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ABSTRACT 

The inactivated foot-and-mouth disease (FMD) vaccine's protection is dependent on 

the intact component of the FMD virus (FMDV) antigen, the 146S antigen particle. 

Sucrose density gradient (SDG) centrifugation is the standardised method for 

quantifying 146S antigen during FMD vaccine formulation. However, because it is 

operator-dependent, this approach is labour-intensive and produces varied outcomes. 

As a result, the polyclonal double-antibody sandwich enzyme-linked immunosorbent 

assay (DAS-ELISA) was developed as an alternative approach to quantify the intact 

146S antigen of both FMDV South African Territories (Mahapatra and Parida) -1 & 2 

serotypes. 

The polyclonal DAS-ELISA performance was compared to the SDG centrifugation test 

to evaluate the assay as an alternative technique for quantifying the intact 146S 

antigen of both SAT serotypes. In BHK-21 cells, the FMDV 146S antigen of both SAT 

serotypes was generated. For each serotype, sixteen samples were examined in 

duplicates using the SDG (10-30%) centrifugation and polyclonal DAS-ELISA at varied 

time intervals (0, 5, 10, 15 minutes) and dissociation conditions (Intact 146S, 

Temperature, pH, complete dissociation (CD)). The SDG method identified the intact 

146S antigen particles at 254 nm using a Type 11 Optical Unit for a UA-6 absorbance 

detector, whereas polyclonal DAS-ELISA detected FMDV antigen particles at OD 450 

nm using a microplate ELISA reader. 

The SDG was more specific to the Immunogenically intact 146S antigen, whereas 

polyclonal DAS-ELISA measured an equivalent reactivity to the intact 146S antigen 

and the 12S protein components in both SAT serotypes. The polyclonal DAS-ELISA 

technique was not suitable for quantifying the intact 146S antigen and so could not be 

used for quantification of the immunogenic 146S antigen component during vaccine 

production. 

Key terms: FMDV, Sucrose Density Gradient (SDG), polyclonal DAS-ELISA, 146S 

antigen, 12S protein subunits, complete dissociation (CD)  
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 INTRODUCTION 

1.1. Introduction 

Foot and mouth disease (FMD), caused by the Foot-and-mouth disease virus (FMDV), 

is one of the most infectious transboundary viral diseases of cloven-hoofed ungulates. 

The disease has a broad geographical distribution with diverse host species, primarily 

in domesticated livestock (cattle, goats, sheep, pigs) and susceptible wild artiodactyls 

with African buffalo (Syncerus caffer) serving as the persistent carrier for Southern 

African Territories (Mahapatra and Parida) serotypes within Southern African regions 

(Paton et al., 2018, Wekesa et al., 2015, Condy et al., 1985). 

FMDV infections are characterized by episodes of high morbidity and low mortality in 

mature livestock but higher mortality in much younger livestock (Abu-Elnaga et al., 

2015, Knight-Jones and Rushton, 2013). Because of the enormous costs associated 

with disease control, prevention, eradication, and the imposition of strict measures on 

the movement of both local and international meat, meat products, and animal trade 

markets, outbreaks can have devastating indirect socio-economic implications 

(Rodriguez and Gay, 2011, Mahapatra and Parida, 2018). Direct negative economic 

impacts are due to the significant reduction in milk production, reduced animal growth 

and spontaneous abortions in affected animals (Delgado et al., 2001, Ellis and Putt, 

1981). 

Apart from culling, stamping-out, movement control and monitoring of infected and 

infectious animals, zoning and constant surveillance, ongoing mass vaccination with 

inactivated whole virus vaccine against FMD is one of the most viable and effective 

approaches for preventing, controlling, and eliminating FMD outbreaks (Depa et al., 

2012, Sutmoller et al., 2003, McKenna et al., 1995). The virus that causes foot-and-

mouth disease can be genetically and serologically characterized (or classed) into 

seven immunologically variable serotypes (O, A, C, Asia-1, SAT-1, SAT-2, and SAT-

3) (Vallée and Carré, 1922, Waldmann and Trautwein, 1926, Brooksby and Roger, 

1957, Brooksby, 1958). FMDV has high genetic variability, which has resulted in the 

existence of several diverse antigenic subtypes and topotypes within different 

serotypes (Bari et al., 2014, Mittal et al., 2005). 
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1.2. Foot and mouth disease history 

Five centuries ago in 1514, an Italian physician monk Hieronymi Fracastorii reported 

a disease that affected cattle in the city of Venice, which had similar symptoms to that 

of FMD as we know it today. Animals affected with the disease displayed a lack of 

appetite, oral mucosal inflammation and the development of vesicular lesions in the 

oral cavity and around the cloven hooves (Jamal and Belsham, 2013). It was only at 

the end of the 19th century in Greifswald, Germany where it was demonstrated by 

Friedrich Loeffler and Paul Frosch that FMD was caused by tiny ultra-filterable 

particles, which were infectious and identified as FMD virus (FMDV) particles (Loeffler 

and Frosch, 1897). Regarded as one of the most highly contagious and transmissible 

diseases caused by viruses among animals (Pereira, 1981), FMDV was recognized 

as the first virus that could cause disease in animals (Loeffler and Frosch, 1897). 

1.3. Overview of foot-and-mouth disease virus 

1.3.1. Structure and genome 

The aetiological agent of FMD, FMDV, according to the International Committee on 

Taxonomy of Viruses (ICTV) belongs to the Picornaviridae family and is the prototype 

member of the genus Aphthovirus (Zell et al., 2017). It is a small viral particle of about 

25 - 30 nm in diameter with a roughly spherical capsid.(Bachrach, 1968, Forss et al., 

1984). A single virion contains a non-enveloped, single-stranded, positive-sensed 

RNA genome that is approximately 8.5 kilobases (Abu-Elnaga et al.) long and that is 

enclosed in a capsid with icosahedral symmetry (Belsham, 2005, Jamal and Belsham, 

2013). The 5′ untranslated region (UTR) is about 1,300 nucleotides long and the 3′ 

UTR is shorter at nearly 100 nt long (Tuthill et al., 2010, Belsham, 2005). The 5′ end 

is covalently bonded to smaller protein molecules of about 24 to 25 nt long encoded 

within the 3B region of the open reading frame (ORF) termed the viral protein genome 

(VPg). These VPgs exist in three small forms (VPg1 (3B1), VPg2 (3B2) and VPg3 

(3B3)  and are homologous (Mason et al., 2003, Sangar et al., 1977). The VPgs are 

uridylated by the viral RNA dependant RNA polymerase (RdRp; 3D^POL) to form 

(VPgpU (Pu). This form of the protein will actively serve as a primer for the synthesis 

of both positive (+’ve) sense and negative (-‘ve) antisense strands required for the 
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replication of viral genome (Nayak et al., 2006, Paul and Wimmer, 2015, Nayak et al., 

2005). 

 

Figure 1.1. A schematic diagram of FMDV genome, processing of viral polypeptide and conformation 
of the structural proteins. The genome contains a single open reading frame (ORF) of about 7 kb of 
RNA with two alternative initiation sites. The ORF is flanked by a long 5ʹ-untranslated region (5ʹ-UTR) 
with a 3B (VPg) covalently bound to its 5ʹ end and a short 3ʹ-UTR. The ORF region is divided into four 
functional areas (L, P1, P2 and P3) due to the different functions of mature polypeptides. The ORF-
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encoded polyprotein is processed into four products: Lpro, P1-2A, 2BC and P3 by Lpro, 2A and 3Cpro. 
The precursors P1-2A, 2BC and P3 are further processed into mature viral proteins and some cleavage 
intermediates with relative stability, such as VP0 or 1AB, 3ABC, 3BCD, 3AB, and 3CD by 3Cpro (Gao 
et al., 2016). 

The longer 5’ UTR end can be subdivided into five functional segments as in Figure 1. 

The first part is the S fragment, about 350 - 360 nt long and is believed to fold into a 

long hairpin structure. It is assumed to inhibit host exonuclease activity in order to 

preserve viral genome integrity and replication (Gao et al., 2016, Clarke et al., 1987, 

Escarmís et al., 1992). The second segment is a poly-C tract of about 150 - 250 nt 

long, made of not less than 90% C residues and essential for live virus rescue with no 

evidence of association to virus virulency. The third segment, the L fragment of 

approximately 700 nt, is made of multiple pseudo knots (PKs) of about four to five 

structures (Brown et al., 1974, Harris and Brown, 1977). The fourth part represents 

the cis-acting replication element (cre/bus), forming a stable stem-loop structure of 

about 55 nt. Within its stem-loop, the structure contains a highly conserved AAACA 

motif that acts as a template during the uridylylation process of VPg protein making it 

essential in initiating the RNA replication process with the aid of 3Dpol (Mason et al., 

2002, McKnight and Lemon, 1996, Mcknight and Lemon, 1998). The last segment is 

the internal ribosome entry site (IRES) of type II with a length of about 450 nt. It plays 

an essential role to initiate cap-independent translation of the viral genome (Jang et 

al., 1988, García-Nuñez et al., 2014). As a whole component, the entire 5’ UTR plays 

an integral part in initiating viral polyprotein cap-independent translation as well as 

replication of the viral genome (de Quinto and Martinez-Salas, 1997). 

Following the 5’ UTR, is the translated large ORF of about 7 kb long that produces the 

polyprotein, which is cleaved virally by two enzymatic proteases (leader (Lpro) and 3C 

protease (3Cpro)) to yield the resulting structural proteins and non-structural proteins 

(NSP) (Gao et al., 2016, Conda-Sheridan et al., 2014, Jamal and Belsham, 2013, 

Strebel and Beck, 1986). The Lpro in its viral proteinase format is the first protein 

produced after its self-cleavage at the C terminus of the polyprotein. It is a papain-like 

cysteine protease and exists in two protein formats, the Lab and the Lb protein format 

that results from the initiation of translation at two start codons (AUGs) located 84 nt 

apart, in which the Lab protein contains a highly variable N-terminal extension of about 

~28 amino acids compared to the Lb protein. The start codon of the Lb protein is, 

however, preferably used more than the start codon of the Lab protein during 
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translation (Esteban-Torres et al., 2015, Pöyry and Jackson, 2011). Some of the vital 

roles played by the Lpro during translation include acting as a viral virulence factor to 

inhibit protein synthesis of the host (Grubman and Baxt, 2004). The Lpro also cleaves 

eIF4G and its derivatives (eIF4GI and eIF4GII) which are essential for the initiation of 

translation in the host, resulting in shutting off host mRNA cap-dependent translation 

(Devaney et al., 1988). 

Immediately downstream closer to the L region is the P1 region of the polyprotein. The 

P1 is cleaved by the 3Cpro into three mature capsid-forming structural proteins (VP0, 

VP3, and VP1) (Vakharia et al., 1987). The VP0 in the presence of the RNA genome 

is cleaved further to yield VP4 and VP2 during the process of genome encapsulation. 

This results in four structural proteins contained within P1 in which the VP4 is internally 

enclosed within virus particles while the remaining VP1, VP2 and VP3 are expressed 

on the outer surface of the virus capsid (Lea et al., 1994, Thomas et al., 1988b). A 

single copy of each structural viral protein (VP) makes up one promoter, the 5S, five 

promoters together make one pentamer, the 12S and 12 pentamers together make a 

complete capsid, the 75S. A mature single viral capsid is icosahedral in shape and 

made up of 60 copies of the capsomers self-assembled into 12 pentamers in which 

each capsomer encompasses the four proteins with structural functions (VP1, VP2, 

VP3 and VP4) along with the single viral RNA genome, the intact 146S. All this takes 

place during the process of viral capsid assembly (Acharya et al., 1989, Han et al., 

2015, Fry et al., 2005, Vasquez et al., 1979). 

Following the P1 region are the P2 and the P3 regions respectively. The P2 is located 

at the centre of the genome while the P3 is at the 3’ end just before the 3′ UTR. This 

region encodes 2A, 2B, and 2C, whereas the P3 region encodes 3A, 3B (3B1, 3B2 

and 3B3), 3Cpro and 3Dpol non-structural viral proteins. The 2A serves as a precursor 

protein for the cleavage of a P1-2A junction, together with the 2B they are essential 

for the process of virus replication and contain virulence factors that are involved in 

inhibiting the functions of the host cell, which includes both RNA transcription and 

protein synthesis. The 3Cpro, a “chymotrypsin-like cysteine protease” serves as a 

primary enzyme for the proteolytic processing of the full-length viral polyprotein and 

as an RNA binding polyprotein (Klump et al., 1984, Vakharia et al., 1987, Birtley et al., 

2005, Neeta and Tayo, 2012). The 3Dpol (RdRp) is involved in viral genome replication 
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and lacks proofreading ability (Rai et al., 2017, Cowan and Graves, 1966). The last 

segment of the genome following the termination codon of ORF is the 3ʹ UTR. This 

segment is made of two parts, which include a short ~ 90 nt stem forming loop structure 

and a length variable poly-A tail (Serrano et al., 2006, Mulcahy et al., 1990, Dorsch-

Häsler et al., 1975). The 3ʹ UTR play a role in viral infection and genome replication. 

It stimulates an IRES-dependent activity required for translation within the cytoplasm 

while determining the virulency of the FMD virus (Saiz et al., 2001, López de Quinto 

et al., 2002). 

1.3.2. Serotypes and distribution 

FMDV exists within seven immunologically variable serotypes. These include O, A, C, 

Asia-1, SAT-1, SAT-2, and SAT-3 serotypes. Serotypes O and A were originally 

discovered by Vallee and Carre in 1922 after cattle which had previously recovered 

from FMDV infection of serotype O from French origin, became re-infected from 

coming in contact with cattle that were recently infected with FMDV serotype A from 

German origin. In the late 1920s in Europe, Waldmann and Trautwein discovered the 

C serotype which was found to be circulating mainly in bovine and swine species, 

however causing less outbreaks than O and A serotypes. In 1954 Brooksby and 

Rogers, identified the Asia-1 serotype, after its detection from clinical samples 

collected from Asian water buffalo (Bubalus bubalis) in the city of Okara, Punjab 

province, Pakistan. Brooksby identified the last recognised serotypes SAT-1, SAT-2 

and SAT-3 in 1958, isolated from clinical samples of South African origin (Paton et al., 

2021, Vallée and Carré, 1922, Waldmann and Trautwein, 1926, Brooksby, 1958, 

Brooksby and Roger, 1957). In Southern Africa, the SAT serotypes are maintained in 

African buffalo (Syncerus caffer), which serve as a reservoir host (Thomson et al., 

1992). The virus has high genetic variability due to frequent genome replication that 

results in a high rate of mutations, genetic recombination and formation of 

quasispecies. This has, over time, resulted in the existence of multiple diversified 

antigenic subtypes and topotypes within different serotypes (Robson et al., 1977, 

Domingo and Holland, 1997, Mittal et al., 2005). 

FMDV serotypes are unevenly distributed globally, with serotypes O and A the most 

widely distributed on several continents. This includes Africa, Asia, the Middle East 

and South America, with some isolated appearances in some parts of Europe. 
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Serotype O was initially classified into 10 to 11 antigenic subtypes by Davie, (1964) 

while serotype A displays greater antigenic diversity than any other serotypes amongst 

the Eurasian serotypes by having up to 32 subtypes (Pereira, 1976). Previous records 

indicate that serotype C has long been restricted to the Indian subcontinent after 

disappearing from both the European and South American continents. However, the 

serotype was recently isolated in 2004 in the Amazonas state of Brazil and Kenya, 

Africa. Originally, this serotype was classified into five antigenic subtypes C1- C5 

(Rweyemamu et al., 2008, Sangula et al., 2011). Asia-1 is a prevalent serotype on the 

Asian continent, with isolated appearances in Europe and the Middle East. It is one of 

the antigenically less diverse serotypes among Eurasian serotypes, having been 

characterized into only three antigenic subtypes (Davie, 1964). The SAT-1, -2, and -3 

serotypes are prevalent across the African continent, particularly in sub-Saharan 

Africa with several outbreaks of both SAT-1 and -2 recorded in some countries within 

the Middle East (Saudi Arabia and Kuwait). In one incident, the SAT-1 serotype was 

isolated in Greece (Knowles and Samuel, 2003, Grazioli et al., 2020, Sangula, 2006). 

1.3.3. FMDV antigenicity 

Among the four FMDV structural proteins, VP1 illustrated in Figure 1 contains the main 

“neutralizing antigenic site” that can illicit the required neutralizing antibodies (Gao et 

al., 2016, Laporte, 1973). The VP1 protein contains highly variable linear epitopes on 

its amino acids residues 135 to 155 and on its carboxyl terminus (amino acids residues 

200 to 213). These are areas of major and minor antigenic activities respectively. Beta 

overlapping G-H loops located within these residues induce infectivity, neutralizing and 

non-neutralizing antibody reactions. This trait is shared among different serotypes of 

the FMDV and accounts for its poor cross-reaction across the seven serotypes. The 

VP1 protein contains trypsin-sensitive regions between the two residues 138 to 154 

and 200 to 212. Exposure to these proteolytic enzymes results in reduced immunity 

and infectious abilities of the capsid protein (Strohmaier et al., 1982, Saiz et al., 1991, 

Thomas et al., 1988a, Wild et al., 1969). 

FMDV particles can be divided into several specific antigenic particles based on their 

sedimentation coefficient in sucrose density gradient centrifugation (Barteling and 

Meloen, 1974, Fayet et al., 1971). First, the intact 146S/140S virion is a whole virus 

particle made of 12 pentameric structures which contain one copy of a single-stranded 
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RNA molecule with a molecular weight of about 2.6 million daltons. The virus is made 

up of 60 copies of each structural protein VP1, VP2, and VP3 expressed on the outer 

surface of the capsid with a combined molecular weight of about 24,000 daltons and 

a VP4 structural protein that is located within the internal surface of the capsid with a 

molecular weight of about 8,000 daltons. 

The efficacy and immunogenicity of FMD vaccines depend entirely on the wholeness 

and integrity of the antigenic 146S particle. It is highly immunogenic in that it is mainly 

responsible for stimulating neutralizing antibodies, and producing precipitation and 

complex fixation antibodies. This is believed to be due to the configuration of antigenic 

sites on the outer surface of the intact 146S antigen particle, resulting in the antigen 

particle having epitopes that are both conformation-dependent and conformation-

independent. 

The 75S particle is referred to as “natural empties”. It is an empty viral capsid particle, 

which contains no RNA molecule. It is made of 60 copies of each VP1, VP3 and VP0, 

an uncleaved precursor of VP2 and VP4 structural proteins. The 75S particle antigenic 

properties are said to be similar, if not identical to those of the 146S particle. It is also 

able to induce neutralizing antibodies however of a lesser quantity compared to the 

intact particle, the 146S. 

The 45S antigen particle is related to peptides of which not much has been reported. 

The 12S antigen is a pentameric subunit made of five copies of structural proteins 

VP1, VP2 and VP3, but lacks the VP4 protein. It is regarded as the “crypto-antigen” 

as it is only available after a slight disruption of the 146S antigen by acid exposure at 

a pH of around 6.5 or through heat exposure at a temperature of about 56°C in a 

process that is irreversible. The 12S subunits are single pentameric pieces, which 

when assembled in a group of 12 together form the intact 146S virion. The 12S antigen 

subunits can elicit reduced amounts of neutralizing antibodies however able to 

stimulate precipitating and complement fixation antibody production as for the intact 

146S particle. The 12S subunits share several epitope similarities to those of the 146S 

particle, hence some of the monoclonal and polyclonal antibodies targeting the 146S 

antigen epitopes may cross-react. Because the 12S antigenic sites are not present on 

the complete particle's outer surface, they exhibit a separate epitope conformation, 

resulting in diminished immunogenic activity. 
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The 3.5S antigen is a virus infection associated antigen, which is associated with the 

RNA polymerase with a molecular weight of 56,000 (Crowther, 1986, Doel and Chong, 

1982, McCullough et al., 1987, Cartwright et al., 1980, Feng et al., 2016, Kim et al., 

2020, Hussein et al., 2015, Denoya et al., 1978, Brown and Newman, 1963, Laporte, 

1973). 

1.3.4. FMDV stability and dissociation 

Among the seven existing FMDV serotypes, the temperature and acid stability of the 

capsid protein are variable, with both the O and SAT serotypes being highly sensitive 

to acid and temperature variations (Doel and Baccarini, 1981). The FMD viral capsid 

stability depends on several identified factors, including the electrostatic repulsive 

interactions (hydrogen bonds, salt bridges, van der Waals forces, covalent bonds, 

electrovalent bonds and disulphide bonds) that occur between the capsid subunits and 

residues of amino acids within the nucleic acid. Exposure to variable environmental 

pH and temperatures easily affects these electrostatic interactions, resulting in the 

dissociation of the intact viral capsid into subunits and rendering the virion’s 

immunogenicity inactive. (Caridi et al., 2015, Curry et al., 1995, Mateo et al., 2008, 

Martín-Acebes et al., 2010, Rincón et al., 2014). Because FMDV particles have the 

highest acid and temperature lability among other members within the Picornaviridae 

family, exposure to acid or temperature variations will lead to capsid dissociation. 

Pentameric subunits will form as a result of capsid dissociation due to exposure to pH 

slightly below neutral values (Newman et al., 1973, Yuan et al., 2017). During the 

process of capsid dissociation into pentameric subunits, the highly hydrophobic protein 

VP4, which has myristoylation abilities is released together with the genomic RNA 

(Belsham et al., 1991). The subsequent release of this internal VP4 protein plays an 

integral role in the ionization and permeability of the cell membrane in which genomic 

RNA is released via the endosomal channel (Danthi et al., 2003, Davis et al., 2008). 

During the uncoating of genomic material into the endosome of the infected host cell 

through the endosomal pathway, the FMDV acid-labile character is required to start 

virus replication, however, during formulation and storage of the inactivated FMDV 

vaccine using capsid protein, the integrity of the intact capsid is a prerequisite. Thus a 

balance is needed between pH sensitivity and stability to produce an effective 

inactivated vaccine’ (O'Donnell et al., 2005, Yuan et al., 2020). To date, several amino 
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acid residues relevant for FMDV capsid acid sensitivity when pH is changed have been 

discovered (Yuan et al., 2017). The negatively charged histidine residues (H142 and 

H145) located within the VP3 protein colonise the inter-pentameric interface of the 

capsid’s subunits in a high density which triggers the acid-mediated induction of capsid 

dissociation after protonation in the acidic environment of the endosome. This 

phenomenon may even occur at a neutral pH level, which may be due to the 

electrostatic repulsive interactions that occur in between these protonated histidine 

residues (Acharya et al., 1989, Rincón et al., 2014). 

In a quest to determine alternative methods of improving the acid stability and 

sensitivity of FMDV, it has been determined that the substitution of a single amino acid 

residue in the capsid protein can enhance stability and increase acid sensitivity of the 

virus (Martín-Acebes et al., 2010). To date, about 11 amino acid residues when 

substituted have proven to be able to improve the acid stability of the FMDV particle 

during inactivation (Yuan et al., 2017). It was revealed during investigation using 

FMDV serotype C, O, and Asia-1 that the substitution of amino acids residues N17D 

located within the VP1 N terminus can increase acid resistance, improve alkali stability 

and maintain thermal-stability of the antigen (Martín-Acebes et al., 2011, Liang et al., 

2014, Vázquez-Calvo et al., 2014). However, the substitution of amino acids residue 

N17D of VP1 resulted in a decreased ability to replicate in vitro in a BHK-21 cell line 

and resulted in a mild increase in virulence in vivo in suckling mice. In contrast, the 

substitution of amino acids residue D86H of VP2 had no adverse effect on the 

virulence of the virus (Yuan et al., 2020). 

1.4. FMDV vaccination 

1.4.1. Vaccine history 

Research and development of the FMD vaccine began early during the 20th century 

with the development of an experimental vaccine made from mucosal lesions of FMD-

infected cattle in saline buffer, filtered and inactivated using formaldehyde (Vallée et 

al., 1926). It was around this time when Belin (1927) experimented on the attenuation 

of FMDV but it was only in 1973 at the German Institute of Reims Island in the Baltic 

Sea where the first practical vaccine was developed using a virus harvested from the 

epithelium and vesicular fluid from the tongue of a cow that was deliberately infected. 
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The harvested virus was inactivated using formaldehyde at a lower concentration of 

0.05% and maintained pH levels greater than nine while keeping the temperature at 

around 25°C for about 48 hours (Lombard et al., 2007). Aluminium hydroxide gel was 

used as an adjuvant during vaccine formulation. The aluminium hydroxide adjuvant 

facilitates virus inactivation while being involved in improving the immunogenicity of 

the final product (Waldmann et al., 1937). Years later in Chile, it was discovered that 

saponins are an effective adjuvant when mixed with the aluminium hydroxide gel 

(Espinet, 1951). 

Because of the undesirability of harvesting the starting biological material from 

deliberately infected cattle, a Dutch scientist (Frenkel, 1947) from the Amsterdam 

Veterinary Institute adapted epithelial suspension cells in vitro. The cells were 

obtained from the tongue of healthy cattle that were recently slaughtered. Some 

challenges came with the maintenance, preparation and collection of adequate 

epithelial cells from the tongue of cattle. A new cell line,  BHK-21 clone 13 monolayer 

cells that were developed previously by Macpherson and Stoker (1962) was therefore 

adapted to grow and titrate FMDV (Mowat and Chapman, 1962). To produce FMDV 

antigen and vaccine on a large industrial scale, BHK-21 clone 13 monolayer cells were 

adapted to grow as a suspension of cells at Pirbright Laboratory in the UK, 1962 

(Capstick et al., 1965). Once adapted, the BHK-13 suspension cells were then 

produced in larger fermenters, an industrialized FMD vaccine production system that 

is still operational to date (Telling and Elsworth, 1965). 

1.4.2. Vaccine types 

Because of the great genetic and antigenic variation of FMDV, vaccination or previous 

infections with one serotype does not confer immunity against new infections with any 

of the other six other serotypes and may also fail to provide full protection against 

subtypes within the same serotype (Diaz-San Segundo et al., 2014, Doel, 2005, Paton 

et al., 2005). Therefore, currently formulated FMDV vaccines are either monovalent 

(protective against a single strain), bivalent (protective against two strains), trivalent, 

pentavalent or multivalent vaccines that contain several different types of strains 

(Lombard and Füssel, 2007, Parida, 2009). The combination of strains in the 

formulation of FMDV vaccines depends on the requirements of the species to be 

vaccinated and the epidemiological situation of the area where the vaccine is to be 
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applied. Vaccines in countries with high endemic levels of FMDV tend to include more 

than one viral strain in their combination (Parida, 2009, Doel, 2003). Just like many 

other available vaccines, immunisation with FMDV vaccines does not elicit a sterilising 

immune response, however, replication of the virus at mucosal-epithelial surfaces may 

occur resulting in carrier state development in vaccinated animals after being 

challenged with live virus. The vaccine is however capable of preventing clinical 

infection against live FMDV challenge (Doel, 2003, Parida, 2009). 

Ideally, FMD vaccines should be safe to use and elicit rapid but prolonged protective 

immunity even after a single dose of inoculation, with no permanent carrier state. The 

vaccine hould provide serotype and subtype cross-protection, remain potent and be 

able to stimulate humoral and cellular immune responses. The vaccine should be cost 

effective to produce, vaccine productions should be scalable, and preferably a cold 

chain should not be required for distribution of the vaccine. The vaccine should contain 

a stable antigen that closely matches circulating field strains, be sterile, non-infectious 

and free of adventitious agent, but most importantly have properties to allow naturally 

infected and deliberately vaccinated subjects to be distinguished (differentiation of 

infected from vaccinated animals (DIVA)). Multivalent vaccines are ideal in that they 

offer protection against several FMDV serotypes and their respective subtypes (Kamel 

et al., 2019, Park, 2013, Yang et al., 2017). 

Most currently used FMD vaccines that are produced commercially depend on the 

integrity of whole virion particles: the intact 146S antigens that contain the most 

relevant protein, viz. VP1. These vaccines are produced from the propagation of live 

FMDV of the desired serotypes in suspension tissue culture (BHK-21 cells), That are 

then inactivated through binary ethyleneimine (BEI) and purified by antigen purification 

with either polyethylene glycol (PEG) or ultrafiltration. The aluminium hydroxide (which 

can boost the immune system response) together with gel or mineral oil is used as an 

adjuvant depending on the produced serotype (Doel, 1999, Doel, 2003, Sáiz et al., 

2002). This is referred to as traditional/conventional inactivated FMD vaccines (Tang 

et al., 2012, Parida, 2009). To date, several new types of FMDV vaccines have been 

developed which include DNA vaccines, attenuated vaccines, recombinant vaccines, 

subunit vaccines and peptide vaccines (Kamel et al., 2019, Hardham et al., 2020). 

1.4.3. Vaccine advantages and limitations 
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Different types of FMD vaccines have different advantages and limitations. 

Traditionally inactivated vaccines can be highly concentrated and reach the 

equivalence of three to six times the required 50% protective dose (PD50) to enhance 

vaccine potency. These vaccines allow longer preservation periods in liquid nitrogen 

while maintaining the required potency (Brehm et al., 2008, Golde et al., 2005). 

Several limitations exist with this type of vaccine, that includes the requirement of a 

biosafety level III containment facility to prevent the escape of infectious material to 

the outside environment during production. The inclusion of multi-serotypes into 

multivalent vaccines induces stress effects in the immune system of the inoculated 

animal. The requirement of cold chain containment to avoid heat denaturation of the 

vaccine, the inability to provide full or cross-protection at all times against different 

strains including those of the same serotype and failure to prevent persistent infections 

remains an additional challenge. The possibility of false-positive results due to the 

present of the minimal amounts of residual NSP in traditional vaccines, incomplete 

inactivation in the vaccine, and the need to revaccinate with additional doses to boost 

immune longevity are some of the limitations (Commission and Committee, 2008, 

Hyslop et al., 1963, Robiolo et al., 2006, Behura et al., 2016, Hardham et al., 2020). 

The DNA vaccine for FMDV have been proven to protect vaccinated animals from the 

development of lesions at inoculation sites (Mason et al., 1997). The DNA vaccines 

are easily manufactured, and the formulated vaccines contain no infectious material 

so are safe for use. DNA vaccines can contain coding regions for multiple antigenic 

sites and can stimulate both T and B cell immune responses, without inducing any 

stress-related effects on the immune system of the host.. Because of their great 

stability, costly cold-chain containment are not necessary (Leitner et al., 1999, Li et 

al., 2001). Some of the limitations of the DNA vaccine include the requirement of large 

DNA amounts to be injected and that multiple booster doses are required to elicit 

optimal protective immunity against FMDV (Pisetsky, 1998). 

Peptide vaccines are made of singular peptides that are amino acid chains, however, 

a mixture of several peptides together targeting several antigenic epitopes has proven 

to illicit better immunogenic response than the singular peptides (Bachrach et al., 

1975, Shao et al., 2011). These vaccines are stable and can be easily manufactured 
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at a large scale at relatively lower costs, without using highly infectious FMDV during 

production (Bachrach et al., 1975). 

1.4.4. Vaccine potency 

Maintaining the intact FMDV 146S antigen particle in its whole Intact form increases 

and maintains the potency of the vaccine while its degradation leads to the reduction 

of vaccine potency (Doel and Chong, 1982, Doel, 2005). However, the correlation 

between the concentration of the 146S antigen component and its formulated vaccine 

potency does not seem to obey a linear function (Rweyemamu et al., 1982). The first 

method to measure FMD vaccine potency is the 50% Protective Dose (PD50), which 

was introduced by Henderson and Galloway (1953) after performing an experimental 

cattle test challenged via the intra-dermo-lingual route. To date, the golden standard 

method for FMDV vaccine potency testing is the challenge test, which is performed in 

vivo on animals of the targeted species that were vaccinated over a certain period with 

several vaccine doses. The PD50 test and the South American Protection against 

Generalized test (PG) are commonly used testing methods.The PG is test used to 

evaluate the efficacy of a vaccine in protecting against the FMDV in cattle.The test 

involves vaccinating a group of cattle with a single field dose of the vaccine and then 

exposing them to the disease-causing agent (challenging them) after a certain period 

of time. The objective of the PG test is to determine whether the vaccine provides a 

sufficient level of protection against FMDV. The pass requirement for the vaccine was 

set at a threshold of 75% protection (Vianna Filho et al., 1993, Robiolo et al., 2010, 

Belsham, 2020, Doel, 2003).  

1.4.5. Vaccine immunity 

Most FMDV vaccines depend on the humoral immune response from circulating 

antibodies/neutralizing antibodies (Nabs) to offer protection against virus exposure. 

The interaction of B lymphocytes with Th lymphocytes results in the production of 

circulating antibodies (Pay and Hingley, 1987, McCullough et al., 1992). The 

components of the innate immune response are involved in the early immune 

response of FMDV infections. First, macrophages are involved in acute infection by 

serving as phagocytes engulfing virus pathogens, however, they may also serve as a 

virus carrier and disseminate the virus within the body (Rigden et al., 2002). The 
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FMDV-infected macrophages are cleared from the infection within 10 to 14 hours 

through opsonization, which leads to the destruction of the infectious virus. Secondly, 

natural killer cells will induce cytotoxic effects against the targeted FMDV-infected cells 

while γδ T-cells proliferate to induce cytokine effects against FMDV (Amadori et al., 

1992, Takamatsu et al., 2006). During the humoral immunity of the adaptive immune 

response, immunoglobulin M (IgM) is the first neutralising antibody that will appear 

three to four days post natural infection or vaccination, increasing in quantity during 

the 10th to 14th day then declining thereafter (Sobrino et al., 2001, Golde et al., 2008). 

Immunoglobulin G (IgG) antibodies appear four to seven days post-infection or after 

vaccination and begin to become dominant two weeks later. The IgG1 isotype is said 

to be more dominant than IgG2. IgM, IgA and IgG are found in the upper respiratory 

tract while only IgM and IgA are found in the pharyngeal fluid of the infected host seven 

days post-exposure (Collen et al., 1989, Salt et al., 1996, Salt, 1993, Francis et al., 

1983). 

1.4.6. FMDV diagnosis 

Besides the diagnosis of FMD based on clinical signs, there are several reliable 

laboratory-based methods available for diagnosis. They include virus isolation by use 

of susceptible cell culture or nucleic acid amplification through reverse transcription-

polymerase chain reaction and RT-qPCR. For detection of FMD viral antigens, virus-

specific antibodies and antibodies to viral NSP can be diagnosed through serological 

assays which include lateral flow devices (LFD), the outdated complement fixation 

(CF) and the more specific and sensitive enzyme-linked immunosorbent assay 

(ELISA) (Aydin, 2015). 

ELISA is a quantitative immunoassay that measures the concentration of biological 

molecules through colour-changing signals that result from the reaction of the antigen 

and antibody interaction with the aid of enzyme-linked conjugate together with the 

enzyme substrate (Hornbeck, 1992). Microtitre plates are utilized as the solid phase 

in which antigen and antibody molecules will be bound to the surface. Enzymes such 

as glucose oxidase, horseradish peroxidase (HRP), or alkaline phosphatase (ALP) 

are conjugated to secondary antobody such as goat anti-guinea pig IgG F(ab’)2) 

conjugate then according to their substrate compatibility, immunological colour 

reactions is induced during interactions. The interaction of ALP with p-Nitro-phenyl 
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Phosphate (pNPP) substrate yields a yellow positive colour reaction, while the 

interaction of 5-amino salicylic acid or ortho-phenylene-diamine produces a brown 

positive colour reaction (Engvall, 2010). After completion of the enzyme-substrate 

reaction, either sodium hydroxide (NaOH), hydrochloric acid (HCl) or sulfuric acid 

(H2SO4) is added to stop the reaction. Once the reaction is stopped, results are read 

using a spectrophotometer at a wavelength between 400 - 600 nm range. Several 

ELISA techniques exist which include direct ELISA, indirect ELISA, sandwich ELISA 

and competitive ELISA depending on their combination of antigen and antibody 

(Hornbeck, 1992, Aydin, 2015). 

The sandwich ELISA, discovered previously by (Kato et al., 1977) is called so because 

the target antigen is "sandwiched" between the capture and detection antibodies. it is 

known for its high sensitivity and specificity due to its dual antibody binding. This ELISA 

begins when microplate wells are coated with a primary "capture" antibody that is 

specific to the target antigen. The coated plates are covered and incubated overnight 

at low temperatures. This allows the primary capture antibody to adhere to the plate 

surface (Tabatabaei and Ahmed, 2022). Post the incubation, the plates are washed 

with wash buffere to remove any unbound capture antibodies. The coated wells are 

then blocked by using blocking agent such bovine serum albumin (BSA) or any other 

to prevent non-specific binding of other molecules (Kohl and Ascoli, 2017). The sample 

(containing the target antigen) is added to the microplate wells. The target antigen in 

the sample binds to the capture antibody that is immobilized on the plate. The 

microplate is incubated, allowing the antigen to bind to the capture antibody. After 

incubation, the plate is washed to remove any unbound components in order to reduce 

background noise. A second, "detection" antibody which is specific to a different 

epitope (binding site) on the target antigen in added. This detection secondary 

antibody is then conjugated to enzyme such as glucose oxidase, horseradish 

peroxidase (HRP), or alkaline phosphatase (ALP). The detection antibody binds to the 

antigen, forming a "sandwich" complex with the capture antibody. The plate is again 

washed to remove any unbound detection antibodies. An enzyme substrate is then 

added to the wells. If the enzyme-conjugated antibodies are bound to the antigen, they 

will then produce a detectable signal (usually a color change) when they come into 

contact with the substrate. The color change resulting from the enzymatic reaction is 
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measured using a spectrophotometer or a similar instrument. The intensity of the 

signal is proportional to the amount of antigen present in the sample. 

 

Figure 1.2. Schematic presentation of sandwich ELISA (enzyme-linked immunosorbent assay) 
principle (Boguszewska et al., 2019). 

1.5. Problem statement 

Because immunization against one serotype of FMD does not give protection against 

the other seven serotypes and subtypes (Feng et al., 2016), the immunogenicity of the 

presently employed inactivated FMD vaccine depends on the completeness of the 

infective and intact component of antigen, called the 146S antigen particle (Cartwright 

et al., 1980, Crowther et al., 1995). A single 146S particle is made up of a single-

stranded RNA molecule containing 60 copies of each VP1, VP2, VP3 and VP4 

structural protein (Brown and Crick, 1959). The VP1 capsid protein, situated on the 

outer surface of the 146S virus particle can produce enough neutralizing antibodies to 

elicit appropriate immunity and produce protection against FMD infections (Acharya et 

al., 1989, Bachrach et al., 1975). The recommended testing method to quantify 146S 

antigen particles during FMD vaccine formulation is through sucrose density gradient 

centrifugation (SDG) (Barteling and Meloen, 1974). 

Even though the SDG can quantify the desired antigen yield, the test is highly variable 

because it is dependent primarily on the operator, requires expensive instrumentation 

for operation, only quantifies one sample every five to seven minutes, is labour 

intensive and the detecting instrument cannot be automated (Feng et al., 2016). 

Importantly the test cannot indicate whether the immunogenic epitopes on the outer 
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capsid protein (VP1) of 146S antigen have remained intact, have not degraded or have 

been cleaved by proteolytic enzymes and trypsin effects throughout the vaccine 

formulation processes (Doel and Collen, 1982, Baxt et al., 1984). 

The use of a double-antibody sandwich enzyme-linked immunosorbent assay (DAS-

ELISA) to detect the 146S antigen provides higher sensitivity and specificity and it is 

much simpler to run than SDG. The DAS-ELISA testing is extremely fast, robust, 

reproducible, time-efficient and allows for the quantification of a greater number of 

samples in a shorter amount of time. Most notably, the DAS-ELISA when deployed 

using monoclonal antibodies (mAb) have proven to have the ability to assess the 

epitope integrity of the VP1 protein on the 146S antigen's outer surface, w:hich is 

critical for vaccination potency (Van Maanen and Terpstra, 1990, Feng et al., 2016). 

1.6. Research question 

Is it possible to use a DAS-ELISA to quantify the intact 146S antigen of FMDV SAT-1 

& 2 serotypes? 

1.7. Aims 

• To develop a DAS-ELISA-based method for the quantification of the intact 146S 

antigen of FMDV SAT-1 & 2 serotypes. 

• To compare the DAS-ELISA assay method to the SDG fractionation method in 

quantifying the intact 146S antigen of FMDV SAT-1 & 2 serotypes. 

1.8. Objectives 

• Produce the intact 146S antigen of FMDV SAT-1 & 2 serotypes. 

• Maintain the intact 146S antigen of FMDV SAT-1 & 2 serotypes at 4 °C temperature 

and pH 7.5. 

• Dissociate the intact 146S antigen of FMDV SAT-1 & 2 serotypes using 

temperature of 56 °C while at pH of 7.5. 

• Dissociate the intact 146S antigen of FMDV SAT-1 & 2 serotypes using acid at 6.5 

pH while at 4 °C temperature. 

• Completely dissociate (CD) the intact 146S antigen of FMDV SAT-1 & 2 serotypes 

using both acidic at 6.5 pH and 56 °C temperature. 
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• Develop a polyclonal antigen-based DAS-ELISA to quantify the intact 146S antigen 

produced during a vaccine production run. 

• Prepare and quantify the intact 146S antigen versus the dissociated SAT-1 & 2 

antigens (heat, pH and CD) using the standardised  SDG and the newly developed 

polyclonal antigen-based DAS-ELISA. 
• Compare the performance of the polyclonal antigen-based DAS-ELISA to the SDG 

results. 
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 MATERIALS AND METHODS  

2.1. Production of FMDV 146S antigen 

2.1.1. Cell culture preparation 

BHK-21 suspension cells, as described by Capstick et al., (1962), were supplied by 

the tissue culture section of the Onderstepoort Veterinary Research Campus-Trans-

Boundary Animal Disease Programme (ARC-OVR) sub-cultured and re-suspended as 

a start-up culture at passage level 3 (P+3) with an initial concentration of 0.1 x 106 

cells/ mL into an 850 cm2 roller bottle containing Glasgow’s minimum essential 

medium (GMEM) cell culturing growth medium (Merck KGaA, Darmstadt, Germany), 

supplemented with 10% volume/volume (v/v) gamma irradiated adult bovine serum 

(Cell Sera, cat: 102131610), 10% v/v tryptose phosphate broth (Bacto, cat: 260200) 

and 3% v/v lactalbumin hydrolysate (Bacto, cat: 259961). An appropriate level of CO2 

was added to the cell culturing medium and the roller bottle was incubated at 37°C for 

72 hours (hrs) on a high-speed (Frenkel) roller cart with a rotating speed of 30 

revolutions per minute (RPM). After 72 hrs of incubation, cells were harvested and 

counted for viability and a total estimate of 2.78 x 106 cells/ mL was obtained. Another 

series of passages followed, in which P+4 cells were seeded at 0.10 x 106 cells/mL 

concentration in 1x 850 cm2’ for 72 hrs and a harvest of 3.04 x 106 cells/ml 

concentration was obtained. Passage P+5 was seeded at 0.10 x 106 cells/ mL 

concentration for 72 hrs in three 1070 cm2 Corning® polystyrene roller bottles (Merck 

KGaA, Darmstadt, Germany) each containing 1,500 mL of the GMEM cell culture 

growth medium. At harvest, cells were allowed to settle overnight and the spent media 

were decanted leaving behind about 500 mL of cell culture suspension from each 

Corning® roller bottle that were pooled together into a Pyrex bottle. About 500 mL of 

the virus-seeding media was added to the pool to a total of about 2,000 mL of 

suspension cell culture. A total of 5.83 x 106 cells/ml were estimated from the 2,000 

mL pool, which was split into two halves. About 1,000 mL of virus seeding medium 

was added into each half of 1,000 mL making a total of 2x 2,000 mL’of suspension cell 

culture for virus propagation. 

2.1.2. Virus propagation in cell culture 
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2.1.2.1. Propagation of FMDV SAT-1 and SAT-2 viral serotypes 

Concentrations of 2.84 x 106 cells/mL and 2.20 x 106 cells/mL were estimated from 

each 2x 2,000 mL suspension cell culture grown in the laboratory for inoculation with 

the FMDV SAT-1 serotype and SAT-2 serotype respectively, which were obtained 

from the OVI-TADP vaccine production facility. The amount of virus required for both 

SAT-1 and SAT-2 serotype to inoculate into suspension cells at a specified MOI and 

titre was determined using the formula: (cell count (c/mL) x culture volume (mL) x MOI) 

÷ virus titre  in which for SAT-1 serotype, 9 uL of virus with a titre of 108.8 TCID50/mL 

was inoculated into 2000 mL of cells at an MOI of 0.001. For SAT-2 serotype, 1.75 ml 

of virus with a titre of 107.4 TCID50/mL was inoculated into 2000 mL cells at an MOI of 

0.01. The cultivated FMDV SAT-1 serotype culture was incubated at 37°C for 15 hrs 

on an HS roller cart rotating at 30 rpm while the cultivated FMDV SAT-2 serotype 

culture was incubated at 37°C for 16 hrs also on an HS roller cart with a rotating speed 

of 30 rpm. At harvest, both cultures were centrifuged for 10 minutes (Feng et al.) at 

4°C and 2626 relative centrifugal force (g) (Hettich, Germany). The supernatant 

containing the antigen was transferred into 10 x 50 mL and 3 x 500 mL aliquots, which 

were labelled and stored at -70°C. 

2.1.2.2. The 146S antigen particle dissociation design of both SAT-1 & 2 serotypes 

For the dissociation of the 146S antigen particle, four different dissociation conditions 

were set with four different sampling time intervals. The first condition was normal 

short-term storage at 4°C and pH 7.5 termed the “Intact 146S”,  the second condition 

was dissociation with a higher temperature at 56°C and pH 7.5 termed “Temperature”, 

the third condition was dissociation with strong acid at 6.5 pH and 4°C termed “pH” 

and the fourth condition was dissociation with both, acidic at pH 6.5 and temperature 

of 56°C termed complete dissociation “CD”. A high temperature treatment was 

achieved using a water bath set at 56°C while an acidic treatment was achieved using 

1M HCL. During dissociation, sampling was done at zero, five, ten and fifteen minutes 

for each condition. Samples were aliquoted into a series of 4 x 1.5 mL cryo-tubes and 

labelled accordingly. The series of aliquots were used in SDG antigen purification and 

ELISA testing. 
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2.1.2.3. The 146S antigen particle determination by SDG of both SAT-1 & 2 serotypes 

The SDG ultracentrifugation method as described by Barteling and Meloen, (1974) 

was used in sample preparation for antigen quantification. A linear 10 - 30% (w/w) 

concentration of SDG solution was prepared in polypropylene centrifuge tubes 

(Beckman Coulter, CA, USA) using a model B108-2 gradient master (BioComp 

Instruments, Fredericton, Canada). To remove cell debris, samples were centrifuged 

for 1 min at 252 g using a Neofuge 15R/15 centrifuge (Heal Force, Shanghai, China). 

Samples were tested in duplicate, in which 20 µL of the centrifuged sample was 

layered on top of the 10 - 30% (w/w) sucrose density gradient solutions in 

polypropylene centrifuge tubes. The tubes were carefully loaded into an SW 55 Ti 

Swinging-Bucket Rotor, which was attached to a Beckman Coulter OptimaTM XPN-90 

ultracentrifuge (Beckman Coulter, CA, USA) drive hub. Samples were centrifuged for 

50 min and 303 8000 g at 4°C hold. After centrifugation, the precipitated 146S particle 

fractions in the gradient were scanned at 254 nm wavelength using a Type 11 Optical 

Unit for UA-6 absorbance detectors (Teledyne Isco, Nebraska, USA). A peak forming 

146S particle was calculated and measured in μg/ml using peak integration Clarity™ 

chromatography software (DataApex, Prague 5, The Czech Republic). Previously 

purified 146S particles with known antigen concentration were used as the positive 

control while BHK-21 suspension cell culture with no antigen was used as a negative 

control of the test. 

2.2. Development of a polyclonal antigen-based DAS-

ELISA 

2.2.1. Coating of microtitre plates with the capture antibody 

To coat the 96-well microtitre flat-bottom plates (Nunc™MaxiSorp™, Thermo Fisher 

Scientific, USA), rabbit antisera (coating serum) specific for FMDV SAT-1 and -2  

serotypes was immobilized as the capture antibody. The capture antibody was diluted 

to a working concentration of 1/2500 carbonate/bicarbonate coating buffer, pH 9.6). 

An amount of 100 µL of the diluted coating serum was added to each well of the 96-

well microtitre plate using a 12-channel micro-pipette and the coated plates were 

incubated overnight at room temperature between 18°C - 25°C. Post incubation, the 

plates were washed with washing buffer (PBS containing 0.05% Tween-20) using an 
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automated plate washer for three wash cycles, to remove the unbound capture 

antibodies. The plates were then stored at -20°C until further use. 

2.2.2. Preparation of the detection antibody 

The guinea-pig antiserum of the same specificity as the capture antibody was 

prepared as a detecting antibody. The guinea-pig serum was pre-blocked with normal 

bovine serum (50% v/v) by mixing 10 mL of guinea pig with 10 mL of the bovine serum 

and 80 mL of 0.5% PBS-skim milk was added to the mix  ture. The detecting antibody 

mixture (working stock) was aliquoted in 10 mL volumes and stored at -20°C. 

2.2.3. DAS-ELISA sample testing design  

For each serotype, sixteen samples of different time intervals (0, 5, 10, 15 min) and 

dissociation conditions (Intact 146S, Temperature, pH and CD) were tested in 

duplicate from column 1 to column 10. The duplicates were titrated in two-fold dilution 

series from row A to row H. Test controls were tested in duplicate in columns 11 and 

12 and serially diluted two-fold, with the negative control (blocking buffer/0.5% PBS-

skim milk) titrated from rows A to D and the positive control (SAT antigen specific to 

either serotype 1 or 2) titrated from rows E to H for each testing plate.  
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Figure 2.1. Plate layout diagram of both SAT 1&2 antigen dilutions, including controls and the blank 
indicated in the appropriate wells. 
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2.2.4. Polyclonal DAS-ELISA for FMDV SAT-1 and 2 antigen 

quantification 

The coated microtitre plates stored at -20°C were thawed at room temperature and 

residual moisture contents were removed by tapping the plates upside down on a lint-

free absorbance surface. One hundred µL of FMD test antigen was loaded in 

duplicates in each well from columns 1 to 10 and titrated at a two-fold serial dilution 

(1:2 - 1:128) in blocking buffer (0.5% PBS-skim milk) by transferring 50 µL from row A 

to H of the plate. From columns 11 to 12, 100 µL of the negative control (blocking 

buffer) were loaded in duplicate and titrated at a two-fold serial dilution (1:2 - 1:8) by 

transferring 50 µL from row A to D, while the positive control (SAT antigen specific to 

serotype 1 or 2) was titrated at a two-fold serial dilution (1:2 - 1:8) by transferring 50 

µL from row E to H of each well. The plates were incubated for 1 hr at 37°C while 

shaking continuously on an orbital shaker. After incubation plates were washed with a 

washing buffer (PBS containing 0.05% Tween-20) for three wash cycles followed by 

the addition of 50 µL of the detecting antibody/guinea-pig antisera diluted 1:50 in 

blocking buffer. The plates were then incubated for 1hr at 37°C while shaking 

continuously on an orbital shaker, followed by washing with a wash buffer for three 

wash cycles. Following the washing step, 50 µL of secondary antibody (goat anti-

guinea pig IgG F(ab’)2) conjugated to horseradish peroxidase (HRP) enzyme”) 

(Sigma, St. Louis, USA) diluted 1:60 in blocking buffer were distributed in each well 

and incubated for 1hr at 37°C while shaking continuously on an orbital shaker. After 

incubation, the plates were washed with a washing buffer for three wash cycles. One 

hundred µL of freshly prepared substrate/chromogen solution [30 ml substrate 

solution, 300 µL TMB and 23 µL H2O2] enough for 3 x 96 wells was added to all wells 

and incubated for 15 min on a bench at room temperature. To stop the colour reaction, 

50 µL of 1 M (mol/L) H2SO4 was added to each well and plates were analysed using 

Thermo Scientific Multiskan EX (Thermo Fisher Scientific, Massachusetts, USA) 

microplate photometer ELISA reader that reads wavelength at 450 nm. 
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Figure 2.2. Plate layout diagram (steps 1-3) showing all the steps performed during the DAS-ELISA for 
both SAT 1 &2 atigens. 
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Figure 2.3. Plate layout diagram (steps 4-7) showing all the steps performed during the DAS-ELISA for 
both SAT 1 &2 atigens. 
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2.3. Data analysis 

Serological data was captured and analysed in a Microsoft Excel spreadsheet. 

Samples were tested in duplicate and the mean and standard deviation of the OD450 nm 

value results were calculated.  
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 RESULTS 

3.1. FMDV SAT-1 serotype 

3.1.1. The intact 146S antigen quantification by sucrose density gradient 

fractionation 

The FMDV SAT-1 146S antigen concentrations under four different conditions (Intact 

146S, Temperature, pH and complete dissociation “CD”) over 15 min are shown in 

Figure 3.1 below. 

 

Figure 3.1. Quantification of FMDV SAT-1 146S antigen concentrations under four conditions using a 
Type 11 Optical Unit absorbance detector at 254 nm after sucrose density gradient (SDG) fractionation. 

3.1.2. Polyclonal antigen-based double-antibody sandwich ELISA. 

First, the two-fold dilution series of FMDV SAT-1 antigen concentration from samples 

under four different conditions (Intact 146S, Temperature, pH and CD) was conducted 

to achieve the linearity (concentration where optimal antigen signal is obtained using 

minimum antigen quantity) through a polyclonal DAS-ELISA as shown in Figure 3.2. 

The linearity (an optimal amount of antigen) was achieved successfully at dilution point 

0.25 dilution for the four conditions shown in Figure 3.2. Hence the dilution point 0.25 

dilution was selected for quantification of the SAT-1 antigen samples as shown in 

Figure 3.3 below. 
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Figure 3.2. Two-fold serial dilutions of FMDV SAT-1 antigen using a polyclonal DAS-ELISA. 

The FMDV SAT-1 antigen concentrations at 0.25 dilution from samples under four 

different conditions (Intact 146S, Temperature, pH and CD) at different time intervals. 

The results are shown in Figure 3.3 below. 

 

Figure 3.3. Quantification of FMDV SAT-1 antigen using a polyclonal DAS-ELISA at a 0.25 dilution 
under four conditions. 

3.2. FMDV SAT-2 serotype. 
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3.2.1. The intact 146S antigen quantification by sucrose density gradient 

fractionation 

FMDV SAT-2 146S antigen concentrations under four different conditions (Intact 

146S, Temperature, pH and CD) over 15 min are shown in Figure 3.4 below. 

 

Figure 3.4. Quantification of FMDV SAT-2 146S antigen concentrations under four conditions using a 
Type 11 Optical Unit absorbance detector at 254 nm after sucrose density gradient (SDG) 
fractionation. 

3.2.2. Polyclonal antigen-based double-antibody sandwich ELISA. 

The two-fold dilution series of FMDV SAT-2 antigen concentration from samples under 

four different conditions (Intact 146S, Temperature, pH and CD) was conducted to 

achieve the linearity (concentration where optimal antigen signal is obtained using 

minimum antigen quantity) through a polyclonal DAS-ELISA as shown in . The linearity 

(an optimal amount of antigen) was achieved successfully at dilution point 0.25 dilution 

for the four conditions shown in Figure 3.5. Hence the dilution point 0.25 dilution was 

selected for quantification of the SAT-2 antigen samples as shown in Figure 3.6. 

below. 
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Figure 3.7. Two-fold serial dilutions of FMDV SAT-2 antigen using a polyclonal DAS-ELISA. 

The FMDV SAT-2 antigen concentrations at 0.25 dilution from samples under four 

different conditions (Intact 146S, Temperature, pH and CD) at different time intervals. 

The results are shown in  below. 

 

Figure 3.8. Quantification of FMDV SAT-2 antigen using a polyclonal DAS-ELISA at a 0.25 dilution 
under four conditions. 
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 DISCUSSION  

In this research, we compared the SDG fractionation system to quantify FMDV 146S 

antigen particles at 254 nm using a Type 11 Optical Unit for UA-6 absorbance detector 

to the polyclonal DAS-ELISA, used to detect 146S antigen particles at OD 450 nm 

using a microplate photometer in samples under four different conditions: Intact 146S, 

Temperature, pH and Complete dissociation. 

For the quantification of the FMDV SAT-1 serotype using the SDG fractionation 

system, our results showed that the Intact 146S antigen showed no sign of 

degradation when quantified at five minutes intervals over a 15 min period and 

retained its integrity over a 15 minutes period (Figure 3.1). The pH samples when 

compared to samples of the Intact 146S showed a slight degradation of the 146S 

antigen particles but remained detectable over the 15 minutes dissociation period 

when using the SDG fractionation system. This suggests a partial conversion of the 

146S antigen into 12S protein subunits. The 146S antigen concentrations of samples 

under both Temperature and Complete dissociation conditions showed a significant 

decline after 5 minutes of exposure and there was no detection of the 146S antigen 

particles in samples between 10 – 15 minutes of exposure. While this indicated a 

complete degradation of the intact 146S antigen particles, it also suggested a 

successful conversion of the intact 146S antigen particles into the 12S protein subunits 

in samples after 10 minutes of exposure. 

For the quantification of the FMDV SAT-2 serotype in Figure 3.4, results also indicated 

that the intact 146S antigen particles of SAT-2 retained their integrity over a 15 minutes 

period of dissociation. The 146S antigen concentration of both Temperature and pH 

conditions reduced significantly from 5 minutes to a point of no detection after 15 

minutes exposure. This suggested a gradual dissociation of 146S antigen particles 

into 12S protein subunits between 5 - 10 minutes and a complete conversion by 15 

minutes period. The 146S antigen concentration of the Complete dissociation  

condition indicated a significant decline after 5 minutes exposure to a point of no 

detection after 10 minutes exposure when compared to other treatment conditions. 

This result showed that the intact 146S antigen particles of the Complete dissociation 

condition dissociated completely after 10 minutes of exposure, suggesting a 
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successful conversion of the intact 146S antigen particles into the 12S protein 

subunits. 

Quantification of other FMDV antigen particles, protein subunits and capsid 

polypeptides using the Type 11 Optical Unit for UA-6 absorbance detector is not 

possible since 75S, 12S and VP1 antigens are not detectable at the specified 254 nm 

absorbance. The 12S subunit has an absorbance of 260 nm and VP1 280 nm. 

Absorbance at 254 nm is therefore specific to the intact 146S antigen particles and 

able to quantify the antigen at the highest sensitivity of 0.002 absorption units. In total, 

there are ten available sensitivity ranges that includes 0.002, 0.005, 0.01, 0.02, 0.05, 

0.1, 0.2, 0.5, 1.0 and 2.0 absorption units that are compatible to the 254 nm 

absorbance (Li et al., 2021, Rao et al., 1994). 

The SDG centrifugation described by Barteling and Meloen (1974) is a standardised 

method and has been widely and successfully used over the past few decades to 

quantify whole virion (146S antigen) yield at 254 nm absorbance, but this method has 

several setbacks that limit its day to day operational practicality across different 

laboratories: The test yields highly variable results because of its dependence on the 

skills of an individual operator. It requires specialized, expensive instrumentation for 

operation. It is time-consuming and has a low sample testing capacity  in that only one 

sample can be quantified in five to seven minutes. Finally, the test is labour-intensive 

and the antigen quantification instrument is neither fully nor semi-automated (Crowther 

et al., 1995). Importantly, the test cannot indicate whether the immunogenic epitopes 

on the outer capsid protein (VP1) of 146S antigen have remained intact, have not 

degraded or have been cleaved by proteolytic enzymes and trypsin effects during the 

vaccine formulation processes as the ELISA can (Crowther et al., 1995). 

The use of a double-antibody sandwich enzyme-linked immunosorbent assay (DAS-

ELISA) to detect a whole 146S antigen provides higher sensitivity and specificity when 

using monoclonal antibodies (mAbs) that recognises and bind only to the expressed 

epitopes of the intact 146S particle and not to the epitopes of the resulting protein 

subunits including the 12S which share common epitopes with the intact 146S (Van 

Maanen and Terpstra, 1990). The test is much simpler to run than the SDG 

centrifugation method. It is extremely fast, robust, reproducible, time-efficient and it 

allows for the quantification of a greater number of samples in a shorter amount of 
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time. Most notably, the DAS-ELISA can assess the epitope integrity of the VP1 protein 

on the intact 146S antigen's outer surface, which is critical in FMD vaccine formulation 

potency (Crowther et al., 1995). 

Due to common epitopes that are serologically shared between the intact 146S 

antigen particles and the 12S protein subunits of FMDV, detection of the intact 146S 

antigen particles in the presence of the resulting 12S protein subunits using polyclonal 

antibody-based (pAbs) DAS-ELISA as in this study may result in cross-reaction 

(Harmsen et al., 2017). To avoid cross-reactivity between the whole antigen particle 

and the 12S protein subunit, dissociation of the intact 146S particles was achieved by 

exposure of the virus to either heat or acid or both heat and acid at once. The exposure 

of FMDV to heat above 65 °C and to acid with pH below 6.5, results in irreversible 

dissociation of the intact 146S antigen particles into 12S protein subunits (Harmsen et 

al., 2011). Other means of eliminating cross-reactivity involve the use of monoclonal 

antibody-based (mAbs) ELISA, which bind specifically to the intended and desired 

epitopes on either the 146S antigen or the resulting 12S subunits particles (Baxt et al., 

1989, Harmsen et al., 2011). 

According to validation of the solid-phase competition ELISA assay performed at ARC-

FMDV diagnostic laboratory unit, the test is optimised to achieve an optimal antigen 

signal (presented in OD450 value) at 1:4 antigen quantity dilution. Hence the selection 

of the said dilution in testing of the samples, as illustrated in Figure 3.3 and Figure 3.6. 

For SAT-1 serotype, The OD450 value results of between 0 to 15 minutes exposure 

indicated that the pAbs reacted equally to the intact 146S antigen particles and to other 

subunits produced in samples of other conditions (Temperature, pH and CD) as 

illustrated in Figure 3.3. This suggested that antigens present in these conditions 

(Temperature, pH and CD) shared common binding epitopes with epitopes on the 

intact 146S antigen particles. The indication of shared binding epitopes suggested the 

detection of the 12S subunits in these (Temperature, pH and CD) conditions. 

 Additionally, The trend was also observed with SAT-2 serotype in that the OD450 value 

results of between 0 to 15 minutes exposure showed that pAbs reacted equally to the 

intact 146S antigen particles and to subunits of the Temperature and CD conditions 

with the exception of the subunits in the pH condition as illustrated in Figure 3.6. This 
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suggests that antigens present in these conditions (Temperature, CD) shared common 

binding epitopes with epitopes on the intact 146S antigen particles. The shared binding 

epitopes also suggested detection of the 12S subunits in the Temperature and CD 

conditions. However, the OD450 value results of the pH condition in the SAT-2 serotype 

(Figure 3.6) showed a slight but non significant reduction in concentration of the 

detected subunits during the 15 minutes exposure when compared to other tested 

conditions (Intact 146S, Temperature and CD). This suggests that the 12S subunit 

detected in the pH condition was present at a reduced concentrations when compared 

to 12S subunit of other conditions (Intact 146S, Temperature and CD) (Figure 3.6). 
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 CONCLUSION AND 

RECOMMENDATIONS 

Several methods have been developed for the quantification of the intact 146S antigen 

particles of the FMDV that is essential in the production of the inactivated FMD vaccine 

(Spitteler et al., 2011, Harmsen et al., 2011). Comparison of the SDG fractionation 

system with a pAbs DAS-ELISA assay for quantification of the intact 146S antigen 

demonstrated a higher specificity of the SDG fractionation assay to the intact 146S 

antigens for both SAT-1 & -2 serotypes. The pAbs DAS-ELISA demonstrated cross 

reactivity to the intact 146S antigen and the dissociated 12S protein subunits for both 

SAT-1 & -2 serotypes of FMDV. The pAbs DAS-ELISA assay was not specific only to 

the epitopes on the intact 146S antigen particles and therefore the quantification of 

146S antigen particles using non-specific pAbs was not suitable. For a successful 

quantification of the intact 146S antigen particles of FMDV with less probability of cross 

reactivity, DAS-ELISA using monoclonal antibodies (mAbs) that recognize and bind 

specifically to the epitopes of the intact 146S antigen particles and not to the epitopes 

of the 12S subunits should be employed during routine production of the inactivated 

FMD vaccine (Harmsen et al., 2017). This was also proven in the studies of (Van 

Maanen and Terpstra, 1990, Krishna et al., 2019, Yang et al., 2008) whom managed 

to develop mAbs that recognised and bind specifically to the epitopes of the intact 

146S antigen particles and to those of the 12S subunits. 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



38 

 REFERENCES 

 

ABU-ELNAGA, H., FAWZY, H., FAROUK, E., IBRAHIM, E., GAMIL, M. & ZIDAN, S. 2015. Correlation 
between foot-and-mouth disease virus antigenic mass, titer and immune response in vaccinated 
sheep. Benha Veterinary Medical Journal, 28, 12-19. 

ACHARYA, R., FRY, E., STUART, D., FOX, G., ROWLANDS, D. & BROWN, F. 1989. The three-
dimensional structure of foot-and-mouth disease virus at 2.9 Å resolution. Nature, 337, 709-716. 

AMADORI, M., ARCHETTI, I., VERARDI, R. & BERNERI, C. 1992. Isolation of mononuclear cytotoxic 
cells from cattle vaccinated against foot-and-mouth disease. Archives of Virology, 122, 293-306. 

AYDIN, S. 2015. A short history, principles, and types of ELISA, and our laboratory experience with 
peptide/protein analyses using ELISA. Peptides, 72, 4-15. 

BACHRACH, H. L. 1968. Foot-and-mouth disease. Annual Reviews in Microbiology, 22, 201-244. 

BACHRACH, H. L., MOORE, D. M., MCKERCHER, P. D. & POLATNICK, J. 1975. Immune and 
antibody responses to an isolated capsid protein of foot-and-mouth disease virus. The Journal of 
Immunology, 115, 1636-1641. 

BARI, F. D., PARIDA, S., TEKLEGHIORGHIS, T., DEKKER, A., SANGULA, A., REEVE, R., 
HAYDON, D. T., PATON, D. J. & MAHAPATRA, M. 2014. Genetic and antigenic characterisation 
of serotype A FMD viruses from East Africa to select new vaccine strains. Vaccine, 32, 5794-
5800. 

BARTELING, S. & MELOEN, R. 1974. A simple method for the quantification of 140 S particles of 
foot-and-mouth disease virus (FMDV). Archiv für die gesamte Virusforschung, 45, 362-364. 

BAXT, B., MORGAN, D., ROBERTSON, B. & TIMPONE, C. 1984. Epitopes on foot-and-mouth 
disease virus outer capsid protein VP1 involved in neutralization and cell attachment. Journal of 
virology, 51, 298-305. 

BAXT, B., VAKHARIA, V., MOORE, D., FRANKE, A. & MORGAN, D. 1989. Analysis of neutralizing 
antigenic sites on the surface of type A12 foot-and-mouth disease virus. Journal of Virology, 63, 
2143-2151. 

BEHURA, M., MOHAPATRA, J. K., PANDEY, L. K., DAS, B., BHATT, M., SUBRAMANIAM, S. & 
PATTNAIK, B. 2016. The carboxy-terminal half of nonstructural protein 3A is not essential for 
foot-and-mouth disease virus replication in cultured cell lines. Archives of virology, 161, 1295-
1305. 

BELIN, M. 1927. Premiere tentative de vaccination antiaphteuse réalisée al’aide des complexes 
vaccino-aphteux. CR Soc. De Biologie Paris, 96, 116. 

BELSHAM, G. 2005. Translation and replication of FMDV RNA. Foot-and-Mouth Disease Virus, 43-
70. 

BELSHAM, G. J. 2020. Towards improvements in foot-and-mouth disease vaccine performance. Acta 
Veterinaria Scandinavica, 62, 1-12. 

BELSHAM, G. J., ABRAMS, C. C., KING, A. M., ROOSIEN, J. & VLAK, J. M. 1991. Myristoylation of 
foot-and-mouth disease virus capsid protein precursors is independent of other viral proteins and 
occurs in both mammalian and insect cells. Journal of general Virology, 72, 747-751. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



39 

BIRTLEY, J. R., KNOX, S. R., JAULENT, A. M., BRICK, P., LEATHERBARROW, R. J. & CURRY, S. 
2005. Crystal structure of foot-and-mouth disease virus 3C protease new insights into catalytic 
mechanism and cleavage specificity. Journal of Biological Chemistry, 280, 11520-11527. 

BOGUSZEWSKA, K., SZEWCZUK, M., URBANIAK, S. & KARWOWSKI, B. T. 2019. immunoassays 
in DNA damage and instability detection. Cellular and molecular life sciences, 76, 4689-4704. 

BREHM, K., KUMAR, N., THULKE, H.-H. & HAAS, B. 2008. High potency vaccines induce protection 
against heterologous challenge with foot-and-mouth disease virus. Vaccine, 26, 1681-1687. 

BROOKSBY, J. 1958. The virus of foot-and-mouth disease. Advances in Virus Research, 5, 1-37. 

BROOKSBY, J. & ROGER, J. 1957. Methods of typing and cultivation of foot and mouth disease 
virus. Project, 208, 31-34. 

BROWN, F. & CRICK, J. 1959. Application of agar-gel diffusion analysis to a study of the antigenic 
structure of inactivated vaccines prepared from the virus of foot-and-mouth disease. The Journal 
of Immunology, 82, 444-447. 

BROWN, F. & NEWMAN, J. 1963. In vitro measurement of the potency of inactivated foot-and-mouth 
disease virus vaccines. Epidemiology & Infection, 61, 345-351. 

BROWN, F., NEWMAN, J., STOTT, J., PORTER, A., FRISBY, D., NEWTON, C., CAREY, N. & 
FELLNER, P. 1974. Poly (Hornbeck) in animal viral RNAs. Nature, 251, 342-344. 

CAPSTICK, P., TELLING, R., CHAPMAN, W. & STEWART, D. L. 1962. Growth of a cloned strain of 
hamster kidney cells in suspended cultures and their susceptibility to the virus of foot-and-mouth 
disease. Nature, 195, 1163-1164. 

CAPSTICK, P., GARLAND, A., CHAPMAN, W. & MASTERS, R. 1965. Production of foot-and-mouth 
disease virus antigen from BHK 21 clone 13 cells grown and infected in deep suspension 
cultures. Nature, 205, 1135-1136. 

CARIDI, F., VÁZQUEZ-CALVO, A., SOBRINO, F. & MARTÍN-ACEBES, M. A. 2015. The pH stability 
of foot-and-mouth disease virus particles is modulated by residues located at the pentameric 
interface and in the N terminus of VP1. Journal of Virology, 89, 5633-5642. 

CARTWRIGHT, B., CHAPMAN, W. & BROWN, F. 1980. Serological and immunological relationships 
between the 146S and 12S particles of foot-and-mouth disease virus. Journal of General Virology, 
50, 369-375. 

CLARKE, B., BROWN, A., CURREY, K., NEWTON, S., ROWLANDS, D. & CARROLL, A. 1987. 
Potential secondary and tertiary structure in the genomic RNA of foot and mouth disease virus. 
Nucleic acids research, 15, 7067-7079. 

COLLEN, T., PULLEN, L. & DOEL, T. 1989. T cell-dependent induction of antibody against foot-and-
mouth disease virus in a mouse model. Journal of General Virology, 70, 395-403. 

COMMISSION, I. O. O. E. B. S. & COMMITTEE, I. O. O. E. I. 2008. Manual of diagnostic tests and 
vaccines for terrestrial animals: mammals, birds and bees, Office international des épizooties. 

CONDA-SHERIDAN, M., LEE, S. S., PRESLAR, A. T. & STUPP, S. I. 2014. Esterase-activated 
release of naproxen from supramolecular nanofibres. Chemical Communications, 50, 13757-
13760. 

CONDY, J., HEDGER, R., HAMBLIN, C. & BARNETT, I. 1985. The duration of the foot-and-mouth 
disease virus carrier state in African buffalo (i) in the individual animal and (ii) in a free-living herd. 
Comparative immunology, microbiology and infectious diseases, 8, 259-265. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



40 

COWAN, K. & GRAVES, J. 1966. A third antigenic component associated with foot-and-mouth 
disease infection. Virology, 30, 528-540. 

CROWTHER, J. 1986. Antigenic structure of foot-and-mouth disease virus. Revue Scientifique Et 
Technique, 5, 299-314. 

CROWTHER, J., RECKZIEGEL, P. & PRADO, J. 1995. Quantification of whole virus particles (146S) 
of foot-and-mouth disease virus in the presence of virus subunits (12S), using monoclonal 
antibodies in a sandwich ELISA. Vaccine, 13, 1064-1075. 

CURRY, S., ABRAMS, C. C., FRY, E., CROWTHER, J. C., BELSHAM, G. J., STUART, D. I. & KING, 
A. 1995. Viral RNA modulates the acid sensitivity of foot-and-mouth disease virus capsids. 
Journal of Virology, 69, 430-438. 

DANTHI, P., TOSTESON, M., LI, Q.-H. & CHOW, M. 2003. Genome delivery and ion channel 
properties are altered in VP4 mutants of poliovirus. Journal of Virology, 77, 5266-5274. 

DAVIE, J. 1964. A complement fixation technique for the quantitative measurement of antigenic 
differences between strains of the virus of foot-and-mouth disease. Epidemiology & Infection, 62, 
401-411. 

DAVIS, M. P., BOTTLEY, G., BEALES, L. P., KILLINGTON, R. A., ROWLANDS, D. J. & TUTHILL, T. 
J. 2008. Recombinant VP4 of human rhinovirus induces permeability in model membranes. 
Journal of Virology, 82, 4169-4174. 

DELGADO, C., ROSEGRANT, M., STEINFELD, H., EHUI, S. & COURBOIS, C. 2001. Livestock to 
2020: The next food revolution. Outlook on Agriculture, 30, 27-29. 

DE QUINTO, S. L. & MARTINEZ-SALAS, E. 1997. Conserved structural motifs located in distal loops 
of aphthovirus internal ribosome entry site domain 3 are required for internal initiation of 
translation. Journal of Virology, 71, 4171-4175. 

DENOYA, C. D., SCODELLER, E. A., VASQUEZ, C. & LA TORRE, J. 1978. Foot and mouth disease 
virus II. Endoribonuclease activity within purified virions. Virology, 89, 67-74. 

DEPA, P., DIMRI, U., SHARMA, M. & TIWARI, R. 2012. Update on epidemiology and control of Foot 
and Mouth Disease-A menace to international trade and global animal enterprise. Veterinary 
world, 5, 693. 

DEVANEY, M., VAKHARIA, V., LLOYD, R., EHRENFELD, E. & GRUBMAN, M. 1988. Leader protein 
of foot-and-mouth disease virus is required for cleavage of the p220 component of the cap-
binding protein complex. Jo Brown urnal of Virology, 62, 4407-4409. 

DIAZ-SAN SEGUNDO, F., MEDINA, G., GRUBMAN, M. & DE LOS SANTOS, T. 2014. Animal health: 
foot-and-mouth disease. Encyclopedia of Agriculture and Food Systems, 327-345. 

DOEL, T. 1999. Optimisation of the immune response to foot-and-mouth disease vaccines. Vaccine, 
17, 1767-1771. 

DOEL, T. 2003. Foot-and-mouth disease vaccines. Virus Research, 91, 81-99. 

DOEL, T. 2005. Natural and vaccine induced immunity to FMD. Foot-and-Mouth Disease Virus, 103-
131. 

DOEL, T. & BACCARINI, P. 1981. Thermal stability of foot-and-mouth disease virus. Archives of 
Virology, 70, 21-32. 

DOEL, T. & CHONG, W. 1982. Comparative immunogenicity of 146S, 75S and 12S particles of foot-
and-mouth disease virus. Archives of Virology, 73, 185-191. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



41 

DOEL, T. & COLLEN, T. 1982. Qualitative assessment of 146 S particles of foot-and-mouth disease 
virus in preparations destined for vaccines. Journal of biological standardization, 10, 69-81. 

DOMINGO, E. & HOLLAND, J. 1997. RNA virus mutations and fitness for survival. Annual review of 
Microbiology, 51, 151-178. 

DORSCH-HÄSLER, K., YOGO, Y. & WIMMER, E. 1975. Replication of picornaviruses. Evidence from 
in vitro RNA synthesis that poly (A) of the poliovirus genome is genetically coded. Journal of 
Virology, 16, 1512-1517. 

ELLIS, P. & PUTT, S. 1981. The Epidemiological and Economic Implica-tions of the Foot and Mouth 
Disease Vaccination Programme in Kenya. Pan Livestock Services. Reading, UK. 

ENGVALL, E. 2010. The ELISA, enzyme-linked immunosorbent assay. Clinical Chemistry, 56, 319-
320. 

ESCARMÍS, C., TOJA, M., MEDINA, M. & DOMINGO, E. 1992. Modifications of the 5' untranslated 
region of foot-and-mouth disease virus after prolonged persistence in cell culture. Virus Research, 
26, 113-125. 

ESPINET, R. G. 1951. Nuevo tipo de vacuna antiaftosa a complejo glucovirico. Gac Vet, 74, 1-13. 

ESTEBAN-TORRES, M., LANDETE, J. M., REVERÓN, I., SANTAMARÍA, L., DE LAS RIVAS, B. & 
MUÑOZ, R. 2015. A Lactobacillus plantarum esterase active on a broad range of phenolic esters. 
Applied and Environmental Microbiology, 81, 3235-3242. 

FAYET, M., FARGEAUD, D., LOUISOT, P., STELLMANN, C. & ROUMIANTZEFF, M. 1971. Physical 
chemical measurement of 140S particles of the foot-and-mouth disease virus.  In Annales de 
l'Institut Pasteur, 1, 107-118.  

FENG, X., MA, J.-W., SUN, S.-Q., GUO, H.-C., YANG, Y.-M., JIN, Y., ZHOU, G.-Q., HE, J.-J., GUO, 
J.-H. & QI, S.-Y. 2016. Quantitative detection of the foot-and-mouth disease virus serotype O 
146S antigen for vaccine production using a double-antibody sandwich ELISA and nonlinear 
standard curves. PloS one, 11, e0149569. 

FORSS, S., STREBEL, K., BECK, E. & SCHALLER, H. 1984. Nucleotide sequence and genome 
organization of foot-and-mouth disease virus. Nucleic Acids Research, 12, 6587-6601. 

FRANCIS, M., OULDRIDGE, E. & BLACK, L. 1983. Antibody response in bovine pharyngeal fluid 
following foot-and-mouth disease vaccination and, or, exposure to live virus. Research in 
Veterinary Science, 35, 206-210. 

FRENKEL, H.S., 1947. Tissue culture of foot and mouth disease virus, using the epithelium of the 
tongue. Bull Off Int Epizoot, 28, 155-162. 

FRY, E. E., NEWMAN, J. W., CURRY, S., NAJJAM, S., JACKSON, T., BLAKEMORE, W., LEA, S. M., 
MILLER, L., BURMAN, A. & KING, A. M. 2005. Structure of Foot-and-mouth disease virus 
serotype A1061 alone and complexed with oligosaccharide receptor: receptor conservation in the 
face of antigenic variation. Journal of General Virology, 86, 1909-1920. 

GAO, Y., SUN, S.-Q. & GUO, H.-C. 2016. Biological function of Foot-and-mouth disease virus non-
structural proteins and non-coding elements. Virology journal, 13, 1-17. 

GARCÍA-NUÑEZ, S., GISMONDI, M. I., KÖNIG, G., BERINSTEIN, A., TABOGA, O., RIEDER, E., 
MARTÍNEZ-SALAS, E. & CARRILLO, E. 2014. Enhanced IRES activity by the 3′ UTR element 
determines the virulence of FMDV isolates. Virology, 448, 303-313. 

GOLDE, W. T., NFON, C. K. & TOKA, F. N. 2008. Immune evasion during foot‐and‐mouth disease 
virus infection of swine. Immunological Reviews, 225, 85-95. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



42 

GOLDE, W. T., PACHECO, J. M., DUQUE, H., DOEL, T., PENFOLD, B., FERMAN, G. S., GREGG, 
D. R. & RODRIGUEZ, L. L. 2005. Vaccination against foot-and-mouth disease virus confers 
complete clinical protection in 7 days and partial protection in 4 days: use in emergency outbreak 
response. Vaccine, 23, 5775-5782. 

GRAZIOLI, S., FERRIS, N. P., DHO, G., PEZZONI, G., MORRIS, A. S., MIOULET, V. & BROCCHI, 
E. 2020. Development and validation of a simplified serotyping ELISA based on monoclonal 
antibodies for the diagnosis of foot‐and‐mouth disease virus serotypes O, A, C and Asia 1. 
Transboundary and Emerging Diseases, 67, 3005-3015. 

GRUBMAN, M. & BAXT, B. 2004. Foot-and-Mouth Disease. Clinical Microbiology Reviews, 17, 465–
493.  

HAN, S.-C., GUO, H.-C. & SUN, S.-Q. 2015. Three-dimensional structure of foot-and-mouth disease 
virus and its biological functions. Archives of Virology, 160, 1-16. 

HARDHAM, J. M., KRUG, P., PACHECO, J. M., THOMPSON, J., DOMINOWSKI, P., MOULIN, V., 
GAY, C. G., RODRIGUEZ, L. L. & RIEDER, E. 2020. Novel Foot-and-Mouth Disease vaccine 
platform: Formulations for safe and DIVA-compatible FMD vaccines with improved potency. 
Frontiers in Veterinary Science, 7, 554305. 

HARMSEN, M., FIJTEN, H., WESTRA, D. & COCO-MARTIN, J. 2011. Effect of thiomersal on 
dissociation of intact (146S) foot-and-mouth disease virions into 12S particles as assessed by 
novel ELISAs specific for either 146S or 12S particles. Vaccine, 29, 2682-2690. 

HARMSEN, M. M., SEAGO, J., PEREZ, E., CHARLESTON, B., EBLÉ, P. L. & DEKKER, A. 2017. 
Isolation of single-domain antibody fragments that preferentially detect intact (146S) particles of 
foot-and-mouth disease virus for use in vaccine quality control. Frontiers in Immunology, 8, 960. 

HARRIS, T. & BROWN, F. 1977. Biochemical analysis of a virulent and an avirulent strain of foot-and-
mouth disease virus. Journal of General Virology, 34, 87-105. 

HENDERSON, W. & GALLOWAY, I. A. 1953. The use of culture virus in the preparation of foot-and-
mouth disease vaccine. Epidemiology & Infection, 51, 546-558. 

HORNBECK, P. 1992. Enzyme‐linked immunosorbent assays. Current Protocols in Immunology, 1, 1-
2. 

HUSSEIN, H. A., KHALIL, S. A. & SAAD, M. A. 2015. Comparative Studies of the Potency of Foot 
and Mouth Disease Virus Trivalent Vaccine with Different Concentration of the Antigenic Content 
(146S). Alexandria Journal for Veterinary Sciences, 45. 

HYSLOP, N. S. G., DAVIE, J. & CARTER, S. P. 1963. Antigenic differences between strains of foot-
and-mouth disease virus of type SAT 1. Epidemiology & Infection, 61, 217-230. 

JAMAL, S. M. & BELSHAM, G. J. 2013. Foot-and-mouth disease: past, present and future. Veterinary 
Research, 44, 1-14. 

JANG, S. K., KRÄUSSLICH, H., NICKLIN, M., DUKE, G., PALMENBERG, A. & WIMMER, E. 1988. A 
segment of the 5'nontranslated region of encephalomyocarditis virus RNA directs internal entry of 
ribosomes during in vitro translation. Journal of Virology, 62, 2636-2643. 

KAMEL, M., EL-SAYED, A. & VAZQUEZ, H. C. 2019. Foot-and-mouth disease vaccines: recent 
updates and future perspectives. Archives of Virology, 164, 1501-1513. 

KATO, K., HAMAGUCHI, Y., OKAWA, S., ISHIKAWA, E., KOBAYASHI, K. & KATUNUMA, N. 1977. 
Use of rabbit antibody IgG bound onto plain and aminoalkylsilyl glass surface for the enzyme-
linked sandwich immunoassay. The Journal of Biochemistry, 82, 261-266. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



43 

KIM, M.-H., YUN, S.-J., KIM, Y.-H., LEE, H.-S., KIM, J.-Y., KIM, J.-Y., KANG, J., KIM, Y.-S. & SEO, 
M.-G. 2020. Evaluation of Quality Control Methods for Foot-And-Mouth Disease Vaccines by 
High-Performance Liquid Chromatography. Pathogens, 9, 194. 

KLUMP, W., MARQUARDT, O. & HOFSCHNEIDER, P. H. 1984. Biologically active protease of foot 
and mouth disease virus is expressed from cloned viral cDNA in Escherichia coli. Proceedings of 
the National Academy of Sciences, 81, 3351-3355. 

KNIGHT-JONES, T. & RUSHTON, J. 2013. The economic impacts of foot and mouth disease–What 
are they, how big are they and where do they occur? Preventive veterinary medicine, 112, 161-
173. 

KNOWLES, N. & SAMUEL, A. 2003. Molecular epidemiology of foot-and-mouth disease virus. Virus 
Research, 91, 65-80. 

KOHL, T. O. & ASCOLI, C. A. 2017. Immunometric double-antibody sandwich enzyme-linked 
immunosorbent assay. Cold Spring Harbor Protocols, 2017, 458-462. 

KRISHNA, G. S., SHANMUGANATHAN, S., MANIKANDAN, R., HOSAMANI, M., BHANUPRAKASH, 
V., SELVAN, R. T., BASAGOUDANAVAR, S. H., SANYAL, A. & SREENIVASA, B. 2019. 
Evaluation of Different Methods for Conversion of Whole Virion Particle (146S) of FMDV into 12S 
Subunits and Application in Characterization of Monoclonal Antibodies. International Journal of 
Current Microbiology and Applied Sciences, 8, 1392-1402. 

LAPORTE, J. 1973. Neutralisation en culture cellulaire du pouvoir infectieux du virus de la fièvre 
aphteuse par des sérums provenant de porcs immunisés à l'aide d'une protéine virale purifiée. 

LEA, S., HERNÉNDEZ, J., BLAKEMORE, W., BROCCHI, E., CURRY, S., DOMINGO, E., FRY, E., 
ABU-GHAZALEH, R., KING, A. & NEWMAN, J. 1994. The structure and antigenicity of a type C 
foot-and-mouth disease virus. Structure, 2, 123-139. 

LEITNER, W. W., YING, H. & RESTIFO, N. P. 1999. DNA and RNA-based vaccines: principles, 
progress and prospects. Vaccine, 18, 765-777. 

LI, H., DEKKER, A., SUN, S., BURMAN, A., KORTEKAAS, J. & HARMSEN, M. M. 2021. Novel 
Capsid-Specific Single-Domain Antibodies with Broad Foot-and-Mouth Disease Strain 
Recognition Reveal Differences in Antigenicity of Virions, Empty Capsids, and Virus-Like 
Particles. Vaccines, 9, 620. 

LI, G., LI, Y., YAN, W., XU, Q., WU, Y., XIE, Y., YOU, Y. & ZHENG, Z. 2001. CpG DNA enhances the 
immune responses elicited by the DNA vaccine against foot-and-mouth disease virus in guinea 
pigs. Chinese Science Bulletin, 46, 1376-1379. 

LIANG, T., YANG, D., LIU, M., SUN, C., WANG, F., WANG, J., WANG, H., SONG, S., ZHOU, G. & 
YU, L. 2014. Selection and characterization of an acid-resistant mutant of serotype O foot-and-
mouth disease virus. Archives of Virology, 159, 657-667. 

LOEFFLER, F. & FROSCH, P. 1897. Summarischer bericht uber die ergebnisse der untersuchungen 
zur erforschung der maul-und klauenseuche. Zentbl. Bakteriol. Parasitenkd Abt. I, 22, 257-259. 

LOMBARD, M. & FÜSSEL, A. 2007. Antigen and vaccine banks: technical requirements and the role 
of the european antigen bank in emergency foot and mouth disease vaccination. Revue 
Scientifique et Technique (International Office of Epizootics), 26, 117-134. 

LOMBARD, M., PASTORET, P.-P. & MOULIN, A. 2007. A brief history of vaccines and vaccination. 
Revue Scientifique et Technique-Office International des Epizooties, 26, 29-48. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



44 

LÓPEZ DE QUINTO, S., SÁIZ, M., DE LA MORENA, D., SOBRINO, F. & MARTÍNEZ‐SALAS, E. 
2002. IRES‐driven translation is stimulated separately by the FMDV 3′‐NCR and poly (A) 
sequences. Nucleic Acids Research, 30, 4398-4405. 

MACPHERSON, I. & STOKER, M. 1962. Polyoma transformation of hamster cell clones—an 
investigation of genetic factors affecting cell competence. Virology, 16, 147-151. 

MAHAPATRA, M. & PARIDA, S. 2018. Foot and mouth disease vaccine strain selection: current 
approaches and future perspectives. Expert review of vaccines, 17, 577-591. 

MARTÍN-ACEBES, M. A., RINCÓN, V., ARMAS-PORTELA, R., MATEU, M. G. & SOBRINO, F. 2010. 
A single amino acid substitution in the capsid of foot-and-mouth disease virus can increase acid 
lability and confer resistance to acid-dependent uncoating inhibition. Journal of Virology, 84, 
2902-2912. 

MARTÍN-ACEBES, M. A., VÁZQUEZ-CALVO, Á., RINCÓN, V., MATEU, M. G. & SOBRINO, F. 2011. 
A single amino acid substitution in the capsid of foot-and-mouth disease virus can increase acid 
resistance. Journal of Virology, 85, 2733-2740. 

MASON, P., PICCONE, M., MCKENNA, T. S.-C., CHINSANGARAM, J. & GRUBMAN, M. 1997. 
Evaluation of a live-attenuated foot-and-mouth disease virus as a vaccine candidate. Virology, 
227, 96-102. 

MASON, P. W., BEZBORODOVA, S. V. & HENRY, T. M. 2002. Identification and characterization of a 
cis-acting replication element (cre) adjacent to the internal ribosome entry site of foot-and-mouth 
disease virus. Journal of Virology, 76, 9686-9694. 

MASON, P. W., GRUBMAN, M. J. & BAXT, B. 2003. Molecular basis of pathogenesis of FMDV. Virus 
Research, 91, 9-32. 

Martín-Acebes, R., LUNA, E., RINCÓN, V. & MATEU, M. G. 2008. Engineering viable foot-and-mouth 
disease viruses with increased thermostability as a step in the development of improved vaccines. 
Journal of Virology, 82, 12232-12240. 

MCCULLOUGH, K., CROWTHER, J., CARPENTER, W., BROCCHI, E., CAPUCCI, L., DE SIMONE, 
F., XIE, Q. & MCCAHON, D. 1987. Epitopes on foot-and-mouth disease virus particles I. 
Topology. Virology, 157, 516-525. 

MCCULLOUGH, K. C., BRUCKNER, L., SCHAFFNER, R., FRAEFEL, W., MÜLLER, H. K. & KIHM, 
U. 1992. Relationship between the anti-FMD virus antibody reaction as measured by different 
assays, and protection in vivo against challenge infection. Veterinary Microbiology, 30, 99-112. 

MCKENNA, T., LUBROTH, J., RIEDER, E., BAXT, B. & MASON, P. W. 1995. Receptor binding site-
deleted foot-and-mouth disease (FMD) virus protects cattle from FMD. Journal of virology, 69, 
5787-5790. 

MCKNIGHT, K. L. & LEMON, S. M. 1996. Capsid coding sequence is required for efficient replication 
of human rhinovirus 14 RNA. Journal of Virology, 70, 1941-1952. 

MCKNIGHT, K. L. & LEMON, S. M. 1998. The rhinovirus type 14 genome contains an internally 
located RNA structure that is required for viral replication. Rna, 4, 1569-1584. 

MITTAL, M., TOSH, C., HEMADRI, D., SANYAL, A. & BANDYOPADHYAY, S. 2005. Phylogeny, 
genome evolution, and antigenic variability among endemic foot-and-mouth disease virus type A 
isolates from India. Archives of Virology, 150, 911-928. 

MOWAT, G. & CHAPMAN, W. 1962. Growth of foot-and-mouth disease virus in a fibroblastic cell line 
derived from hamster kidneys. Nature, 194, 253-255. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



45 

MULCAHY, G., GALE, C., ROBERTSON, P., IYISAN, S., DIMARCHI, R. & DOEL, T. 1990. Isotype 
responses of infected, virus-vaccinated and peptide-vaccinated cattle to foot-and-mouth disease 
virus. Vaccine, 8, 249-256. 

NAYAK, A., GOODFELLOW, I. G. & BELSHAM, G. J. 2005. Factors required for the uridylylation of 
the foot-and-mouth disease virus 3B1, 3B2, and 3B3 peptides by the RNA-dependent RNA 
polymerase (3Dpol) in vitro. Journal of Virology, 79, 7698-7706. 

NAYAK, A., GOODFELLOW, I. G., WOOLAWAY, K. E., BIRTLEY, J., CURRY, S. & BELSHAM, G. J. 
2006. Role of RNA structure and RNA binding activity of foot-and-mouth disease virus 3C protein 
in VPg uridylylation and virus replication. Journal of Virology, 80, 9865-9875. 

NEETA, L. & TAYO, T. 2012. Antigenic variation of foot and mouth disease virus: an overview. North-
East Veterinarian, 12, 11-18. 

O'DONNELL, V., LAROCCO, M., DUQUE, H. & BAXT, B. 2005. Analysis of foot-and-mouth disease 
virus internalization events in cultured cells. Journal of virology, 79, 8506-8518. 

PARIDA, S. 2009. Vaccination against foot-and-mouth disease virus: strategies and effectiveness. 
Expert Review of Vaccines, 8, 347-365. 

PARK, J.-H. 2013. Requirements for improved vaccines against foot-and-mouth disease epidemics. 
Clinical and Experimental Vaccine Research, 2, 8-18. 

PATON, D. J., GUBBINS, S. & KING, D. P. 2018. Understanding the transmission of foot-and-mouth 
disease virus at different scales. Current opinion in virology, 28, 85-91. 

PATON, D. J., DI NARDO, A., KNOWLES, N. J., WADSWORTH, J., PITUCO, E. M., COSIVI, O., 
RIVERA, A. M., KASSIMI, L. B., BROCCHI, E. & DE CLERCQ, K. 2021. The history of foot-and-
mouth disease virus serotype C: the first known extinct serotype? Virus Evolution, 7, veab009. 

PATON, D.J., VALARCHER, J., BERGMANN, I., MATLHO, O.G., ZAKHAROV, V.M., PALMA, E.L. 
and THOMSON, G.R., 2005. Selection of foot and mouth disease vaccine strains-a review. Revue 
scientifique et technique-Office international des épizooties, 24, p.981. 

PAUL, A. V. & WIMMER, E. 2015. Initiation of protein-primed picornavirus RNA synthesis. Virus 
Research, 206, 12-26. 

PAY, T. & HINGLEY, P. 1987. Correlation of 140S antigen dose with the serum neutralizing antibody 
response and the level of protection induced in cattle by foot-and-mouth disease vaccines. 
Vaccine, 5, 60-64. 

PEREIRA, H. 1976. Subtyping of foot-and-mouth disease virus. Developments in Biological 
Standardization, 35, 167-174. 

PEREIRA, H. 1981. Foot-and-mouth disease. Virus Diseases of Food Animals, 333-363. 

PISETSKY, D. S. 1998. Antibody responses to DNA in normal immunity and aberrant immunity. 
Clinical and Diagnostic Laboratory Immunology, 5, 1-6. 

PÖYRY, T. A. & JACKSON, R. J. 2011. Mechanisms governing the selection of translation initiation 
sites on foot-and-mouth disease virus RNA. Journal of Virology, 85, 10178-10188. 

RAI, D. K., DIAZ-SAN SEGUNDO, F., CAMPAGNOLA, G., KEITH, A., SCHAFER, E. A., KLOC, A., 
DE LOS SANTOS, T., PEERSEN, O. & RIEDER, E. 2017. Attenuation of foot-and-mouth disease 
-virus by engineered viral polymerase fidelity. Journal of Virology, 91, 00081-17. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



46 

RAO, M. G., BUTCHAIAH, G. & SEN, A. 1994. Antibody response to 146S particle, 12S protein 
subunit and isolated VP1 polypeptide of foot-and-mouth disease virus type Asia-1. Veterinary 
Microbiology, 39, 135-143. 

RIGDEN, R. C., CARRASCO, C. P., SUMMERFIELD, A. & MCCULLOUGH, K. C. 2002. Macrophage 
phagocytosis of foot‐and‐mouth disease virus may create infectious carriers. Immunology, 106, 
537-548. 

RINCÓN, V., RODRÍGUEZ-HUETE, A., LÓPEZ-ARGÜELLO, S., IBARRA-MOLERO, B., SANCHEZ-
RUIZ, J. M., HARMSEN, M. M. & MATEU, M. G. 2014. Identification of the structural basis of 
thermal lability of a virus provides a rationale for improved vaccines. Structure, 22, 1560-1570. 

ROBIOLO, B., LA TORRE, J., MARADEI, E., BEASCOECHEA, C. P., PEREZ, A., SEKI, C., 
SMITSAART, E., FONDEVILA, N., PALMA, E. & GORIS, N. 2010. Confidence in indirect 
assessment of foot-and-mouth disease vaccine potency and vaccine matching carried out by 
liquid phase ELISA and virus neutralization tests. Vaccine, 28, 6235-6241. 

ROBIOLO, B., SEKI, C., FONDEVILLA, N., GRIGERA, P., SCODELLER, E., PERIOLO, O., LA 
TORRE, J. & MATTION, N. 2006. Analysis of the immune response to FMDV structural and non-
structural proteins in cattle in Argentina by the combined use of liquid phase and 3ABC-ELISA 
tests. Vaccine, 24, 997-1008. 

ROBSON, K. J., HARRIS, T. & BROWN, F. 1977. An assessment by competition hybridization of the 
sequence homology between the RNAs of the seven serotypes of FMDV. Journal of General 
Virology, 37, 271-276. 

RODRIGUEZ, L. L. & GAY, C. G. 2011. Development of vaccines toward the global control and 
eradication of foot-and-mouth disease. Expert review of vaccines, 10, 377-387. 

RWEYEMAMU, M., BLACK, L., NICHOLLS, M., BASARAB, O. & O'REILLY, K. The response of cattle 
to FMD vaccination [foot-and-mouth disease virus, vaccines, antigen 140S]. In 16. Conference de 
la Commission Pour l'etude de la Fievre Aphteuse. Paris (France). 14-17 Sep 1982., 1982. 

RWEYEMAMU, M., ROEDER, P., MACKAY, D., SUMPTION, K., BROWNLIE, J., LEFORBAN, Y., 
VALARCHER, J. F., KNOWLES, N. & SARAIVA, V. 2008. Epidemiological patterns of foot‐and‐
mouth disease worldwide. Transboundary and Emerging Diseases, 55, 57-72. 

SAIZ, J., GONZALEZ, M., BORCA, M., SOBRINO, F. & MOORE, D. 1991. Identification of 
neutralizing antigenic sites on VP1 and VP2 of type A5 foot-and-mouth disease virus, defined by 
neutralization-resistant variants. Journal of Virology, 65, 2518-2524. 

SAIZ, M., GOMEZ, S., MARTINEZ-SALAS, E. & SOBRINO, F. 2001. Deletion or substitution of the 
aphthovirus 3′ NCR abrogates infectivity and virus replication. Journal of General Virology, 82, 93-
101. 

SÁIZ, M., NÚÑEZ, J. I., JIMENEZ-CLAVERO, M. A., BARANOWSKI, E. & SOBRINO, F. 2002. Foot-
and-mouth disease virus: biology and prospects for disease control. Microbes and Infection, 4, 
1183-1192. 

SALT, J. 1993. The carrier state in foot and mouth disease an immunological review. British 
Veterinary Journal, 149, 207-223. 

SALT, J., MULCAHY, G. & KITCHING, R. 1996. Isotype-specific antibody responses to foot-and-
mouth disease virus in sera and secretions of ‘carrier’and ‘non-carrier’cattle. Epidemiology & 
Infection, 117, 349-360. 

SANGAR, D., ROWLANDS, D., HARRIS, T. & BROWN, F. 1977. Protein covalently linked to foot-
and-mouth disease virus RNA. Nature, 268, 648-650. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



47 

SANGULA, A. 2006. Foot-and-Mouth disease serotypes SAT1 and SAT2 Epidemiology in East Africa. 
Food and Agriculture Organisation of the United Nations: Foot and Mouth Disease Laboratory, 
Embakasi-Kenya Available at: 
http://www.fao.org/AG/AGAInfo/commissions/en/documents/reports/paphos/App18.pdf [Accessed 
11 February, 2016]. Strohmaier 

SANGULA, A., SIEGISMUND, H. R., BELSHAM, G., BALINDA, S., MASEMBE, C. & MUWANIKA, V. 
2011. Low diversity of foot-and-mouth disease serotype C virus in Kenya: evidence for probable 
vaccine strain re-introductions in the field. Epidemiology & Infection, 139, 189-196. 

SERRANO, P., PULIDO, M. R., SAIZ, M. & MARTÍNEZ-SALAS, E. 2006. The 3′ end of the foot-and-
mouth disease virus genome establishes two distinct long-range RNA–RNA interactions with the 
5′ end region. Journal of General Virology, 87, 3013-3022. 

SHAO, J.-J., WONG, C. K., LIN, T., LEE, S. K., CONG, G.-Z., SIN, F. W. Y., DU, J.-Z., GAO, S.-D., 
LIU, X.-T. & CAI, X.-P. 2011. Promising multiple-epitope recombinant vaccine against foot-and-
mouth disease virus type O in swine. Clinical and Vaccine Immunology, 18, 143-149. 

SOBRINO, F., SÁIZ, M., JIMÉNEZ-CLAVERO, M. A., NÚÑEZ, J. I., ROSAS, M. F., BARANOWSKI, 
E. & LEY, V. 2001. Foot-and-mouth disease virus: a long known virus, but a current threat. 
Veterinary Research, 32, 1-30. 

SPITTELER, M. A., FERNÁNDEZ, I., SCHABES, E., KRIMER, A., RÉGULIER, E. G., GUINZBURG, 
M., SMITSAART, E. & LEVY, M. S. 2011. Foot and mouth disease (FMD) virus: quantification of 
whole virus particles during the vaccine manufacturing process by size exclusion 
chromatography. Vaccine, 29, 7182-7187. 

STREBEL, K. & BECK, E. 1986. A second protease of foot-and-mouth disease virus. Journal of 
Virology, 58, 893-899. 

STROHMAIER, K., FRANZE, R. T. & ADAM, K.-H. 1982. Location and characterization of the 
antigenic portion of the FMDV immunizing protein. Journal of General Virology, 59, 295-306. 

SUTMOLLER, P., BARTELING, S. S., OLASCOAGA, R. C. & SUMPTION, K. J. 2003. Control and 
eradication of foot-and-mouth disease. Virus research, 91, 101-144. 

TABATABAEI, M. S. & AHMED, M. 2022. Enzyme-linked immunosorbent assay (ELISA). Cancer Cell 
Biology: Methods and Protocols. Springer. 

TAKAMATSU, H.-H., DENYER, M., STIRLING, C., COX, S., AGGARWAL, N., DASH, P., WILEMAN, 
T. & BARNETT, P. 2006. Porcine γδ T cells: possible roles on the innate and adaptive immune 
responses following virus infection. Veterinary Immunology and Immunopathology, 112, 49-61. 

TANG, H., LIU, X., FANG, Y., PAN, L., ZHANG, Z., ZHOU, P., LV, J., JIANG, S., HU, W. & ZHANG, 
P. 2012. Advances in studies on vaccines of Foot-and-mouth Disease. Asian Journal of Animal 
and Veterinary Advances, 7, 1245-1254. 

TELLING, R. & ELSWORTH, R. 1965. Submerged culture of hamster kidney cells in a stainless steel 
vessel. Biotechnology and Bioengineering, 7, 417-434. 

THOMAS, A., WOORTMEIJER, R., BARTELING, S. & MELOEN, R. 1988a. Evidence for more than 
one important, neutralizing site on foot-and-mouth disease virus. Archives of Virology, 99, 237-
242. 

THOMAS, A., WOORTMEIJER, R., PUIJK, W. & BARTELING, S. 1988b. Antigenic sites on foot-and-
mouth disease virus type A10. Journal of Virology, 62, 2782-2789. 

THOMSON, G., VOSLOO, W., ESTERHUYSEN, J. & BENGIS, R. 1992. Maintenance of foot and 
mouth disease viruses in buffalo (Syncerus caffer Sparrman, 1779) in southern Africa. REVUE 
SCIENTIFIQUE ET TECHNIQUE-OFFICE INTERNATIONAL DES EPIZOOTIES, 11, 1097-1097. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



48 

TUTHILL, T. J., GROPPELLI, E., HOGLE, J. M. & ROWLANDS, D. J. 2010. Picornaviruses. Cell 
Entry by Non-Enveloped Viruses, 43-89. 

VAKHARIA, V. N., DEVANEY, M. A., MOORE, D. M., DUNN, J. J. & GRUBMAN, M. J. 1987. 
Proteolytic processing of foot-and-mouth disease virus polyproteins expressed in a cell-free 
system from clone-derived transcripts. Journal of Virology, 61, 3199-3207. 

VALLÉE, H. & CARRÉ, H. 1922. Sur la pluralité du virus aphteux. Comptes rendus de l'Académie des 
sciences, 174, 1498-1500. 

VALLÉE, H., CARRÉ, H. & RINJARD, P. 1926. Sur l’immunisation anti-aphteuse par le virus formolé. 
Revue de Medecine Veterinaire, 35, 129-134. 

VAN MAANEN, C. & TERPSTRA, C. 1990. Quantification of intact 146S foot-and-mouth disease 
antigen for vaccine production by a double antibody sandwich ELISA using monoclonal 
antibodies. Biologicals, 18, 315-319. 

VASQUEZ, C., DENOYA, C. D., LA TORRE, J. & PALMA, E. L. 1979. Structure of foot-and-mouth 
disease virus capsid. Virology, 97, 195-200. 

VÁZQUEZ-CALVO, A., CARIDI, F., Sobrino, F. & MARTÍN-ACEBES, M. A. 2014. An increase in acid 
resistance of foot-and-mouth disease virus capsid is mediated by a tyrosine replacement of the 
VP2 histidine previously associated with VP0 cleavage. Journal of Virology, 88, 3039-3042. 

VIANNA FILHO, Y., ASTUDILLO, V., GOMES, I., FERNANDEZ, G., ROZAS, C., RAVISON, J. & 
ALONSO, A. 1993. Potency control of foot-and-mouth disease vaccine in cattle. Comparison of 
the 50% protective dose and the protection against generalization. Vaccine, 11, 1424-1428. 

WALDMANN, O., KOBE, K. & PYL, G. 1937. Die aktive immunisierung des rindes gegen Maul-und 
Klauenseuche mittels formolimpfstoff. Zentbl. Bakteriol. Parasitenkd. Infektkhrankh, 138, 401-412. 

WALDMANN, O. & TRAUTWEIN, K. 1926. Experimentelle Untersuchungen über die Pluralität des 
Maul-und Klauenseuchevirus. Berliner und Münchener Tierärztliche Wochenschrift., 42, 569-571. 

WEKESA, S. N., SANGULA, A. K., BELSHAM, G. J., TJORNEHOJ, K., MUWANIKA, V. B., GAKUYA, 
F., MIJELE, D. & SIEGISMUND, H. R. 2015. Characterisation of recent foot-and-mouth disease 
viruses from African buffalo (Syncerus caffer) and cattle in Kenya is consistent with independent 
virus populations. BMC veterinary research, 11, 1-15. 

WILD, T., BURROUGHS, J. & BROWN, F. 1969. Surface structure of foot-and-mouth disease virus. 
Journal of General Virology, 4, 313-320. 

YANG, M., HOLLAND, H. & CLAVIJO, A. 2008. Production of monoclonal antibodies against whole 
virus particles of foot-and-mouth disease virus serotype O and A and their potential use in 
quantification of intact virus for vaccine manufacture. Vaccine, 26, 3377-3382. 

YANG, T., LI, H., YUE, L., SONG, X., XIE, T., MA, S., MENG, H., ZHANG, Y., HE, X. & LONG, R. 
2017. A comparative study of multiple clinical enterovirus 71 isolates and evaluation of cross 
protection of inactivated vaccine strain FY-23 KB in vitro. Virology Journal, 14, 1-8. 

YUAN, H., LI, P., BAO, H., SUN, P., BAI, X., BAI, Q., LI, N., MA, X., CAO, Y. & FU, Y. 2020. 
Engineering viable foot-and-mouth disease viruses with increased acid stability facilitate the 
development of improved vaccines. Applied Microbiology and Biotechnology, 104, 1683-1694. 

YUAN, H., LI, P., MA, X., LU, Z., SUN, P., BAI, X., ZHANG, J., BAO, H., CAO, Y. & LI, D. 2017. The 
pH stability of foot-and-mouth disease virus. Virology Journal, 14, 1-10. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



49 

ZELL, R., DELWART, E., GORBALENYA, A., HOVI, T., KING, A., KNOWLES, N., LINDBERG, A. M., 
PALLANSCH, M., PALMENBERG, A. & REUTER, G. 2017. ICTV virus taxonomy profile: 
Picornaviridae. The Journal of General Virology, 98, 2421. 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



50 

 APPENDIX 

7.1. Section 20 permit 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



51 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



52 

7.2. Research ethics approval 

 
 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 


	CHAPTER 1. INTRODUCTION
	1.1. Introduction
	1.2. Foot and mouth disease history
	1.3. Overview of foot-and-mouth disease virus
	1.3.1. Structure and genome
	1.3.2. Serotypes and distribution
	1.3.3. FMDV antigenicity
	1.3.4. FMDV stability and dissociation

	1.4. FMDV vaccination
	1.4.1. Vaccine history
	1.4.2. Vaccine types
	1.4.3. Vaccine advantages and limitations
	1.4.4. Vaccine potency
	1.4.5. Vaccine immunity
	1.4.6. FMDV diagnosis

	1.5. Problem statement
	1.6. Research question
	1.7. Aims
	1.8. Objectives

	CHAPTER 2. MATERIALS AND METHODS
	2.1. Production of FMDV 146S antigen
	2.1.1. Cell culture preparation
	2.1.2. Virus propagation in cell culture
	2.1.2.1. Propagation of FMDV SAT-1 and SAT-2 viral serotypes
	2.1.2.2. The 146S antigen particle dissociation design of both SAT-1 & 2 serotypes
	2.1.2.3. The 146S antigen particle determination by SDG of both SAT-1 & 2 serotypes


	2.2. Development of a polyclonal antigen-based DAS-ELISA
	2.2.1. Coating of microtitre plates with the capture antibody
	2.2.2. Preparation of the detection antibody
	2.2.3. DAS-ELISA sample testing design
	2.2.4. Polyclonal DAS-ELISA for FMDV SAT-1 and 2 antigen quantification

	2.3. Data analysis

	CHAPTER 3. RESULTS
	3.1. FMDV SAT-1 serotype
	3.1.1. The intact 146S antigen quantification by sucrose density gradient fractionation
	3.1.2. Polyclonal antigen-based double-antibody sandwich ELISA.

	3.2. FMDV SAT-2 serotype.
	3.2.1. The intact 146S antigen quantification by sucrose density gradient fractionation
	3.2.2. Polyclonal antigen-based double-antibody sandwich ELISA.


	CHAPTER 4. DISCUSSION
	CHAPTER 5. CONCLUSION AND RECOMMENDATIONS
	CHAPTER 6. REFERENCES
	CHAPTER 7. APPENDIX
	7.1. Section 20 permit
	7.2. Research ethics approval




