGTGGTGAACAGCGTGTCACAGAAAGAA

GACATGGAACTGCTGAGCTTCTATAGCTCAACCAAGCCTAAAGGCTACGACACCCCCGTGCTGAGCAACGTGA

GCACCGGCGAGTTTAACATCTCACTCCTGCTGAAGACCCCAATCAGCTCCTCAGGGAGATCTTTCATCGAGGA

CCTGCTGTTCACTAGCGTGGAGACAGTGGGTCTCCCTACTGACGCCGAATACAAGAAGTGCACCGCTGGCCCA

CTGGGCACCCTGAAGGATCTGATCTGCGCTAGAGAGTACAACGGGCTGCTCGTGCTGCCCCCTATCATTACCG

CTGATATGCAGACAATGTACACCGCTAGCCTGGTGGGGGCCATGGCATTTGGGGGGATTACAAGTGCTGCCGC

CATCCCATTTGCCACACAGATTCAGGCTAGAATTAACCACCTGGGAATTACCCAGTCTCTGCTGATGAAAAAC

CAGGAGAAAATCGCTGCCTCTTTTAACAAAGCAATCGGACACATGCAGGAAGGTTTTAGGAGCACCAGCCTC

GCTCTGCAGCAGATTCAGGACGTGGTGAACAAGCAGAGCGCCATCCTCACAGAGACAATGAATTCCCTGAAC

AAGAACTTCGGCGCTATTACTAGCGTGATCCAGGATATCTATGCTCAGCTCGATGCCATCCAGGCAGATGCAC

AGGTGGATAGGACCGGAAGACTGAGCTCACTGAGCGTGCTGGCTAGCGCTAAGCAGAGCGAGTACATCAGGG

TGAGCCAGCAGAGAGAGCTGGCAACCAAGAAAATTAACGAGTGTGTGAAGAGCCAGAGTAATCGCTACGGGT

TCTGCGGGTCCGGAAGACATGTGCTGAGCATTCCCCAGAACGCACCCAATGGCATTGTGTTCATTCACTTCAC

CTACACTCCCGAGAGCTTTGTGAACGTGACAGCAATCGTGGGATTTTGCGTGAATCCCGCCAATGCATCCCAG

TATGCCATTGTGCCCGCTAACGGGAGAGGAGTGTTCATCCAGGTGAACGGCTCCTACTACATCACCGCTAGAG

ATATGTACATGCCCAGAGATATCACCGCCGGGGATATCGTCACTCTGACTAGCTGTCAGGCTAACTACGTGAA

CGTGAACAAGACTGTGATTAACACATTCGTGGAAGACGATGATTTTAACTTCAACGACGAGCTTAGTAAGTGG

TGGAACGATACTAAGCACGAGCTGCCTGATTTTGATGAATTCAACTACACTGTGCCCGTGCTGAACATTAGCA

ATGAGATCGATAGAATCCAAGAGGTCATCCAGGGGCTGAACGATAGCCTGATCGATCTTGAGACACTGAGCA

TACTGAAGACATACATCAAGTGGCCCCTGGCTATCTATAGTACCGTGAGTAGCTCACTGGTGCTGGTGGGCCT

GATTATCGCAATGGGACTGTGGATGACAGGCTGCTGCGGATGCTGCTGCGGGTGCTTCGGCATCATCCCCCTG

ATGAGCAAGTGCGGAAAGAAGAGCAGCTACTACACAACATTCGATAACGATGTGGTGACCGAGCAGTACAGA

CCTAAGAAAAGCGTGTGACTCGAGCAA 

 

rIBV-S-IAV-TM amino acid sequence: 

MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDV

YNQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKASD

FMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTNFEC

GLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILDTSGAI

DVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQNVTSCPY

VSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGNSLECRKLFQ

QYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSFIEDLLFTSVETVG

LPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAAAIPFATQIQARINHL

GITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKNFGAITSVIQDIYAQLDAI

QADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSGRHVLSIPQNAPNGIVFIHFT

YTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRDITAGDIVTLTSCQANYVNVNK

TVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEVIQGLNDSLIDLETLSILKTYIKWP

LAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYYTTFDNDVVTEQYRPKKSV 
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rIBV-S-IAV-TM/CT gene: 

GACACCGGTATGCTGGTGAAGAGCCTGTTCCTGGTGACTATCCTGTGCGCCCTGTGCAGCGCTAACCTGTTCGA

TTCTGATAACAATTACGTGTATTACTACCAGTCTGCCTTTAGACCACCTAACGGCTGGCACCTGCAGGGAGGA

GCCTACGCCGTGGTGAACAGCACAAACCACACCAGCAACGCCGGATCTGCTCAGGGCTGCACAGTGGGAGTG

ATTAAGGATGTGTACAACCAGTCAGTGGCTTCCATCGCCATGACCGCCCCTCTGCAGGGCATGGCTTGGTTTTG

CACCGCCTACTGCAACTTTAGCGATACCACTGTGTTCGTGACACACTGCTACCACATTCGCATTAGCGCCATGA

AGAACGGGAGCCTGTTTTATAACCTGACAGTGTCAGTGTCTAAATACCCTAACTTTAAGTCCTTCCAGTGCGTG

AACAATTTTACTAGCGTGTACCTGAACGGAGACCTGGTGTTCACTTCAAATAAGACTACTGATGTGACTAGCG

CAGGAGTTTACTTTAAAGCAGGAGGCCCTGTGAATTACTCAATAATGAAGGAGTTTAAAGTCCTGGCCTACTT

CGTGAATGGAACAGCCCAGGACGTGATCCTGTGCGATAACTCCCCCAAGGGCCTGCTGGCCTGTCAGTACAAC

ACCGGAAACTTTAGCGATGGCTTCTACCCCTTTACCAACTCAACCCTTGTGAGGGAGAAGTTTATCGTGTACA

GGGAATCTAGCTTCAACACCACTCTGGCTCTGACCAACTTCACCTTTACAAACGTGAGCAACGCCCAGCCAAA

CTCCGGAGGAGTGAACACTTTCCACCTGTATCAGACACAGACCGCCCAGAGCGGATACTACAACTTCAACCTG

TCCTTCCTGAGCCAATTTGTGTACAAAGCCTCCGATTTCATGTACGGATCATATCATCCCTCTTGCAGCTTTAG

ACCTGAGACCATCAACAGCGGACTGTGGTTCAATTCTCTGTCAGTCTCTCTGACCTACGGACCCCTCCAGGGC

GGGTGCAAGCAGTCCGTGTTTAGCGGCAAGGCAACATGCTGCTACGCCTACAGCTACAAGGGACCCATGGCCT

GCAAAGGCGTGTATTCCGGAGAGCTGAGAACCAACTTCGAATGTGGACTGCTGGTTTACGTGACCAAGAGCG

ATGGCAGCAGAATCCAGACCAGAACCGAGCCTCTCGTGCTGACACAGTACAATTACAACAACATTACACTGG

ATAAATGCGTGGCCTACAACATCTACGGGAGGGTCGGCCAGGGCTTCATCACAAACGTGACTGATAGCGCTGC

AAACTTTAGCTACCTGGCCGATGGCGGCCTGGCCATCCTGGATACCAGCGGAGCCATTGACGTGTTTGTGGTG

CAGGGAATCTACGGGCTGAACTACTACAAAGTGAACCCCTGCGAGGATGTGAACCAGCAGTTCGTTGTGAGC

GGGGGAAACATCGTGGGGATTCTGACATCCCGCAATGAGACTGGCAGCGAACAGGTTGAGAATCAGTTCTAC

GTCAAGCTCACAAATTCCAGCCACAGACGGAGGCGCTCCATTGGCCAGAATGTGACAAGCTGTCCCTACGTGA

GCTACGGCAGGTTTTGCATTGAGCCAGATGGCAGCCTGAAAATGATTGTGCCTGAGGAACTGAAACAGTTCGT

GGCTCCTCTGCTGAACATCACAGAGTCCGTGCTGATTCCAAATTCCTTTAACCTGACTGTTACTGACGAGTACA

TCCAGACCAGAATGGATAAGGTGCAGATCAACTGCCTGCAGTACGTGTGCGGTAACTCCCTGGAGTGCAGGA

AGCTGTTCCAGCAGTACGGCCCCGTGTGTGATAACATTCTGTCAGTGGTGAACTCAGTGAGTCAGAAAGAGGA

CATGGAGCTGCTCAGCTTTTACTCTTCCACCAAGCCAAAGGGGTACGATACTCCCGTGCTGTCTAATGTGAGC

ACAGGCGAGTTCAACATTTCCCTGCTGCTGAAGACTCCAATTTCTAGCAGCGGCCGGAGCTTTATTGAGGATC

TGCTGTTTACTAGTGTGGAGACTGTGGGACTGCCCACAGACGCCGAGTACAAGAAGTGCACCGCCGGGCCACT

GGGGACCCTGAAAGACTTGATTTGCGCAAGAGAGTACAACGGCCTGCTGGTGCTGCCACCCATCATTACAGCC

GACATGCAGACAATGTACACAGCATCTCTGGTGGGGGCAATGGCCTTTGGAGGCATCACCTCCGCTGCCGCTA

TTCCATTTGCAACACAGATCCAGGCAAGGATAAACCACCTGGGCATTACCCAGAGTCTGCTGATGAAGAACCA

GGAGAAAATCGCCGCTAGCTTTAACAAGGCTATTGGACACATGCAGGAGGGCTTTAGGAGCACTTCTCTGGCC

CTGCAGCAGATACAGGACGTGGTTAACAAGCAGAGCGCCATCCTGACTGAGACCATGAATAGCCTGAACAAA

AACTTTGGAGCCATTACTTCTGTGATCCAGGACATCTACGCACAGCTGGACGCCATCCAGGCCGATGCACAGG

TGGATCGGCTGATCACAGGCAGACTGAGCTCCCTGAGCGTGCTGGCCAGCGCTAAGCAGAGCGAATACATCA

GGGTGAGCCAGCAGAGGGAGCTGGCTACTAAGAAGATTAACGAATGCGTGAAAAGCCAGTCAAATAGATACG

GCTTTTGCGGCTCAGGCAGACACGTGCTGAGCATCCCACAGAATGCACCTAACGGCATCGTGTTCATTCACTTT

ACCTACACCCCAGAGTCTTTCGTGAACGTGACCGCTATTGTGGGGTTCTGCGTGAACCCAGCCAACGCCAGCC

AGTACGCCATCGTGCCCGCAAACGGAAGAGGAGTGTTTATCCAGGTGAACGGCAGCTACTACATCACCGCAA

GAGATATGTATATGCCACGGGACATCACAGCTGGCGACATCGTGACACTGACCAGCTGCCAGGCTAACTACGT

GAATGTGAACAAGACTGTGATTAACACCTTTGTGGAAGATGATGATTTCAACTTCAATGACGAGCTGAGCAAG

TGGTGGAACGATACTAAGCATGAACTGCCCGACTTTGATGAGTTTAACTACACAGTGCCCGTGCTGAACATTA
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GCAACGAGATTGATAGGATCCAGGAAGTGATCCAGGGCCTGAATGATTCACTGATCGATCTGGAGACCCTGA

GCATCCTGAAGACATACATTAAGTGGCCCCTGGCCATCTACAGCACCGTGAGCAGCAGCCTGGTGCTGGTGGG

ACTGATCATCGCTATGGGACTGTGGATGTGCTCTAACGGTAGCATGCAGTGTAGAGTGTGCATCTGACTCGAG

CTA 

 

rIBV-S-IAV-TM/CT amino acid sequence: 

MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDV

YNQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKASD

FMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTNFEC

GLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILDTSGAI

DVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQNVTSCPY

VSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGNSLECRKLFQ

QYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSFIEDLLFTSVETVG

LPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAAAIPFATQIQARINHL

GITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKNFGAITSVIQDIYAQLDAI

QADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSGRHVLSIPQNAPNGIVFIHF

TYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRDITAGDIVTLTSCQANYVNVN

KTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEVIQGLNDSLIDLETLSILKTYIKW

PLAIYSTVSSSLVLVGLIIAMGLWMCSNGSMQCRVCI 

 

mIBV-S-KKSV gene: 

ATGGGCTGGAGCTGGATTTTTCTGTTTCTGCTGAGCGGCGCGGCGGGCGTGCATTGCAACCTGTTTGATAGCG

ATAACAACTATGTGTATTATTATCAGAGCGCGTTTCGCCCGCCGAACGGCTGGCATCTGCAGGGCGGCGCGTA

TGCGGTGGTGAACAGCACCAACCATACCAGCAACGCGGGCAGCGCGCAGGGCTGCACCGTGGGCGTGATTAA

AGATGTGTATAACCAGAGCGTGGCGAGCATTGCGATGACCGCGCCGCTGCAGGGCATGGCGTGGTTTTGCACC

GCGTATTGCAACTTTAGCGATACCACCGTGTTTGTGACCCATTGCTATCATATTCGCATTAGCGCGATGAAAAA

CGGCAGCCTGTTTTATAACCTGACCGTGAGCGTGAGCAAATATCCGAACTTTAAAAGCTTTCAGTGCGTGAAC

AACTTTACCAGCGTGTATCTGAACGGCGATCTGGTGTTTACCAGCAACAAAACCACCGATGTGACCAGCGCGG

GCGTGTATTTTAAAGCGGGCGGCCCGGTGAACTATAGCATTATGAAAGAATTTAAAGTGCTGGCGTATTTTGT

GAACGGCACCGCGCAGGATGTGATTCTGTGCGATAACAGCCCGAAAGGCCTGCTGGCGTGCCAGTATAACAC

CGGCAACTTTAGCGATGGCTTTTATCCGTTTACCAACAGCACCCTGGTGCGCGAAAAATTTATTGTGTATCGCG

AAAGCAGCTTTAACACCACCCTGGCGCTGACCAACTTTACCTTTACCAACGTGAGCAACGCGCAGCCGAACAG

CGGCGGCGTGAACACCTTTCATCTGTATCAGACCCAGACCGCGCAGAGCGGCTATTATAACTTTAACCTGAGC

TTTCTGAGCCAGTTTGTGTATAAAGCGAGCGATTTTATGTATGGCAGCTATCATCCGAGCTGCAGCTTTCGCCC

GGAAACCATTAACAGCGGCCTGTGGTTTAACAGCCTGAGCGTGAGCCTGACCTATGGCCCGCTGCAGGGCGGC

TGCAAACAGAGCGTGTTTAGCGGCAAAGCGACCTGCTGCTATGCGTATAGCTATAAAGGCCCGATGGCGTGCA

AAGGCGTGTATAGCGGCGAACTGCGCACCAACTTTGAATGCGGCCTGCTGGTGTATGTGACCAAAAGCGATG

GCAGCCGCATTCAGACCCGCACCGAACCGCTGGTGCTGACCCAGTATAACTATAACAACATTACCCTGGATAA

ATGCGTGGCGTATAACATTTATGGCCGCGTGGGCCAGGGCTTTATTACCAACGTGACCGATAGCGCGGCGAAC
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TTTAGCTATCTGGCGGATGGCGGCCTGGCGATTCTGGATACCAGCGGCGCGATTGATGTGTTTGTGGTGCAGG

GCATTTATGGCCTGAACTATTATAAAGTGAACCCGTGCGAAGATGTGAACCAGCAGTTTGTGGTGAGCGGCGG

CAACATTGTGGGCATTCTGACCAGCCGCAACGAAACCGGCAGCGAACAGGTGGAAAACCAGTTTTATGTGAA

ACTGACCAACAGCAGCCATCGCCGCCGCCGCAGCATTGGCCAGAACGTGACCAGCTGCCCGTATGTGAGCTAT

GGCCGCTTTTGCATTGAACCGGATGGCAGCCTGAAAATGATTGTGCCGGAAGAACTGAAACAGTTTGTGGCGC

CGCTGCTGAACATTACCGAAAGCGTGCTGATTCCGAACAGCTTTAACCTGACCGTGACCGATGAATATATTCA

GACCCGCATGGATAAAGTGCAGATTAACTGCCTGCAGTATGTGTGCGGCAACAGCCTGGAATGCCGCAAACT

GTTTCAGCAGTATGGCCCGGTGTGCGATAACATTCTGAGCGTGGTGAACAGCGTGAGCCAGAAAGAAGATAT

GGAACTGCTGAGCTTTTATAGCAGCACCAAACCGAAAGGCTATGATACCCCGGTGCTGAGCAACGTGAGCAC

CGGCGAATTTAACATTAGCCTGCTGCTGAAAACCCCGATTAGCAGCAGCGGCCGCAGCTTTATTGAAGATCTG

CTGTTTACCAGCGTGGAAACCGTGGGCCTGCCGACCGATGCGGAATATAAAAAATGCACCGCGGGCCCGCTG

GGCACCCTGAAAGATCTGATTTGCGCGCGCGAATATAACGGCCTGCTGGTGCTGCCGCCGATTATTACCGCGG

ATATGCAGACCATGTATACCGCGAGCCTGGTGGGCGCGATGGCGTTTGGCGGCATTACCAGCGCGGCGGCGAT

TCCGTTTGCGACCCAGATTCAGGCGCGCATTAACCATCTGGGCATTACCCAGAGCCTGCTGATGAAAAACCAG

GAAAAAATTGCGGCGAGCTTTAACAAAGCGATTGGCCATATGCAGGAAGGCTTTCGCAGCACCAGCCTGGCG

CTGCAGCAGATTCAGGATGTGGTGAACAAACAGAGCGCGATTCTGACCGAAACCATGAACAGCCTGAACAAA

AACTTTGGCGCGATTACCAGCGTGATTCAGGATATTTATGCGCAGCTGGATGCGATTCAGGCGGATGCGCAGG

TGGATCGCCTGATTACCGGCCGCCTGAGCAGCCTGAGCGTGCTGGCGAGCGCGAAACAGAGCGAATATATTC

GCGTGAGCCAGCAGCGCGAACTGGCGACCAAAAAAATTAACGAATGCGTGAAAAGCCAGAGCAACCGCTATG

GCTTTTGCGGCAGCGGCCGCCATGTGCTGAGCATTCCGCAGAACGCGCCGAACGGCATTGTGTTTATTCATTTT

ACCTATACCCCGGAAAGCTTTGTGAACGTGACCGCGATTGTGGGCTTTTGCGTGAACCCGGCGAACGCGAGCC

AGTATGCGATTGTGCCGGCGAACGGCCGCGGCGTGTTTATTCAGGTGAACGGCAGCTATTATATTACCGCGCG

CGATATGTATATGCCGCGCGATATTACCGCGGGCGATATTGTGACCCTGACCAGCTGCCAGGCGAACTATGTG

AACGTGAACAAAACCGTGATTAACACCTTTGTGGAAGATGATGATTTTAACTTTAACGATGAACTGAGCAAAT

GGTGGAACGATACCAAACATGAACTGCCGGATTTTGATGAATTTAACTATACCGTGCCGGTGCTGAACATTAG

CAACGAAATTGATCGCATTCAGGAAGTGATTCAGGGCCTGAACGATAGCCTGATTGATCTGGAAACCCTGAGC

ATTCTGAAAACCTATATTAAATGGCCGTGGTATGTGTGGCTGGCGATTTTTTTTGCGATTATTATTTTTATTCTG

ATTCTGGGCTGGGTGTTTTTTATGACCGGCTGCTGCGGCTGCTGCTGCGGCTGCTTTGGCATTATTCCGCTGAT

GAGCAAATGCGGC 

 

mIBV-S-KKSV amino acid sequence: 

MGWSWIFLFLLSGAAGVHCNLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIK

DVYNQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNF

TSVYLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFS

DGFYPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYK

ASDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILDTS

GAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQNVTS

CPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGNSLECRK

LFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSFIEDLLFTSVET

VGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAAAIPFATQIQARIN

HLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKNFGAITSVIQDIYAQL

DAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSGRHVLSIPQNAPNGIVF
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IHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRDITAGDIVTLTSCQANYVN

VNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEVIQGLNDSLIDLETLSILKTYI

KWPWYVWLAIFFAIIIFILILGWVFFMTGCCGCCCGCFGIIPLMSKCGKKSSYYTTFDNDVVTEQYRP 

 

mIBV-S-IAV-TM-KKSV gene: 

ACCGGTGCCACCATGGGATGGAGCTGGATCTTTCTTTTCCTCCTGTCAGGAGCTGCAGGTGTCCATTGCAATCT

GTTTGATAGCGATAATAACTACGTGTACTACTACCAGAGCGCCTTCAGGCCTCCCAATGGCTGGCACCTGCAG

GGAGGAGCTTACGCAGTGGTGAACAGCACCAACCACACCTCTAATGCCGGAAGCGCTCAGGGCTGCACCGTG

GGAGTGATCAAGGACGTGTACAACCAGAGTGTGGCTAGTATCGCTATGACAGCCCCACTGCAGGGAATGGCT

TGGTTTTGCACAGCCTACTGCAACTTTAGCGATACAACAGTCTTTGTGACACACTGCTACCACATTAGAATCTC

AGCCATGAAAAATGGAAGCCTGTTCTATAACCTGACCGTGAGCGTGAGTAAGTATCCTAATTTTAAATCTTTTC

AGTGCGTGAATAACTTTACCAGCGTGTACCTGAACGGCGATCTGGTGTTTACCTCTAACAAAACCACTGATGT

GACAAGTGCAGGAGTTTATTTTAAGGCCGGGGGCCCCGTGAATTACTCTATCATGAAGGAGTTTAAAGTGCTC

GCCTACTTTGTGAATGGAACAGCACAGGATGTGATCCTGTGCGACAATAGCCCTAAGGGCCTGCTGGCTTGCC

AGTATAACACAGGAAACTTTTCCGATGGCTTCTATCCTTTCACGAACAGTACACTGGTGAGGGAAAAGTTTAT

TGTGTACAGAGAGAGCAGCTTTAACACTACCCTGGCACTGACTAACTTCACTTTTACCAACGTGAGTAACGCT

CAGCCCAACAGCGGCGGAGTGAATACATTTCACCTGTACCAGACCCAGACCGCTCAGAGTGGCTACTATAATT

TCAACCTGAGTTTTCTGTCCCAGTTTGTGTACAAGGCCTCTGATTTCATGTACGGCAGCTACCATCCCTCCTGCT

CCTTTAGGCCCGAAACAATTAATAGTGGACTGTGGTTCAACTCCCTGAGCGTGAGCCTGACCTACGGCCCCCT

GCAGGGCGGCTGCAAGCAGTCTGTGTTTAGCGGCAAGGCCACCTGCTGCTACGCCTACAGCTACAAAGGCCCC

ATGGCATGCAAGGGCGTGTACAGCGGCGAACTGAGGACCAATTTTGAATGCGGGCTGCTGGTGTATGTCACCA

AATCTGATGGCAGCAGAATCCAGACAAGAACCGAGCCTCTGGTGCTGACACAGTATAACTACAATAACATTA

CACTGGATAAGTGCGTGGCTTACAATATCTACGGCAGGGTGGGACAGGGCTTCATCACTAACGTGACAGATAG

CGCCGCCAATTTTAGTTACCTGGCCGATGGCGGACTCGCTATCCTGGACACATCCGGAGCCATCGATGTGTTC

GTGGTGCAGGGAATCTACGGACTGAACTACTACAAAGTGAACCCATGCGAGGACGTGAACCAGCAGTTTGTG

GTGAGTGGAGGCAACATCGTGGGTATTCTGACCAGCAGGAATGAGACAGGAAGCGAGCAGGTGGAAAACCA

GTTCTACGTGAAGCTGACAAACAGCTCCCACAGGAGGAGGAGAAGCATCGGACAGAACGTGACAAGCTGCCC

TTACGTGAGCTATGGCAGATTTTGCATTGAGCCAGATGGCAGCCTGAAGATGATCGTGCCCGAAGAGCTGAAG

CAGTTCGTGGCTCCACTGCTGAACATTACTGAGAGCGTGCTGATCCCCAACAGCTTTAACCTTACCGTGACAG

ATGAGTACATCCAGACAAGGATGGATAAGGTGCAGATTAACTGTCTGCAGTACGTTTGCGGCAATTCACTGGA

GTGTCGAAAGCTGTTTCAGCAGTACGGTCCGGTGTGTGACAACATCCTGTCTGTGGTGAACAGCGTGTCACAG

AAAGAAGACATGGAACTGCTGAGCTTCTATAGCTCAACCAAGCCTAAAGGCTACGACACCCCCGTGCTGAGC

AACGTGAGCACCGGCGAGTTTAACATCTCACTCCTGCTGAAGACCCCAATCAGCTCCTCAGGGAGATCTTTCA

TCGAGGACCTGCTGTTCACTAGCGTGGAGACAGTGGGTCTCCCTACTGACGCCGAATACAAGAAGTGCACCGC

TGGCCCACTGGGCACCCTGAAGGATCTGATCTGCGCTAGAGAGTACAACGGGCTGCTCGTGCTGCCCCCTATC

ATTACCGCTGATATGCAGACAATGTACACCGCTAGCCTGGTGGGGGCCATGGCATTTGGGGGGATTACAAGTG

CTGCCGCCATCCCATTTGCCACACAGATTCAGGCTAGAATTAACCACCTGGGAATTACCCAGTCTCTGCTGATG

AAAAACCAGGAGAAAATCGCTGCCTCTTTTAACAAAGCAATCGGACACATGCAGGAAGGTTTTAGGAGCACC

AGCCTCGCTCTGCAGCAGATTCAGGACGTGGTGAACAAGCAGAGCGCCATCCTCACAGAGACAATGAATTCC

CTGAACAAGAACTTCGGCGCTATTACTAGCGTGATCCAGGATATCTATGCTCAGCTCGATGCCATCCAGGCAG

ATGCACAGGTGGATAGGACCGGAAGACTGAGCTCACTGAGCGTGCTGGCTAGCGCTAAGCAGAGCGAGTACA

TCAGGGTGAGCCAGCAGAGAGAGCTGGCAACCAAGAAAATTAACGAGTGTGTGAAGAGCCAGAGTAATCGCT

ACGGGTTCTGCGGGTCCGGAAGACATGTGCTGAGCATTCCCCAGAACGCACCCAATGGCATTGTGTTCATTCA
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CTTCACCTACACTCCCGAGAGCTTTGTGAACGTGACAGCAATCGTGGGATTTTGCGTGAATCCCGCCAATGCA

TCCCAGTATGCCATTGTGCCCGCTAACGGGAGAGGAGTGTTCATCCAGGTGAACGGCTCCTACTACATCACCG

CTAGAGATATGTACATGCCCAGAGATATCACCGCCGGGGATATCGTCACTCTGACTAGCTGTCAGGCTAACTA

CGTGAACGTGAACAAGACTGTGATTAACACATTCGTGGAAGACGATGATTTTAACTTCAACGACGAGCTTAGT

AAGTGGTGGAACGATACTAAGCACGAGCTGCCTGATTTTGATGAATTCAACTACACTGTGCCCGTGCTGAACA

TTAGCAATGAGATCGATAGAATCCAAGAGGTCATCCAGGGGCTGAACGATAGCCTGATCGATCTTGAGACACT

GAGCATACTGAAGACATACATCAAGTGGCCCCTGGCTATCTATAGTACCGTGAGTAGCTCACTGGTGCTGGTG

GGCCTGATTATCGCAATGGGACTGTGGATGACAGGCTGCTGCGGATGCTGCTGCGGGTGCTTCGGCATCATCC

CCCTGATGAGCAAGTGCGGAAAGAAGAGCAGCTACTACACAACATTCGATAACGATGTGGTGACCGAGCAGT

ACAGACCTTGACTCGAG 

 

mIBV-S-IAV-TM-KKSV amino acid sequence: 

MGWSWIFLFLLSGAAGVHCNLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIK

DVYNQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNF

TSVYLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFS

DGFYPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYK

ASDFMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTN

FECGLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILDTS

GAIDVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQNVTS

CPYVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGNSLECRK

LFQQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSFIEDLLFTSVET

VGLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAAAIPFATQIQARIN

HLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKNFGAITSVIQDIYAQL

DAIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSGRHVLSIPQNAPNGIVFIH

FTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRDITAGDIVTLTSCQANYVNV

NKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEVIQGLNDSLIDLETLSILKTYIK

WPLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYYTTFDNDVVTEQYRP 

 

Design of IBV-S-IAV-TM and IBV-S-IAV-TM/CT sequences: 

>AKC34133.1 spike protein [INFECTIOUS BRONCHITIS VIRUS]TM S2 = TDAE…?? 

 

MLVKSLFLVTILCALCSA/NLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDV

YNQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKASD

FMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTNFEC

GLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILDTSGAI

DVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRR▼SIGQNVTSCP

YVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGNSLECRKLF

QQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSFIEDLLFTSVETV

GLP▼690TDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAAAIPFATQIQA
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RINHLGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKNFGAITSVIQDIYA

QLDAIQADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSGRHVLSIPQNAPNGI

VFIHFTYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRDITAGDIVTLTSCQANY

VNVNKTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEVIQGLNDSLIDLETLSILKT

YIKWPWYVWLAIFFAIIIFILILGWVFFMTGCCGCCCGCFGIIPLMSKCGKKSSYYTTFDNDVVTEQYRPKKSV 

 

>H6 HA Sub-lineage I (2016) avian influenza virus TM CT HA2 

MGWSWIFLFLLSGAAGVHCDKICIGYHANNSTTQVDTILEKNITVTHSIELLETQKEERFCRVLNKAPLDLRECTIEG

WMLGNPRCDILLEDQRWSYIVERPSASNGICYPGPLNEIEELRSLIGSGERVERFEMFPKSTWNGVDTENGITRACSS

STGGSSFYRNLLWIIKNKSASYPVIKGTYNNTGNQPIIYFWGVHHPPDADRQNNLYGSGDRYIRMGTESMHFAKGP

EIAARPSVNGQRGRIDYYWSVLNPGETLNIESNGNFIAPRYAYRFFSTNKKGVIFKSNLPIENCDAQCQTTLGVLRTN

KTFQNVSPQWTGECPKYVKSKSLRLATGLRNVPQVETR▼GIFGAIAGFIEGGWTGMIDGWYGYHHENSQGSGYA

ADRDSTQKAIDGITNKVNTIIDKMNTQFEAVGHEFSNLERRIDNLNKRMEDGLLDVWTYNAELLVLLENERTLDLH

DANVKNLYERVKSQLRDNANDLGNGCFEFWHKCDNDCMESVKNGTYDYPKYQDESKLNRQKIESVKLDNLGVY

QILAIYSTVSSSLVLVGLIIAMGLWMCSNGSMQCRVCI- 

 

 

rS-H6 TM (Chimeric IBV/H6-TM) 

MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDV

YNQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKASD

FMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTNFEC

GLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILDTSGAI

DVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRR▼SIGQNVTSCP

YVSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGNSLECRKLF

QQYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSFIEDLLFTSVETV

GLPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAAAIPFATQIQARINH

LGITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKNFGAITSVIQDIYAQLD

AIQADAQVDRTGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSGRHVLSIPQNAPNGIVFIHF

TYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRDITAGDIVTLTSCQANYVNVN

KTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEVIQGLNDSLIDLETLSILKTYIKW

PLAIYSTVSSSLVLVGLIIAMGLWMTGCCGCCCGCFGIIPLMSKCGKKSSYYTTFDNDVVTEQYRPKKSV 

 

 

rS-H6 TM/CT Chimeric IBV/H6 TM&CT 

MLVKSLFLVTILCALCSANLFDSDNNYVYYYQSAFRPPNGWHLQGGAYAVVNSTNHTSNAGSAQGCTVGVIKDV

YNQSVASIAMTAPLQGMAWFCTAYCNFSDTTVFVTHCYHIRISAMKNGSLFYNLTVSVSKYPNFKSFQCVNNFTSV

YLNGDLVFTSNKTTDVTSAGVYFKAGGPVNYSIMKEFKVLAYFVNGTAQDVILCDNSPKGLLACQYNTGNFSDGF

YPFTNSTLVREKFIVYRESSFNTTLALTNFTFTNVSNAQPNSGGVNTFHLYQTQTAQSGYYNFNLSFLSQFVYKASD

FMYGSYHPSCSFRPETINSGLWFNSLSVSLTYGPLQGGCKQSVFSGKATCCYAYSYKGPMACKGVYSGELRTNFEC

GLLVYVTKSDGSRIQTRTEPLVLTQYNYNNITLDKCVAYNIYGRVGQGFITNVTDSAANFSYLADGGLAILDTSGAI

DVFVVQGIYGLNYYKVNPCEDVNQQFVVSGGNIVGILTSRNETGSEQVENQFYVKLTNSSHRRRRSIGQNVTSCPY

VSYGRFCIEPDGSLKMIVPEELKQFVAPLLNITESVLIPNSFNLTVTDEYIQTRMDKVQINCLQYVCGNSLECRKLFQ
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QYGPVCDNILSVVNSVSQKEDMELLSFYSSTKPKGYDTPVLSNVSTGEFNISLLLKTPISSSGRSFIEDLLFTSVETVG

LPTDAEYKKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTMYTASLVGAMAFGGITSAAAIPFATQIQARINHL

GITQSLLMKNQEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETMNSLNKNFGAITSVIQDIYAQLDAI

QADAQVDRLITGRLSSLSVLASAKQSEYIRVSQQRELATKKINECVKSQSNRYGFCGSGRHVLSIPQNAPNGIVFIHF

TYTPESFVNVTAIVGFCVNPANASQYAIVPANGRGVFIQVNGSYYITARDMYMPRDITAGDIVTLTSCQANYVNVN

KTVINTFVEDDDFNFNDELSKWWNDTKHELPDFDEFNYTVPVLNISNEIDRIQEVIQGLNDSLIDLETLSILKTYIKW

PLAIYSTVSSSLVLVGLIIAMGLWMCSNGSMQCRVCI- 
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Restriction enzyme digests of constructs: 

Figure 37:  Restriction enzyme digest of pUC57-S plasmid with AgeI and XhoI restriction 

enzymes. Lane 1: GeneRuler ladder mix SM0331, Lane 3: pUC57-S AgeI/XhoI 

digest cut out. The PCR products were separated on a 1% Agarose gel. 

Figure 38:  Restriction enzyme digest of pUC57-N plasmid with AgeI and XhoI restriction 

enzymes. Lane 1: GeneRuler ladder mix SM0331, Lane 3: pUC57-N AgeI/XhoI 

digest cut out. The PCR products were separated on a 1% Agarose gel. 
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Figure 39:  Restriction enzyme digest of rIBV-S-IAV-TM PCR product with AgeI and XhoI 

restriction enzymes. Lane 1: GeneRuler ladder mix SM0331, Lane 3: rIBV-S-

IAV-TM PCR product AgeI/XhoI digest cut out, Lane 5: pUC57-rIBV-S-IAV-

TM/CT undiluted. The PCR products were separated on a 1% Agarose gel. 

Figure 40:  Restriction enzyme digest of rIBV-S-IAV-TM/CT PCR product with AgeI and 

XhoI restriction enzymes. Lane 1: GeneRuler ladder mix SM0331, Lane 3: 

rIBV-S-IAV-TM/CT PCR product AgeI/XhoI digest cut out. The PCR products 

were separated on a 1% Agarose gel. 
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Figure 41:  Restriction enzyme digest of mIBV-S-KKSV PCR product with AgeI and XhoI 

restriction enzymes. Lane 1: GeneRuler ladder mix SM0331, Lane 3: mIBV-S-

KKSV PCR product AgeI/XhoI digest cut out. The PCR products were separated 

on a 1% Agarose gel. 

Figure 42:  Restriction enzyme digest of mIBV-S-IAV-TM-KKSV PCR product with AgeI 

and XhoI restriction enzymes. Lane 1: GeneRuler ladder mix SM0331, Lane 3: 

mIBV-S-IAV-TM-KKSV PCR product AgeI/XhoI digest cut out. The PCR 

products were separated on a 1% Agarose gel. 
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KAPA HIFI PCR Amplification of genes: 

Figure 43:  KAPA HIFI PCR product of rIBV-S-IAV-TM using Fw TM-CT and Rv TM 

primers as described in Materials and methods (Table 2). Lane 1: GeneRuler 

ladder mix SM0331, Lane 3: rIBV-S-IAV-TM PCR products cut out at 

annealing temperature of 60.1°C,  61.9°C and 64.9°C, lanes 3-5. PCR products 

separated on a 1% Agarose gel. 

Figure 44:  KAPA HIFI PCR product of rIBV-S-IAV-TM/CT using Fw TM-CT and Rv 

TM-CT primers (Table 2). Lane 1: GeneRuler ladder mix SM0331, Lane 3: 

rIBV-S-IAV-TM/CT PCR product cut out at an annealing temperature of 55°C, 

56.7°C and 60.4°C, lanes 3-5. PCR products separated on a 1% Agarose gel. 
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Figure 45:  KAPA HIFI PCR product of mIBV-S-KKSV using Fw mIBV-S and Rv IBV-

S-KKSV primers (Table 2). Lane 1: GeneRuler ladder mix SM0331, Lane 3: 

mIBV-S-KKSV PCR product cut out at an annealing temperature of 58°C, 

59.9°C and 62.6°C, lanes 3-5. PCR products separated on a 1% Agarose gel. 

 

Figure 46:  KAPA HIFI PCR product of mIBV-S-IAV-TM-KKSV with Fw mIBV-S and 

Rv IBV-S-KKSV primers (Table 2). Lane 1: GeneRuler ladder mix SM0331, 

Lane 3: mIBV-S-IAV-TM-KKSV PCR product cut out at an annealing 

temperature of 55.1°C, 57°C and 60.4°C, lanes 3-5. PCR products separated on 

a 1% Agarose gel. 
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Bolt gel cut outs for LCMS-MS/MS based peptide sequencing: 

 

 

Figure 47:  Bolt 4-12% SDS PAGE analysis of pEAQ-HT IBV S, M, and E proteins co-

expressed in N. benthamiana ∆XT/FT 6 dpi. Agrobacterium-mediated 

(LBA4404 or GV3101::pMP90; lanes 1-5 and 7-12, respectively) pEAQ-HT 

expressed target genes. Bands were cut out for LCMS-MS/MS based peptide 

sequencing. IBV S (1) – Spike original Fr. 11 (±127kDa), IBV S (2) – Spike 

original (2) Fr. 11 (±127kDa), IBV M – Membrane Fr. 11 (±30kDa), IBV E – 

Envelope Fr. 11 (±13kDa). 
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Figure 48:  Bolt 4-12% SDS PAGE analysis of pEAQ-HT IBV S (or rIBV-S-TM or rIBV-

S-TM/CT), M, and E proteins co-expressed in N. benthamiana ∆XT/FT 6 dpi. 

Agrobacterium-mediated (AGL-1) expression. Bands were cut out for LCMS-

MS/MS based peptide sequencing. IBV S – Spike original (Combo 2) Fr. 11 

(±127kDa), IBV S – Spike original (Combo 3) Fr. 11 (±127kDa), rIBV-S-TM 

(Combo 4) Fr. 11 (±127kDa), rIBV-S-TM/CT (Combo 5) Fr. 11 (±127kDa), 

rIBV-S-TM/CT (Combo 6) Fr. 11 (±127kDa), Membrane (Combo 4) Fr. 11 

(±30kDa), Envelope (Combo 4) Fr. 11 (±13kDa). 
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Figure 49:  Bolt 4-12% SDS PAGE analysis of pEAQ-HT IBV S (or rIBV-S-TM or rIBV-

S-TM/CT or mIBV-S-KKSV or mIBV-S-TM-KKSV), N, M, and E proteins co-

expressed in N. benthamiana ∆XT/FT 6 dpi. Agrobacterium-mediated (AGL-1) 

expression. Bands were cut out for LCMS-MS/MS based peptide sequencing. 

IBV S (Fr. 11) - Spike original (±127kDa), IBV S (Fr. 11) - Spike 

original (±127kDa), rIBV-S-TM (Fr. 11) (±127kDa), rIBV-S-TM/CT (Fr. 11) 

(±127kDa), mIBV-S-KKSV E: C5 – S (Fr. 11) (±127kDa), mIBV-S-TM-KKSV 

(Fr. 11) (±127kDa), IBV N (Fr. 11) (±45kDa), IBV M (Fr. 11)  (±30kDa), IBV 

E (Fr. 11) (±13kDa). 
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Comparison of IBV S and IAV HA: 

 

Table 3: A comparison between the IBV S protein and the IAV HA protein 

 Infectious Bronchitis Virus S (Spike) 

Protein 

Avian Influenza Virus HA (Hemagglutinin) 

Protein 
Size 20nm (16 – 21nm) length (Liu et al., 2013b; 

Jackwood and de Wit, 2013). 

Prior to glycosylation, monomer is 128kDa (Masters 

and Perlman, 2013), 200kDa after glycosylation 

(Binns et al., 1985; Wickramasinghe et al., 2014). 

13.5nm length trimer (Boonstra et al., 2018). 

72kDa in size (D’Aoust et al., 2008). 

Each monomer is 60kDa in size prior to glycosylation, 

after which its size increases (Sriwilaijaroen and Suzuki, 

2012). 

Structure 

and 

composition 

Club-shaped spikes on the IBV surface giving virion 

crown-like appearance (Liu et al., 2013b; Jackwood 

and de Wit, 2013). 

The IBV trimer is made up of subunits S1 (520aa) and 

S2 (625aa) (Jackwood and de Wit, 2013). 

The S1 subunit at the N-terminal forms the bulb of the 

oligomeric spike protein and is a part of the large 

ectodomain, while the S2 subunit at the C-terminal 

end forms a narrow stalk as well as the short TM and 

endodomain, and forms the smaller part of the 

ectodomain (Wickramasinghe et al., 2014). 

Spike is a type 1 membrane protein that is made up of 

a receptor binding domain, precoil domain, heptad 

repeat regions, a cleavage site, interhelical domain, 

fusion peptide, TM domain, as well as a cytoplasmic 

tail (Koch et al., 1990; Perlman et al., 2008). 

Spike-shaped projection on the outer surface of AIV 

(Nayak et al., 2010; Isin at al., 2002). 

HA0 homo-trimer is cleaved into HA1 (327aa) and HA2 

(222aa) subunits (Copeland et al., 1986). 

The HA glycoprotein is made up of a globular region of 

antiparallel β sheets that contain HA1 residues (the 

receptor binding domain) as well as a stalk region that 

contains both HA1 and HA2 residues (this is a triple-

stranded coiled coil of α-helices) (Wilson and Skehel, 

1981, Wiley and Skehel, 1987). On top of the R domain is 

the receptor binding site and the highly variable antigenic 

binding loops that surround it. These loops carry 

carbohydrate side chains (Skehel and Wiley, 2000). The 

HA1 subunit is made up of the vestigial esterase and the 

fusion subdomains (Wilson and Skehel, 1981; Rosenthal 

et al., 1988).  

 

Function S1 subunit contains the receptor-binding domain that 

facilitates host cell attachment (Promkuntod et al., 

2014). 

It is a viral fusion peptide that is involved in viral 

attachment to host cell, fusion to host cell membrane, 

and entry of virus into cell ) (Casais et al., 2003; 

Wickramasinghe et al., 2011; Masters and Perlman, 

2013)  

Receptor binding and viral fusion (Nayak et al., 2010). 

Plays a role in host cell attachment and entry 

(Sriwilaijaroen and Suzuki, 2012).  

It stimulates neutralisation antibody responses by the host 

(Sriwilaijaroen and Suzuki, 2012) 

Where it is 

formed 

The viral subgenomic messenger RNAs are 

transcribed in the cytoplasm along with the translation 

of the viral proteins (Jackwood and de Wit, 2013).  

Spike (along with envelope and membrane) proteins 

are inserted into the Golgi membrane (Jackwood and 

de Wit, 2013). 

The S protein is directed to the ER by a cleaved N-

terminal signal peptide where it gets terminal N-

linked glycosylation (Binns et al., 1985; 

Wickramasinghe et al., 2014). 

HA gets cotranslationally translocated across the 

membrane of the rough ERforming the homo-trimer, HA0 

(Gething et al., 1986). 

The HA0 precursor gets transported to the plasma 

membrane via the Golgi network and is cleaved by cellular 

proteases, resulting in the HA1 and HA2 subunits 

(Copeland et al., 1986). 

Post-

translational 

processing 

The S1 and S2 subunits are generated through post-

translational cleavage of the spike protein by a furin-

like host cell protease (Liu et al., 2013b; Cavanagh et 

al. 1986). 

The virus particle only becomes infectious when the HA 

precursor (HA0) gets cleaved into its HA1 and HA2 

subunits (Sriwilaijaroen and Suzuki, 2012). 

Low pathogenic IAV (LPAI) strains are cleaved by 

trypsin-like proteases, including tryptases, mini-plasmin, 

bacterial proteases, and the blood-clotting factor Xa (in 

vitro), while high pathogenic IAV (HPAI) strains are 

cleaved by a range of more ubiquitous intracellular 

proteases, including proprotein convertase 6 (PC6) and 

furin which are found in a range of host cells, causing 

lethal infections in poultry (Soltanialvar et al., 2016; 

Horimoto et al., 1994; Stieneke- Gröber et al., 1992; Kido 

et al., 1992). 
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Immunity The S glycoprotein induces neutralizing antibodies in 

the host (Kant et al., 1992; Koch et al., 1990). 

Antibodies for hemagglutination inhibition (HI) as 

well as virus-neutralisation and serotype-specific 

antibodies are directed against the first third of the 

amino part of the spike glycoprotein (Koch et al., 

1990). In chickens that are infected with the virus, 

both cellular and humoral immune responses are 

induced by the spike protein (Cavanagh, 2007). 

HA is a major contributor to induction of neutralizing 

antibodies and protective immunity (Nayak et al., 2010).  

 

Epitopes The epitopes that induce neutralizing antibodies are 

very closely linked to three hypervariable regions that 

are located in the S1 part of the spike gene (Cavanagh 

et al., 1988). Five conformation-dependent antigenic 

sites (epitopes) have been characterised on the S1 

subunit, as well as an immunodominant region on the 

S2 subunit (Koch et al., 1990; Kusters et al., 1989). 

S1 subunit contains epitopes for inducing 

hemaggluttination inhibition (HI), neutralisation, as 

well as serotype-specific antibodies (Cavanagh et al. 

1986).  

The S2 subunit also contains antigenic epitopes (Toro 

et al., 2014). 

There are at least five different overlapping antigenic sites 

that have been characterised, and these were located in the 

globular head of the HA protein (Caton et al., 1982; 

Raymond et al., 1986). The globular head domain of the 

HA protein contains the epitopes to which most 

neutralizing antibodies are directed. This is where the 

sialic acid binding site is located (Magadán et al., 2013). 

These are the most abundant neutralizing antibodies 

elicited after infection and vaccination (Neu et al., 2016). 

However protective stalk antibodies have been located in 

humans (Magine et al., 2013; Ekiert et al., 2009). 

The stem-head domain of HA is conserved between 

strains as well as subtypes (Soltanialvar et al., 2016) 

Serotypes Mutations that occur in the S1 gene of the spike 

protein lead to an infinite number of new genotypes 

and serotypes of the virus (Liu et al., 2003). 

The specific circulating antibodies that are developed 

against the epitopes of the S protein following 

exposure define the IBV serotype (Jackwood and de 

Wit, 2013). 

There are 16 different serotypes of the HA protein 

(Fouchier et al., 2005; Webster et al., 1992). Two more 

subtypes have been discovered in bats (Tong et al., 2013). 

 

Mutations in the antigenic sites of IAV (HA) lead to new 

subtypes of the virus emerging (Carrat and Flahault, 

2007). 
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