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“It is not the place of science to insist on explanation – but only to observe, in 

hopes that the explanation will manifest itself.” 

- Lawrence Stern in Voyager, Chapter 62, Diana Gabaldon - 
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CPE       cytopathic effect  

ERAV      Equine rhinitis A virus  

EC      extracellular 

ECM       extracellular matrix  

FBS      fetal bovine serum 

FMD      Foot-and-mouth disease  

FMDV      Foot-and-mouth disease virus 

h      hour 

HS      heparan sulfate 

HSPG       heparan sulfate proteoglycan 

IC      intracellular 

IRES      internal ribosome entry site  

JMJD6      Jumonji C-domain containing protein 6  

MEM      Eagle’s Minimum Essential Medium  

MKS      Maul- und Klauenseuche  

MKSV      Maul- und Klauenseuche Virus 

NSP       non-structural proteins 

OIE       Office International des Epizooties / 

World Organization for Animal Health  

ORF       open reading frame  

RGD       arginine-glycine-aspartic acid  



List of abbreviations 
 

 
II 

RNA      ribonucleic acid 

RT-PCR     reverse transcription-polymerase chain reaction 

S      Svedberg unit 

SAT       Southern African Territories 

TCID50     50% tissue culture infectious dose 

UTR      untranslated region 

VNT      virus neutralization test 

VP       virus protein 

VPg       viral genome-linked protein 

WRLFMD      World Reference Laboratory for FMD  

 

 



Summary 
 

 
III 

Summary  

Foot-and-mouth disease virus (FMDV) is a positive-sense RNA virus of the family 

Picornaviridae that comprises of seven serotypes and is distinguished by a high contagiosity 

with the ability of rapid spread. Strategies for abatement and control are based on an early 

detection, quick initiation of retaliatory actions and mass vaccinations. Therefore, aim of the 

study was the development of a fast and easy method for genome sequencing as well as an 

investigation into the causes, why some cell lines that are mainly used for vaccine production, 

are resistant towards FMDV infection. Finally, adaptive sequence changes in different cell 

culture systems and associated effects on particle stability and immunogenicity were 

examined.  

In case of an outbreak it is of major importance to detect and rapidly characterize the 

circulating virus isolate to choose an appropriate vaccine to minimize the viral spread. In 

addition, comprehensive genome analysis of the outbreak strain provides information about 

the origin of the virus and allows molecular epidemiology. A universal primer set, covering 

most parts of the open reading frame of the viral genome, was developed to perform quick 

sequence analyses, independently of the viral serotype (Paper I). Especially in endemic 

regions, vaccination of susceptible animal species is the main action to combat foot-and-

mouth disease (FMD) in an acute outbreak situation as well as a preventive measure. Reasons, 

why some baby hamster kidney (BHK) cell lines are resistant towards an infection with 

FMDV, were examined in a second study that narrowed down the cause for this phenomenon 

to an impaired attachment of the virus to the cell surface. Furthermore, an alternative 

approach could be developed to successfully adapt the virus to the resistant vaccine-

production cell line by using a FMDV-sensitive “wet-nurse” cell line (Paper II). Adaptive 

changes in the capsid-coding region of the viral genome caused through cultivation and 

passaging of the virus in different BHK cell systems were the topics of the third study. It was 

shown that capsid alterations are rather serotype-specific and dependent on the cell line used 

than influenced by the cell media. Viral titers and neutralization profiles of the adapted 

isolates were not affected compared to the original viruses (Paper III).  

Overall, this work expanded our knowledge on the control and eradication of FMD and will 

support the global effort to combat the disease. 
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Zusammenfassung 

Das Maul- und Klauenseuche-Virus (MKSV) ist ein positiv-strängiges RNA-Virus aus der 

Familie der Picornaviridae, das sich in sieben Serotypen unterteilt und sich durch eine sehr 

hohe Kontagiosität für Klauentiere mit der Fähigkeit zur rasanten Ausbreitung auszeichnet. 

Strategien zur Bekämpfung und Kontrolle basieren auf einer frühzeitigen Erkennung akuter 

Infektionsausbrüche, schneller Einleitung von Gegenmaßnahmen und Massenvakzinierungen. 

Ziel dieser Arbeit war es daher, eine schnelle und einfache Methode zur Genomsequenzierung 

zu entwickeln sowie die Gründe zu untersuchen, warum einige Zelllinien, die hauptsächlich 

zur Impfstoffherstellung eingesetzt werden, sich als resistent gegenüber Infektionen mit 

MKSV erweisen. Des Weiteren wurden adaptive Sequenzveränderungen in verschiedenen 

Zellkultursystemen untersucht und die damit verbundenen Auswirkungen auf die 

Partikelstabilität und Immunogenität.  

Im Falle eines Ausbruchs ist die schnelle Detektion und Charakterisierung des zirkulierenden 

Virusisolates von großer Bedeutung, um einen passenden Impfstoff auszuwählen, der die 

weitere Ausbreitung des Virus eindämmt. Zusätzlich geben umfassende Sequenzanalysen des 

Ausbruchstammes Auskunft über dessen Herkunft und ermöglichen 

molekularepidemiologische Untersuchungen. Um solche Sequenzierungen schnell und 

einfach durchführen zu können, wurde ein universelles Primerset entwickelt, das den 

überwiegenden Bereich des offenen Leserahmens im Virusgenom abdeckt und Serotyp-

unabhängig einsetzbar ist (Paper I). Des Weiteren zählt die Impfung empfänglicher Tierarten 

zu den Hauptpfeilern der Maul- und Klauenseuche (MKS)-Bekämpfung, sowohl im Falle 

eines akuten Ausbruchsgeschehens als auch als vorbeugende Maßnahme in Endemiegebieten. 

Baby Hamster Kidney (BHK)-Zelllinien sind dabei die üblicherweise zur Impfstoffproduktion 

verwendeten Zellen. Gründe, warum sich einige BHK-Zelllinien als resistent gegenüber einer 

Infektion mit MKSV erweisen, wurden in einer zweiten Studie auf die Virusanheftung an die 

Zelle eingrenzt. Zudem wurde ein alternativer Lösungsweg entwickelt, wie das MKSV mittels 

einer MKSV-sensitiven „Ammenzelle“ erfolgreich auf eine resistente Produktionszelllinie 

adaptiert werden kann (Paper II). Darüber hinaus wurden in einer dritten Studie adaptive 

Änderungen in der kapsidkodierenden Region des Virusgenoms durch Kultivierung und 

Passagierung des Virus in verschiedenen BHK-Zellsystemen untersucht. Es zeigte sich, dass 

auftretende Kapsidveränderungen serotypspezifisch zu sein scheinen und durch die 

verwendete BHK-Zelllinie beeinflusst werden, während das verwendete Zellmedium eine 
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untergeordnete Rolle spielt. Virustiter und Neutralisationsprofil der adaptierten Virusisolate 

unterschieden sich nicht von denen der Ausgangsisolate (Paper III).  

Zusammenfassend erweitert diese Arbeit unsere Kenntnis in unterschiedlichen Bereichen der 

MKS-Bekämpfung und unterstützt somit die weltweiten Bemühungen zur Ausrottung dieser 

Erkrankung. 
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1. Introduction 

1.1 Taxonomy and classification of foot-and-mouth disease virus (FMDV) 

FMDV belongs to the order Picornavirales, family Picornaviridae (Grubman and Baxt, 2004; 

Zell et al., 2017). Next to the species Bovine rhinitis A virus (BRAV), Bovine rhinitis B virus 

(BRBV) and Equine rhinitis A virus (ERAV), FMDV belongs to the genus Aphthovirus (Zell 

et al., 2017). It is the type species, eponymous for the genus (aphtho: from the Greek word 

“aphthae”, which can be translated as "vesicles in the mouth") (Zell et al., 2017). FMDV is 

classified into seven serotypes, which can be differentiated from each other by their antigenic 

characteristics (Jamal and Belsham, 2013; Knowles and Samuel, 2003). Serotype O (“Oise”) 

and serotype A (“Allemagne”) were named after their place of origin by Vallée and Carré, 

who first identified these serotypes (Vallée and Carré, 1922). In 1926 a third serotype, 

serotype C, was discovered (Waldmann and Trautwein, 1926). Three further serotypes, 

Southern African Territories 1 to 3 (SAT 1-3) (Brooksby, 1958) and the seventh serotype, 

Asia-1, were designated after their primary area of circulation (Dhanda et al., 1957). Based on 

the percentage of nucleotide differences in the virus protein 1 (VP1)-coding gene, each 

serotype can be additionally split into distinct genetic lineages, strains and geographically 

clustered topotypes (Ayelet et al., 2009; Knowles and Samuel, 2003). 

 

1.2 Virion and genome structure 

The virion is a sphere-shaped icosahedron without a lipid envelope, approximately 25 to 30 

nm in diameter with a smooth surface that distinguishes it from other picornaviruses (Acharya 

et al., 1989; Han et al., 2015). The capsid is composed of four proteins, named virus protein 

(VP) 1, VP2, VP3 and VP4 (Carrillo et al., 2005; Han et al., 2015). While VP1, VP2 and VP3 

are exposed at the outer surface, VP4 is located inside the protein shell (Acharya et al., 1989; 

Domingo et al., 2002). Each VP composes of an eight-stranded beta-sandwich with the single 

strands labeled B, I, D, G, C, H, E and F (Mateu, 1995). The connecting loops are termed 

after the beta-strand they are connecting (Mateu, 1995). While the antigenic sites vary among 

serotypes, there is one major antigenic site located within the G-H loop of VP1 that is 

common to all serotypes (Grubman and Baxt, 2004; Mateu, 1995). It consists of three amino 

acids: arginine, glycine and aspartic acid (RGD) (Domingo et al., 2002; Grubman and Baxt, 

2004) and fulfills a dual purpose: the RGD motif functions not only in antibody binding; it 

also recognizes integrins as cellular receptors for FMDV (Alcala et al., 2001; Berinstein et al., 

1995; Domingo et al., 2002). The assembly of the viral capsid is made of one copy of each 
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structural protein that forms a protomer. In the following, five protomers build a pentamer and 

the whole capsid comprises 12 pentamers or 60 protomers (Domingo et al., 2002; Han et al., 

2015) (Figure 1).  

 

 

Figure 1: Icosahedrally structured FMDV particle. The assembled virus particle (A) is built of 12 identical 

pentameric subunits (B). Each pentamer contains five identical protomers (C) that are made of the outer capsid 

proteins VP1 (blue), VP2 (green) and VP3 (red), while VP4 (yellow) is located inside.  

The figure was made using the X-ray crystal structures of O1 Manisa (Logan et al., 1993) (1FOD) as template, 

edited with the UCSF Chimera package (Pettersen et al., 2004) and the embedded software from the MSMS 

package (Sanner et al., 1996). Chimera was developed by the Resource for Biocomputing, Visualization, and 

Informatics at the University of California, San Francisco, USA (supported by NIGMS P41-GM103311). 

 

A hole at the fivefold axis enables the entry of small molecules like caesium ions, resulting in 

the highest buoyant density among the picornaviruses (Acharya et al., 1989; Grubman and 

Baxt, 2004). When sedimenting a FMDV preparation through a sucrose density gradient, 

three different products can be observed: 12S particles that result from capsid dissociation 

into pentamers (Harmsen et al., 2011; Sangar et al., 1976), intact virions including RNA, 

referred to as 146S particles and empty 75S particles (Doel and Chong, 1982; Harmsen et al., 

2011).  

The virus genome consists of a single-stranded, positive sense RNA ((+) ssRNA), 

approximately 8.4 kilobases in length (Jamal and Belsham, 2013) (Figure 2). The genome 
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starts with the 5′ untranslated region (UTR), which is linked to a viral genome-linked protein 

(VPg). Among other structural elements, the internal ribosome entry site (IRES) is located 

within the 5´ UTR. Following the IRES, there is one open reading frame (ORF) that encodes 

for a single polyprotein (Belsham, 2005). Viral proteases cleave the polyprotein into four 

different structural capsid proteins and into eleven non-structural proteins (NSP) via different 

precursors (Jamal and Belsham, 2013). The NSP are responsible for genome replication and 

protein processing. The 3′ end of the genome consists of the 3′ UTR, containing a stem-loop 

structure and a poly-A tract (Belsham, 2005).  

 

 

Figure 2: Genome organization of FMDV. The (+) ssRNA genome is approximately 8400 bases long and 

contains a single ORF, encoding structural and non-structural proteins. The Leader protease (Lpro) and three 

precursor proteins (P1, P2 and P3) are initially formed and are further cleaved by viral proteases. The figure is 

based on Jamal and Belsham, 2013 with modifications.  

 

1.3 Host association and pathogenesis  

FMDV is characterized by a wide range of host species, predominantly cloven-hoofed 

animals (order: Artiodactyla), including domesticated pigs and ruminants as well as a wide 

variety of wildlife species (Alexandersen et al., 2003; Schaftenaar, 2002). The severity of 

disease manifestation varies greatly from subclinical to fatal in wildlife species (Arzt et al., 

2011). In domestic small ruminants, such as sheep and goats, infection can often go unnoticed 

(Alexandersen et al., 2003; Stenfeldt et al., 2016), whereas cattle generally develop mild to 

moderate clinical disease and pigs show the most severe course of infection (Stenfeldt et al., 

2016). Vesicular lesions in and around the mouth and on the feet are the key sign of foot-and-

mouth disease (FMD), although the muzzle, udder, vulva and other sites of the skin can be 

affected, too (Alexandersen et al., 2003). The pain caused by these vesicles leads to lameness, 

extreme salivation, mostly in cattle, and inappetence (Alexandersen et al., 2003; Stenfeldt et 

al., 2016). In extreme cases, particularly in pigs, shedding of hooves is observed. In young 
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animals, the disease can take a deadly course due to acute myocarditis (so called “tiger heart”, 

characterized by white stripes on the heart), but in general the mortality is low (Alexandersen 

et al., 2003). Common transmission routes are by direct contact with infected animals or by 

indirect contact, for instance through a contaminated environment (feed trough, rubber boots, 

vehicles) (Alexandersen et al., 2003). Airborne transmission is possible under certain climatic 

conditions (Gloster et al., 1982; Sellers and Parker, 1969). Infection via the oral route through 

contaminated feed such as untreated food waste is possible, too (Knowles et al., 2001).  

Next to an acute course of the disease, FMDV harbors the potential to initiate a persistent 

infection in ruminants (Alexandersen et al., 2003). Defined by the World Organization for 

Animal Health (OIE), a carrier animal is an animal from which infectious FMDV can be 

recovered for longer than 28 days after infection (OIE, 2017a). The sites of persistence are 

located in the bovine nasopharynx (Stenfeldt and Belsham, 2012) and regional lymph nodes  

(Juleff et al., 2008). Upon exposure to FMDV, an animal can become persistently infected 

even with prior vaccination and in the absence of obvious clinical disease (Stenfeldt et al., 

2016).  

 

1.4 Cellular receptors for FMDV 

The natural receptor for FMDV in the host and the primary receptors in cell culture are 

surface molecules called integrins (O'Donnell et al., 2009). Integrins are integral membrane 

proteins that consist of an alpha (α) and a beta (β) subunit, which can be assembled in a broad 

variety of heterodimers (Wang et al., 2015). They play an important role in cell signaling 

through conformational changes that facilitate outside-in and inside-out signaling (Stewart 

and Nemerow, 2007). In addition, integrins bind to extracellular matrix (ECM) proteins by 

recognizing RGD motifs and mediate cell adhesion (Ruiz-Saenz et al., 2009), and these motifs 

are also used by FMDV to bind the cell and induce internalization (Stewart and Nemerow, 

2007) (Figure 3). In total, four different integrin heterodimers (αvβ1, αvβ3, αvβ6 and αvβ8) 

are utilized as cellular receptors by FMDV (Jackson et al., 2004; Jackson et al., 2002; Jackson 

et al., 2000; Neff et al., 1998).  

Although cells used for FMDV culture offer at least one of the above named integrins in 

varying extents (King et al., 2011; Lawrence et al., 2013), subsequent passaging of FMDV in 

culture leads to acquisition of heparan sulfate proteoglycans (HSPG) as secondary receptors 

(Jackson et al., 1996) (Figure 3). Similar to integrins, HSPG belongs to the type I 

transmembrane proteins and is also responsible for ligand binding, especially binding of ECM 

components to epithelial cells, internalization events and intracellular signaling (Bernfield et 
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al., 1999; Wang et al., 2015). Adaption of FMDV to heparan sulfate (HS) often leads to 

attenuation of the field strain in the natural host (Sa-Carvalho et al., 1997), indicating that the 

mutations that promote growth in culture are leading to a disadvantage for pathogenesis in the 

natural host.  

Nevertheless, virus mutants with extended receptor tropism independent of integrin and HS 

can arise in cell culture, initiating infection via an unknown third receptor (Berryman et al., 

2013; Mohapatra et al., 2015). Recently, Jumonji C-domain containing protein 6 (JMJD6) has 

been proposed as an additional candidate receptor (Lawrence et al., 2016; Lawrence and 

Rieder, 2017) (Figure 3).  

 

 

Figure 3: Cellular receptors of FMDV. Integrins are the primary receptors of FMDV, used by field isolates 

(A). In cell culture, the virus adapts to utilize heparan sulfate (HS) as secondary receptor by a single amino acid 

(aa) exchange in VP3 (B). Sometimes the usage of a tertiary receptor occurs by distinct aa exchanges in VP1, 

likely Jumonji C-domain containing protein 6 (JMJD6) (C). The figure is based on Lawrence and Rieder, 2017, 

with modifications.  

 

1.5 Global distribution and economic impact of FMD 

While North America, large parts of South America, Europe and Australia are free of FMD, 

the disease still occurs endemically in South and Southeast Asia, Africa and the Middle East, 

and sporadic outbreaks are reported from South America and Russia (Figure 4).  
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Figure 4: Official FMD status map for OIE member countries. Highlighted in green are countries that are 

free of FMD, either with (light green) or without (dark green) vaccination. Recent outbreaks of FMD in 

Mauritius, Colombia and Russia lead to the suspension of their FMD-free status (light and dark red). Grey areas 

do not have an official FMD status, which indicates endemic occurrence of the disease or a lack of data. Data 

last updated in October 2017 and kindly provided from the OIE: http://www.oie.int/en/animal-health-in-the-

world/official-disease-status/fmd/en-fmd-carte/ 

 

FMDV is an OIE-listed pathogen (OIE, 2017b) and therefore outbreaks come along with a 

huge impact and high economic costs for the affected countries. The losses due to an outbreak 

can be divided into direct and indirect losses, independent of a country’s FMD status (James 

and Rushton, 2002). Direct losses occur as limited livestock productivity and malnutrition in 

FMD endemic areas, while FMD free countries have to face giant costs to regain a FMD free 

status after an outbreak (Knight-Jones and Rushton, 2013). Restrictions to national and 

international trade markets as well as significant costs for disease control and management 

programs, including vaccination, cause high indirect losses to the country’s economy (Knight-

Jones and Rushton, 2013).  

 

1.6 Obstacles to FMD control and eradication 

To control an outbreak in formerly FMD-free countries, sanitary measures such as culling of 

infected and in-contact animals, disinfection and trade restrictions in combination with 

vaccination to prevent rapid spread of the disease have been applied (Saeed et al., 2015). 

Molecular epidemiological tracing is necessary to reveal the origin of the outbreak, to 

reconstruct transmission events and to retrace the viral spread (Cottam et al., 2008b).  
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In countries with endemic occurrence of FMD, regular mass vaccination is the control 

strategy of choice (Saeed et al., 2015). Unfortunately, inactivated vaccines have several 

limitations due to the nature of FMDV. Because of the antigenically distinct serotypes and 

many intratypic variants of FMDV, vaccines offer no or only little cross-protection and must 

closely match the circulating field strain to be effective (Rodriguez and Gay, 2011). A lack of 

knowledge about circulating subtypes can lead to poor outcomes of vaccination campaigns 

(Saeed et al., 2015). Nucleotide sequence data give not only information about the identity of 

the field strain, but also provide insight into geographical and temporal movement patterns of 

the virus (Abdul-Hamid et al., 2011).  

Even with a matching vaccine, vaccine quantity and quality can be limiting factors (Saeed et 

al., 2015). The potency of a vaccine is mainly determined by its content of intact 146S 

particles (Doel and Chong, 1982) but their stability differs among serotypes (Parida, 2009). 

Baby hamster kidney (BHK) cells, clone 13, are mainly used to produce FMDV vaccines 

(Capstick et al., 1962), necessitating an adaption of the virus to cell culture, which leads to 

altered receptor tropism and antigenicity (Amadori et al., 1994; Jackson et al., 1996). In 

addition, the occurrence of BHK cells resistant to infection with FMDV harbors serious 

problems for the efficient cultivation of the virus for vaccine production (Clarke and Spier, 

1980).  
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2. Objectives  

FMDV is still a scourge of livestock in many parts of the world, contributing to poverty and 

malnutrition in endemic areas and causing high economic burdens in case of an outbreak, 

especially for FMD-free countries (Knight-Jones and Rushton, 2013; Thompson et al., 2002). 

The difficulties in eradicating this highly contagious disease demonstrate the need for a 

simple tool to support control measures, applicable even for emerging nations and developing 

countries. A better understanding of the changes to the virus that take place during cell culture 

adaption will improve the development of efficient vaccines. Thus, the main objectives of the 

study were: 

 

I) To develop a quick and simple sequencing strategy to easily detect changes in the viral 

genome and support molecular diagnostics and epidemiology in an outbreak. 

 

II) To investigate the causes of resistance of certain BHK21 cells towards infection with 

FMDV and how to overcome this for efficient vaccine production. 

 

III) To examine changes in the viral genome during adaption to cell culture and their 

implications for the stability and immunogenicity of the virus particle.  
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Supplementary Materials: Simple, quick and cost-efficient: A universal RT-PCR and 

sequencing strategy for genomic characterisation of foot-and-mouth disease viruses. 
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Figure S1 (continued) 
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Table S2: In-silico analysis covering most topotypes within the different serotypes of 

FMDV. Primer sequences aligned with a panel of selected virus strains for all seven 

serotypes. All primer sequences are given in 5´ to 3´ notation. Reverse primers are shaded in 

grey. 
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Table S2 (continued) 
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Table S2 (continued) 
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Table S2 (continued) 

 

 

 

 

 

 

 



3. Publications: Paper I 
 

24 

Table S2 (continued) 
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Table S2 (continued) 
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Table S4 (continued) 
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Supplementary Materials: Influence of cell type and cell culture media on the propagation 

of foot-and-mouth disease virus with regard to vaccine quality. 
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Figure S1: Side view of pentamer 3D structure with mutations acquired during adaption of 

FMDV strains A24 Cruzeiro and O1 Manisa. Panel A shows the crown-like distribution of the 

acquired mutations in the VP1 region of the capsid of O1 Manisa (K210E: yellow dots, E83K: 

orange dots, K41 N: red dots). The substituted amino acids in O1 Manisa are clustered around 

the symmetry axis of the pentamer and are more prominent on the capsid surface than the 

mutations in A24-2P (Panel B) and A24–179 (Panel C) (VP1: blue dots, VP3: red dots). 
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5. Results and Discussion 

Due to the rapid mutation rate of FMDV (Domingo et al., 2003) and the associated high 

genetic diversity, important characteristics of the virus such as particle stability, receptor 

tropism and immunogenicity can change quickly, both in the natural host and especially 

during passaging in cell culture (Sa-Carvalho et al., 1997). Thus, these studies describe the 

development of a new sequencing strategy to easily generate near-complete whole-genome 

sequences of FMDV for genotyping and molecular epidemiology. Furthermore, reasons for 

the unsuccessful cultivation of serotype Asia-1 in BHK cell culture were investigated and 

alternative adaption strategies were demonstrated. Finally, sequence changes during the 

repeated passaging of FMDV in different BHK cell culture systems were analyzed and their 

impact on the quality of the virus particles relating to integrity and 146S content was 

evaluated.  

 

5.1 Molecular tracing and genomic characterisation of FMDV  

Numerous approaches to FMDV genome sequencing that use multiple primer panels are 

described in the literature. However, these studies either include only universal primer sets to 

generate sequences of the capsid coding region (Xu et al., 2013), are serotype-specific and 

only cover the VP1 encoding region (Knowles et al., 2016), or are restricted to specific 

outbreaks and regional virus pools (Abdul-Hamid et al., 2011; Cottam et al., 2006). In this 

study, a universal primer panel was designed to amplify full-ORF sequences, independent of 

the serotype and even without any prior knowledge of the FMDV strain involved.  

Twelve different FMDV strains, grown in cell culture, have been used to broadly evaluate the 

final panel of 15 genome-spanning primer combinations (Paper I, Table 1). The assay is based 

on a double-amplicon strategy to mitigate variations between different virus isolates (Paper I, 

Figure 1A). To account for the malleability of the virus, two isolates per serotype were 

chosen: one isolate representing established laboratory strains (often decades old) and one 

isolate representing strains from more recent outbreaks (Paper I, Table S1). Only one virus 

sample was used for serotypes C and SAT 3 because of their minor importance in the field. 

FMDV SAT 3 is mainly restricted to South Africa and serotype C did not cause any major 

outbreaks during the last 20 years (Saeed et al., 2015). The RNA for each isolate was 

extracted and a RNA dilution aimed at an approximate Cq value of 20 was selected, detected 

with two diagnostic real-time RT-PCR assays (Callahan et al., 2002; Oem et al., 2005). The 

PCR product analysis using gel electrophoresis gave visible bands for all primer pairs and 
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isolates tested (Paper I, Table 2). The only exception was Mix-5 that did not work with the 

selected SAT 1 and SAT 3 isolates, probably due to a high percentage of nucleotide 

mismatches of about 13.5% and 13.1%, respectively, for the forward-primer and 12.7% and 

11.4% nucleotide mismatches for the reverse-primer of Mix-5 (Paper I, Table 5). Though, this 

part of the genome was also covered by Mix-6. For all tested isolates, consensus sequences of 

high quality, covering the full ORF, could be obtained that were used for genotype prediction 

(GenBank Accession No KY825717–KY825732). Four samples from animal trials 

complemented the sample set to test the applicability of the assay for field samples. For this 

purpose, bovine and ovine saliva, serum of an infected goat and vesicular fluid from an 

infected pig were used to mirror the most important domestic hosts and diagnostic 

submissions. The different materials were processed without failure of any of the primer 

mixes, and high-quality sequences of the viral ORF could be obtained from them as well 

(Paper I, Table 4 and Figure S2). The analytical sensitivity of the assay was determined with 

RNA of FMDV O/MOG/7/2010, which had been diluted five times in a 10-fold dilution 

series. The aforementioned diagnostic real-time RT-PCRs were used to confirm and illustrate 

the decreasing amount of template. PCR products with varying intensities of the gel bands 

were produced down to the final dilution of 10-5 with all primer mixes (Paper I, Table 3 and 

Figure S2). Of course, a selection of 12 different FMDV strains does not cover the great 

variety between different strains of FMDV. To account for the much broader diversity among 

circulating FMDV strains, an in-silico analysis with sequence alignments was conducted, not 

only for the different serotypes but also for different topotypes and lineages within the 

serotypes (Paper I, Table S2). In summary, the primers were predicted to show a diversified 

performance based on the predicted nucleotide mismatches of the particular primer sequences 

in comparison to the conducted sequence alignments (Paper I, Table 5). More than half of the 

primers had only one or two nucleotides that did not match the examined sequences 

(approximately 5% mismatch). The most discrepancies were detected within the SAT 

serotypes. Here, large sequence variations (between 10 to 30% dissimilarity) were found, 

reflecting the fact that SAT strains are genetically more diverse than those of other serotypes 

(Bastos et al., 2003; Samuel and Knowles, 2001).  

In an outbreak situation, the identification of the newly emerged virus variant and its serotype 

affiliation is of great importance to quickly initiate control measures. Later, the understanding 

of transmission pathways to improve disease control strategies is brought into focus (Abdul-

Hamid et al., 2011; Cottam et al., 2008a). On the other hand, developing countries, in which 

FMDV is still endemic, have only limited assets and restricted access to new technologies for 
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outbreak investigation. The assay developed here is quick and simple, without the need of 

complex techniques and expensive equipment. It is also cost efficient compared to other 

sequencing technologies, although the usage of next-generation sequencing methods is 

likewise possible with this method. Therefore, it can improve FMDV monitoring and support 

quicker responses to outbreaks, contributing to the control and eradication of FMDV. The 

assay was also used for all sequencing in the other studies described below. 

 

5.2 BHK resistance towards FMDV infection is due to insufficient receptor binding capacities 

Chemically inactivated virus preparations, formulated into vaccines, are still the instruments 

of choice to control FMDV in many parts of the world. A crucial point of vaccine 

development is the adaption of a field virus to cell culture, which is prone to problems 

(Chamberlain et al., 2015). BHK21 clone 13 cells (BHK21C13) are the cell line of choice for 

the production of FMD vaccines (Doel, 2003). Unfortunately, BHK cells have varying 

susceptibility for different FMDV strains (Clarke and Spier, 1980, 1983). This resistance does 

not affect serotype Asia-1 exclusively, but it seems to be most challenging for this serotype 

(Clarke and Spier, 1980, 1983). Until now, only a few and also contradictory investigations 

have been conducted on that topic (Clarke and Spier, 1980; Diderholm and Dinter, 1965).  

Because the viral growth cycle can be inhibited at many points, different experiments were 

performed to elucidate the problem. The experiments were focused on the resistance of the 

suspension cell line BHK21C13-2P (BHK-2P) to FMDV serotype Asia-1, demonstrated by 

several unsuccessful infection experiments with different Asia-1 strains (Paper II, Table S4). 

First of all, the influence of the culture conditions was examined. A virus isolate that 

replicates well in BHK-2P cells (FMDV serotype A, strain A24 Cruzeiro) was compared with 

the Asia-1 Shamir isolate. Serum is routinely used in cell culture, but the BHK-2P cells are 

maintained in animal-component-free media (ACFM) (Cellvento BHK200, Merck KGaA) 

without serum. Therefore, the virus infectivity under these conditions was compared for 

BHK200 with 5% fetal bovine serum (FBS) and Eagle’s Minimum Essential Medium (MEM) 

with 5% FBS. In all three media, viral titers of both FMDV strains decreased similarly over 

time (Paper II, Figure 1). Further, virus particle disintegration in dependence of the 

environmental pH was compared between the strains A24 Cruzeiro, O1 Manisa and Asia-1 

Shamir, but again no differences between strains were detectable (Paper II, Figure 2). Lastly, 

the influence of ammonium chloride was examined, a waste product of cellular metabolism 

that interferes with endosome acidification and inhibits the release of the viral RNA from the 

capsid (Carrillo et al., 1984; Martin-Acebes et al., 2010). There were no obvious differences 
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in sensitivity to ammonium chloride between Asia-1 Shamir and the BHK-2P adapted A24 

Cruzeiro, although the viral yield of the original A24 strain was significantly decreased 

compared to its adapted variant (Paper II, Figure 3).  

The next set of experiments focused on the question whether Asia-1 Shamir is able to 

replicate inside the BHK-2P cell at all. It was shown that it is indeed possible for Asia-1 

Shamir to replicate and produce infectious virus particles, if the viral genome is brought into 

the cell by chemical transfection (lipofection) (Paper II, Figure 4). This indicates that the cell 

line is permissive and has the capability to replicate virus, but virus attachment and/or entry is 

constrained. To compare these critical steps in the viral life cycle between susceptible and 

resistant BHK cells, a cell line susceptible to Asia-1 Shamir had to be found. The ability of 

Asia-1 Shamir to infect several different suspension cell lines was tested and three lines (#3, 

#8, #9) showed good viral growth (Paper II, Table S2). Virus adapted to either one of these 

susceptible cell lines was then able to grow in and adapt to BHK-2P cells as well (Paper II, 

Table 1). The finding that cellular resistance can be overcome by the virus through prior 

adaption to a susceptible cell line, suggested that the problem originates in virus attachment to 

the cells, related to the presence or quantity of specific cellular receptors. This hypothesis was 

substantiated by the result of an attachment assay, performed with A24 Cruzeiro, the original 

Asia-1 Shamir and the three adapted virus isolates (#3 Asia-1, #8 Asia-1 and #9 Asia-1) on 

BHK-2P cells and adherent BHK179 cells. For A24 Cruzeiro, there was no difference in the 

dose of infectious virus that attached to either BHK179 or BHK-2P cells. The original Asia-1 

Shamir, however, showed a significant loss of titer on BHK-2P, while the adapted isolates 

showed increased viral titers on BHK-2P in comparison to the adherent BHK cells (Paper II, 

Figure 5). The adherent BHK179 cell line was chosen for these experiments because adherent 

cells are more likely to display FMDV-compatible integrin receptors on their surface, while 

suspension cells often show an altered or generally downregulated surface receptor 

environment (Amadori et al., 1997; Walther et al., 2016). Sequence analysis revealed several 

mutations in the viral genome of the BHK-2P adapted Asia-1 strains (Paper II, Table S5). 

Two aa exchanges were shared between all adapted strains: one in the non-structural 2C 

protein (K285Q) that is important for virus replication (Grubman and Baxt, 2004) and one at 

amino acid position 110 (Q110K/R) in the VP1 capsid protein (Paper II, Table 2). The aa 

exchange at position 110 of VP1 was associated with a second exchange in this region 

(Q108R for #3 and #8 Asia-1, T83A for #9 Asia-1), leading to an increased positive charge on 

the outside of the virus capsid. Furthermore, the exchanged amino acids are in close spatial 

proximity around the five-fold symmetry axis of the viral capsid pentamers (Paper II, Figure 
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6), suggesting new receptor interactions (Berryman et al., 2013; Mohapatra et al., 2015). The 

#9 Asia-1 isolate contained two more aa exchanges: E59K in VP3 and E202K at the C-

terminus of VP1 (Paper II, Table 2), both part of the HS binding site (Fry et al., 2005). The 

extended receptor tropism of the adapted Asia-1 isolates was confirmed through infection 

experiments on Chinese hamster ovary K1 cells (CHO-K1), devoid of the primary FMDV 

receptors, as well as non-integrin, non-HS-displaying CHO cells (CHO677). CHO677 cells 

are considered a key cell line for finding FMDV variants that might have acquired the 

capability to use a third alternative receptor (Lawrence and Rieder, 2017). Indeed, all mutants 

could successfully infect CHO-K1 and CHO677 cells, in contrast to the original Asia-1 

Shamir (Paper II, Table 3). However, #9 Asia-1 reached significantly higher titers in CHO677 

cells than the other two mutant strains. The results indicate an extended receptor usage for all 

three adapted isolates and a possible additional role in the usage of a tertiary receptor for the 

HS-specific aa exchanges in the capsid of #9 Asia-1. The changes on the outer capsid surface, 

mostly within VP1, the major antigenic protein of the virus capsid (Grubman and Baxt, 2004), 

also led to an altered neutralization profile. Sera from infected and vaccinated animals still 

neutralized the adapted #9 isolate (on BHK164 cells) but had no neutralizing activity against 

isolates #3 and #8 (Paper II, Figure 7). The highly antigenic RGD motif, the crucial receptor 

binding site for natural infection and a major target for neutralizing antibodies (Nemerow and 

Stewart, 2001), remained unaffected by the aa exchanges, suggesting that a vaccine 

formulated from these mutants would lead to a protective immune response against an 

infection with a field isolate of Asia-1.  

The causes of resistance of certain BHK cell lines against FMDV, although not finally 

clarified, could be narrowed down to an unfavorable receptor repertoire of the resistant cell 

lines in comparison to susceptible cell lines. Furthermore, a way to overcome the resistance 

problem by using a FMDV-sensible “wet-nurse” cell line has been found.  

 

5.3 Impact of different culture systems on FMDV harvest, receptor tropism and antigenicity 

FMDV serotype O is the most widespread serotype worldwide, while serotype A exhibits the 

highest antigenic diversity between strains (Parida, 2009; Saeed et al., 2015). Nevertheless, 

for more than 30 years the FMDV strains O1 Manisa and A24 Cruzeiro have been used for 

vaccine production (Parida, 2009) and are still considered “high priority strains” that are 

recommended for inclusion into vaccine antigen banks by the World Reference Laboratory of 

the Food and Agriculture Organization of the United Nations (WRLFMD) (Saeed et al., 2015; 

WRLFMD, 2016). For this reason, these strains have been selected to evaluate sequence 
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changes during virus passaging and to compare their proliferation properties in different cell 

culture systems.  

The FMDV strains O1 Manisa and A24 Cruzeiro have been passaged in parallel 15 to 20 times 

in adherent BHK179 cells, maintained in MEM with 5% FBS, and in suspension BHK-2P 

cells, maintained in an ACFM without serum. Sequence analysis of the final virus passages 

revealed three heterologous aa exchanges in VP1 (K41N, E83K, K210E) for O1 Manisa, 

independent of the culture system (Paper III, Figure 1), and no aa exchange in VP3. Earlier 

studies had showed that cleavage of the VP1/2A junction is inhibited by the aa exchanges 

E83K and K210E (Gullberg et al., 2013), and that especially E83K creates an advantage for 

the virus to grow in BHK cells (Maree et al., 2010; Zhao et al., 2003). Between the adherent-

cell-passaged A24 Cruzeiro (A24-179) and the suspension-cell-passaged A24 Cruzeiro (A24-2P), 

different sequence alterations were evident. While A24-179 acquired exchanges in VP1 at 

position 194 (E194K) and in VP3 at position 56 (C56R), which are typical alterations for the 

acquisition of HS as cellular receptor (Fry et al., 2005), the exchanges in A24-2P were located 

at position 95 of VP1 (E95K) and position 85 of VP3 (H85Q) (Paper III, Figure 1). The E95K 

exchange within VP1 is close to the fivefold symmetry axis and has been reported in the 

context of utilizing JMJD6 to infect cells without primary or secondary FMDV receptors 

(Lawrence et al., 2016). The extended receptor usage of adapted A24-2P was confirmed by 

infection experiments using the FMDV-receptor-deficient CHO677 cell line (Paper III, Table 

1). While all isolates were able to replicate in CHO-K1 cells, A24-2P also grew to significantly 

higher titers (Paper III, Table 1). Next, virus neutralization tests (VNT) were performed to 

evaluate the antigenic profile of the adapted virus isolates but no differences to the parental 

strains were detected (Paper III, Table 1). That the adapted strains maintained the original 

neutralization profile even after extensive tissue culture adaptation might partially explain 

why O1 Manisa and A24 Cruzeiro are still used for vaccine production. Because serotype O 

exhibits comparatively moderate levels of variation, O1 Manisa vaccines provide coverage in 

many FMDV O outbreaks, at least in Africa, the Middle East and parts of Asia (Doel, 2003; 

Parida, 2009). Even for the highly variable FMDV serotype A, A24 Cruzeiro vaccines are 

considered a useful tool in many first-occurrence situations, especially in South America 

(Parida, 2009; Saeed et al., 2015).  

The following set of experiments dealt with virus particle characteristics that are important for 

vaccine production, compared for the different culture conditions. Proliferation curves 

revealed the optimal time point for virus harvest. In both culture systems, similar maximum 

titers of approximately 8.7 log10 TCID50 per mL were achieved for both virus strains but the 
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time of peak cell death varied. In BHK-2P cells, cell viability dropped after 12-16 hours (h), 

while full cytopathic effect (CPE) in the adherent cell culture system was visible after 20 h of 

incubation (Paper III, Figure 4). In contrast, viral particle integrity differed between virus 

grown in suspension cells and virus grown in monolayers (Paper III, Figure 2). The major 

immunogenic element of an FMD vaccine are the 146S particles (Doel, 2003), which were 

significantly reduced in preparations of A24-2P in comparison to preparations of A24-179, 

whereas the amount of free RNA was increased. In addition, serotype A FMDV strains tend to 

form empty 75S particles in significant amounts (Harmsen et al., 2011; Seki et al., 2009), 

which was evident for both serotype A preparations. For serotype O, the results were not as 

distinct. Although a higher content of virus protein was detected by antigen ELISA for isolate 

O1-2P, the peak corresponding to the 146S particles was decreased in the spectrophotometric 

reading, and high amounts of free RNA were evident as well. An assessment of the virus 

particle stability under acidic conditions did not provide an explanation for the reduced yield 

of 146S particles and the increased amounts of free RNA in the suspension cell culture 

system. An increased acid sensitivity was only seen for the A24-179 isolate (Paper III, Figure 

3), leading to the assumption that this is linked to the aa exchanges that are necessary for HS 

binding.  

The results presented in this study agree with similar studies of antigen yield and sequence 

analysis, in which suspension cell culture and monolayer cells for FMDV production were 

compared (Anil et al., 2012; Spier, 1976). However, this study is the first to compare FMDV 

antigen production in ACFM and in standard growth media with added serum. The finding 

that ACFM do not have a detrimental impact on viral yield or antigenicity supports the 

conversion to alternative vaccine production processes. This is desirable because raw 

materials of biological origin are poorly defined. Apart from significant variations between 

different production lots, they can also contain pathogens that compromise product safety and 

quality (European Commission, 2000; Genzel et al., 2006). 
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6. Outlook 

The relatively small number of isolates used for the validation of the genome sequencing 

assay should be expanded, with special attention to the SAT serotypes. Comparative analysis 

of the obtained sequences could uncover regions of the genome that are prone to truncations 

during sequencing. For these regions, the development of additional backup primers is 

warranted. International collaborative studies with laboratories in endemic areas could verify 

the applicability of the assay under real field conditions.  

The second study discovered a way to adapt Asia-1 Shamir to a resistant cell line, but also 

raised new questions. Further work is necessary to get a more detailed view of the differences 

between resistant and susceptible cell lines regarding e.g. cell metabolism and cell surface 

proteins. It would be of interest if the “wet nurse”-concept of adapting a certain virus strain to 

a resistant cell line by first adapting it to a sensible cell line is applicable to other Asia-1 

strains and to strains of other serotypes. In addition, studies to prove the antigenic quality and 

quantity of virus obtained in this way have to be conducted. Animal trials to confirm that a 

vaccine formulated from these strains elicits a protective immune response could complement 

the results achieved so far.  

The use of ACFM in vaccine production would improve the process due to a minimized risk 

of contaminants introduced by raw materials. Nevertheless, further experiments should be 

conducted to clarify the reasons for the difference in 146S content, the most protective 

immunogenic element. Harvest time points should be optimized to exclude the possibility that 

viral particles are degraded by host cell enzymes, released into the media after cell death. 

Further studies should focus on important cell metabolites like ammonium and lactate, since 

their production is related to the composition of the growth media and might influence the 

viral yield. The application of laboratory-scale bioreactors, being automatically regulated and 

containing several liters of cells in suspension and media, would be useful to test the utility of 

the media in a more realistic production situation.  
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