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Fig. 1.1

Fig. 1.2

Figure 1.3

Fig. 1.4

Fig. 1.5

Fig. 2.1

LIST OF FIGURES

The conjectured global status of FMD in 2011-2012.

Source: http://www.wrlfmd.org/ref labs/ref lab_reports/OIE-FAO FMD Ref Lab
Network Report 2011.pdf ; FAO/EUFMD monthly Report September
(2012). Outline of world map obtained from
http://www.freeusandworldmaps.

Map showing conjectured the serotype distribution of FMD in Africa
2010-2012.

(Sources: OIE/FAO FMD Reference Laboratory Network Annual Report
2010-2011; FAO/EuFMD Monthly Report September (2012).

Source of outline of map of Africa:www.theodora.com/maps).

1.2a: FMDV O
1.2b: FMDV A
1.2c: FMDV SAT TYPES

Schematic diagram of the FMDV genome showing the position of the
genetic elements (adapted from Mason et al., 2003a, with modifications).
The 5’ and 3° UTR’s, Open Reading Frame (ORF) with the four distinct
regions, Leader (L"), P1-2A, P2 and P3 are shown.

Illustration of a schematic view of the structure of the capsid surface of
the FMDV (adapted from Jamal & Belsham, 2013 with modifications).
1.4a: Arrangement of VP1 — VP3 in a protomer (with VP4 hidden); 1.4b:
Arrangement of five protomers (a protomer is outlined) into a pentamer;
and 1.4c: Structure of the capsid. The 5-3-2-fold axis of symmetry for the

icosahedral shape is also shown.

Ilustration of a schematic view of the structure of the surface protein
(beta barrels) of the FMDV (adapted from Rueckert, 1996).

Maximum-Likelihood methods depicting nucleotide relationships
between the sub-Saharan African FMDV (SAT1, SAT2, SAT3, A and
O) for the Leader-coding region rooted against the mid-point and was
constructed using MEGAS.2 (Tamura et al., 2011). The sub-Saharan
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Fig. 2.2

Fig 2.3

(035&

southern African viruses are indicated by the closed circles (e) eastern
Africa viruses by triangles (A), western Africa viruses by rectangles (W),
while the North African and Middle East viruses by kites (¢). Model
assumptions predicted by jModel 2.3 (Darriba et al., 2012), are based on
the GIR+I+G (General Time Reversible) model of nucleotide substitution.
There was non uniform evolutionary rates among sites modelled using both
discrete Gamma distribution(+G) with 4 rate categories and assuming that a
certain fraction of sites are evolutionarily invariable (+I). Proportion of
invariable sites is 0.2830, gamma shape is 0.795. The scale bar indicates
nucleotide substitutions per site. The robustness of the tree topology was

assessed using 1000 bootstrap replications.

Maximum-Likelihood methods showing nucleotide relationships
between the sub-Saharan African FMDYV (SAT1, SAT2, SAT3, A and O
serotypes) for the P3-coding region. The phylogenetic tree was rooted
against the mid-point and was constructed in MEGAS5.2 software (Tamura
et al.,, 2011). The sub-Saharan southern African viruses marked using
closed circles (®) eastern Africa viruses with triangles (A), western Africa
viruses with rectangles (M), while the North African and Middle East
viruses are marked with kites (). The most suitable model for nucleotide
pattern substitution was determined by jModel 2.3 (Darriba et al., 2012). It
was predicted to be the GIR+I+G (General Time Reversible) model of
nucleotide substitution. There was non uniform evolutionary rates among
sites modelled using both discrete Gamma distribution(+G) with 4 rate
categories and assuming that a certain fraction of sites are evolutionarily
invariable (+]). Proportion of invariable sites is 0.428, gamma shape is
0.706. The scale bar indicates nucleotide substitutions per site. Confidence

levels of the tree branches were tested using 1000 bootstrap replications.

Structural representation of FMDV 3CP™. The position of amino acid
variation observed in a complete alignment of all African SAT1 (A & B)

and SAT2 (C & D) viruses is mapped on the modelled structure. Two
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Fig. 2.4

Fig. 3.1

possible residues at a position are indicated in blue, three residues in
yellow, four in orange and five in red. The surface electrostatic potential is
presented for SAT1/SAR/9/81 3CP"™ (E & F). The electrostatic potential
was coloured with positive charge as blue and negative in red and the scale
of colouring was kept constant. The electrostatic potential is conserved in

viruses across the five serotypes from Africa.

Variation in the 3D protein, observed in a complete alignment of
African FMDV sequences, has been mapped to the three-dimensional
structure of the protein. The electrostatic surface potential is shown with
positive charge as blue and negative in red (A). The electrostatic potential
Is conserved in viruses across the five serotypes from Africa. The variable
amino acid positions observed for SAT1 (B) and SAT2 (C) viruses were
indicated with two possible residues at a position as blue, three residues as
yellow, four as orange and five as red. The orientation of the protein was
kept the same.

A minimum evolution tree depicting the gene relationships for the P1-
coding regions of SAT1 and SAT2 viruses from southern (Kruger
National Park, KNP; Zimbabwe, ZIM; Mozambique, MOZ; and

Angola, ANG), western (Nigeria, NIG; Senegal, SEN; and Ghana,

GHA) and East Africa (Uganda, UGA; Rwanda, RWA; Kenya, KEN;

Tanzania, TAN; Eritrea, ERI; and Sudan, SUD).

(@) The host species from which each virus was isolated is indicated by C

(cattle), B (buffalo) or I (impala).

(b) The plague morphologies of the isolate with the lowest available

passage history (PH)

(c) The plague morphology on BHK-21 cell of cell-culture adapted virus
following eight serial passages on BHK-21 cells and two serial passages
on CHO-K1 cells. Morphologies are indicated as either (O) for plaques
larger than 7 mm in diameter on average, (¢) plaques of 4-6 mm in

diameter or, (®) plaques between 1 and 3 mm in diameter.
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Fig 3.2

Fig. 3.3

Fig. 3.4

(d & e) Virus titres on BHK-21 and CHO-K1 cells following cytolytic
passages in cultured cells described in (c). (N) indicates no growth while
(nc) indicated no change in plaque morphology.

Plaqgue morphologies of the parental and BHK-21 cell culture derived
viruses obtained using monolayers of BHK-21 and CHO-K1 cells. Cells
infected with the indicated viral strains were incubated with tragacanth
overlay for 40 h prior to staining with 1% methylene blue. Plaques for
SAT1 and SAT2 wild-type viruses are generally large with opaque edges
and eight cytolytic passages on BHK-21 cells were accompanied by smaller
to medium plagues and clear edges. The plague morphology change was

associated with the ability to grow on CHO-K1 cells.

Plaque reduction assays for BHK-21 cell-adapted SAT1 (A) and SAT2
(B) viruses following pre-treatment with heparin. Plaques were
expressed as a percentage of plaques in the absence of heparin compared to
plaques where heparin was present. Each point represents the mean of four
repeats. The SAT1/NAM/307/98 virus, with a non-heparin binding
phenotype, was included as a control.

A space-filling representation of the SAT1 and SAT2 pentamers. (A)
The SAT1 pentamer is based on the protein data bank co-ordinates
(2WZR). Amino acid substitutions observed during the adaptation of SAT1
viruses in BHK-21 cells are indicated in yellow. The surface-exposed,
positively charged mutations, that occurred more than once in different
SATL1 viruses, are highlighted in red. The five copies of VP1 show the
positively charged cluster at the five-fold axis. (B) Positively charged
mutations are colour-coded based on the frequency of occurrence in
different viruses within the SAT1 serotype from orange (n > 1) to red (n >
5). (C) The SAT2 pentamer is modelled using the SAT1 co-ordinates as a
template and the surface-exposed, positively charged mutations are shown

in red. In SAT2, a Lys residue appeared twice in VP1 position 1083 in two
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Fig. 3.5

Fig. 3.6

Fig. 4.1

different viruses, however in the current model 1083 is not surface

exposed. Nonetheless 1085R (seen in KNP/2/89) is surface-exposed.

Surface models of wild-type and VP1 positively charged mutant
proteins coloured by electrostatic potential. Positively charged surfaces

are shown in blue, and negatively charged surfaces are red. The cell

culture-adapted mutations at VA1 positions 411 and 112 were mapped onto

the SAT1 capsid and the electrostatics surface potential was calculated
using APBS module of PyMol (DeLano Scientific LLC).

GRID (Goodford, 1985) was used to find the energetically favourable
binding site for HSPG on the SAT1 modelled mutant capsid (A). The
GRID calculation was performed for a 20A radius around the five-fold axis
using pyramidal sulfur as probe. The calculations identified the most likely
site of interaction in the vicinity of VP1 residue 112 with molecular
interaction energy of -8.2 kCal/mole. The interaction energy increased to -
10 kCal/mole when the grid was centred at residue 112. (B) Five linked
heparin disaccharides were docked using the default parameters of GOLD
onto the SAT1 modelled mutant pentamer structures. A 30A® region from
VP1 residue 112 was defined for docking and the GOLD fitness score
function was used to rank the docking poses. The best docking pose is
shown. (GOLD score = 127). The equivalent process for the  virus
produced a less satisfactory docking (GOLD score = 102, docking not

shown).

Neutralizing antibody response of Nguni cattle following vaccination
detected using VNT assays. Cattle were vaccinated with 12ug of either
SAT2/ZIM/14/90 or vSAT2“M4.SAT2 BEl-inactivated, SDG-purified
antigens mixed with Montanide 1ISA206 adjuvant. The mean of the Logio
virus neutralizing tires are shown and the error bars represent the standard

deviation.
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Fig. 4.2

Supplementary
Fig. A

Supplementary
Fig. B

Supplementary
Fig. C

Clinical picture observed in cattle following challenge with live
homologous virus SAT2/ZIM/14/90. The mean rectal temperature (°C)
for cattle vaccinated with the chimeric vaccine (A), parental vaccine (™)
and the controls given a placebo (¢) is shown by a line graph on the left
axis. The average clinical scores for the cattle vaccinated with the chimeric
vaccine (M), parental vaccine (™) and the controls given a placebo (™) are
shown by the bar graph on the right axis. The clinical score for each animal
was calculated as the sum of the score of the clinical lesions on all four

hooves and in the mouth.

An alignment of 202 amino acids deduced for the Leader protease for
79 African FMDV isolates. The dots (.) indicate same as top sequence
(SAT1/KNP/196/96) and a dash (-) depicts a gap generated during
alignment of a particular sequence. Illustrated at the top of the alignment
are the critical residues involved in catalysis of L-VP4: C52, H149 and
D165 (Guarné et al., 1998), indicated by the downward arrow (¥). Three
other residues K200, E94 and E97 associated with catalysis of L-VP4
(Guarné et al., 2000; Guarné et al., 1998) are indicated by the star (). The
position of three deletions (amino acid positions 25-27) in the alignments
for the SAT virus isolates is indicated below the alignment with a double

underline (__).

An alignment of 154 amino acids deduced for the 2B peptide for 79
African FMDV isolates. The dots (.) indicate similarity with the top
sequence (SAT1/KNP/196/96). The hypervariable domains (residues
positions 5-29 and 44-53) in the alignment are shown by the horizontal
block bars ( ____) at the bottom of the alignment. Highly conserved motifs
(residue positions 64-107 and 115-137) are depicted using horizontal dotted

). The latter conserved motif is a hydrophobic domain.

An alignment of 318 amino acids deduced for the 2C peptide for 79
African FMDV isolates. The dots (.) indicate same as top sequence
(SAT1/KNP/196/96). The hydrophobic domain in the alignment (residue
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Supplementary
Fig. D

Supplementary
Fig. E

positions 17-34) is indicated by horizontal dash-dot bar (___
bottom. The horizontal double arrows («») delimit the residue positions in
the Walker A motif (110-117), Walker B motif (156-161) and the Walker C
motif (201-207) (Sweeney et al., 2010). The vertical grey bars highlight
residue substitutions 1202—L, 1203—V and T206—S observed in the

southern SAT virus isolates that occurred in the conserved Walker C motif.

An alignment of 153 amino acids deduced for the 3A peptide for a 79
African FMDYV isolates. The dots (.) indicate identical animoacids to the
reference sequence SAT1/KNP/196/96 and a dash (-) depicts a gap
generated during the alignment. Illustrated among other things at the
bottom of the alignment are the hydrophobic domains (residue positions 1-
16: ISIPSQKSVLYFLIEK,  25-30: FYEGMV and  60-74:
EIVALVVVLLANIII) depicted using a dash-dot bar ( _)- A double

underline ( ) at amino acid position 148 shows the deletion observed in

southern SAT virus isolates that grouped cluster I. The eleven residue
deletions observed in SAT2/SEN/7/83 are highlighted in the grey
horizontal bar.

An alignment of 213 amino acids deduced for the 3C protease for 79
African FMDV isolates. The dots (.) indicate identity with the sequence
(SAT1/KNP/196/96). At the bottom of the alignment are horizontal dotted
___________ ) indicate highly conserved areas in the sequence alignment
(residue positions 17-48, 68-90, 129-156, 161-164). The horizontal dash -
dot- bars (
27- 44. At the top of the alignment, the residue positions of the active triad
(H46, D84 and C163) (Birtley et al., 2005), are shown using the

downwards arrow (¥). The residues (154-160, 181-186) that comprise

_) depict a hydrophobic domain observed at residue positions

substrate pocket (S1) (Birtley et al., 2005), are indicated by the wavy
underline (... ). The three conserved residues Y154, T158 and H181 that
donate hydrogen bonds to the P1 substrate (Birtley et al., 2005)(Birtley et
al., 2005), are indicated using the kites (#). Underlined ( ___ ) at the top of
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Supplementary
Fig. F

Supplementary
Fig. |

Supplementary
Fig. 1l

the sequence alignment is the conserved motif 95-RVRDI-99 necessary for
VPg uridylation (Nayak et al., 2006)(Nayak et al., 2006). Highlighted with
grey vertical bars are residues R92 R97 and K101 that contribute towards
the uridylation process (Nayak et al., 2006)(Nayak et al., 2006). The
following substitutions were observed in the southern SAT virus isolates
R92— S/T, R97—-S, 199—L and K101— G/A. The residue substitutions of
97R—S and 98D—V in this conserved motif for SAT1/NIG/5/81 are

underlined.

An alignment of 470 amino acids deduced for the 3D RNA Dependent
RNA Polymerase for 79 African FMDV isolates. The dots (.) indicate
identical amino acids as the reference sequence SATI1/KNP/196/96.
Underlined at the top of the alignment are five highly conserved motifs
among the RNA polymerases (Doherty et al., 1999; Ferrer-Orta et al.,
2004). KDEIR (positions164-168), DYSAFD (positions 240-245), PSG
(positions 297-299), YGDD (positions 336-339) and FKLR (positions 385-
388). The KDEVR motif observed in A/ETH/2/79 and SAT2/KEN/11/60 is
highlighted in horizontal grey bars. The block horizontal bar ( ___) at the
bottom of the alignment indicates a hypervariable region in the sequence

alignment between residues 143-154.

A mid-point rooted neighbour joining (NJ) tree showing nucleotide
relationships between the sub-Saharan African FMDV (SAT1, SAT?2,
SAT3, A and O serotypes) for the P3-coding region. The Kimura 2-
parameter model in MEGA 5 (Tamura et al, 2011), was used to draw the
NJ tree and the scale bar indicates nucleotide substitutions per site.
Confidence levels of the tree branches were tested using 1000 bootstrap

replications.

A mid-point rooted phylogenetic tree constructed using Minimum
Evolution (ME) methods describing nucleotide relationships between the
sub-Saharan African FMDV (SAT1, SAT2, SAT3, A and O serotypes) for

the P3-coding region. The rate variation among sites was modelled with a
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Supplementary
Fig. 11

Supplementary
Fig. IV

Supplementary
Fig. V

gamma distribution of 0.76.. The robustness of the tree branches was tested
using 1000 bootstrap replications. The scale indicates the evolutionary
distances used to infer the phylogenetic tree The tree was searched using
the Close-Neighbour-Interchange (CNI) algorithm at a search level of 1.

Evolutionary analysis was conducted using MEGA 5 (Tamura et al, 2011).

Evolutionary relationships inferred using the Maximum Parsimony
methods in MEGA 5, for the sub-Saharan African FMDV (SATL1, SAT2,
SAT3, A and O serotypes) for the P3-coding region. The percentage of
replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) The tree was obtained using the Subtree-
Pruning-Regrafting (SPR) algorithm with search level 1 in which the initial

trees were obtained by the random addition of sequences (10 replicates).

Neighbour joining (NJ) tree depicting nucleotide relationships between the
sub-Saharan African FMDV (SAT1, SAT2, SAT3, A and O) for the
Leader-coding region rooted against the mid-point. The NJ tree was
constructed using Kimura 2-parameter model MEGA 5 (Tamura et al.,
2011), the scale bar indicates nucleotide substitutions per site. The
robustness of the tree topology was assessed using 1000 bootstrap
replications.

A mid-point rooted phylogenetic tree constructed using Minimum
Evolution (ME) methods describing nucleotide relationships between the
sub-Saharan African FMDV (SAT1, SAT2, SAT3, A and O serotypes) for
the Leader coding region. The rate variation among sites was modelled
with a gamma distribution of 0.795. The robustness of the tree branches
was tested using 1000 bootstrap replications. The scale indicates the
evolutionary distances used to infer the phylogenetic tree. The tree was
searched using the Close-Neighbour-Interchange (CNI) algorithm at a
search level of 1. Evolutionary analysis was conducted using MEGA

version 5 (Tamura et al, 2011).
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Supplementary
Fig. VI

Evolutionary relationships inferred using the Maximum Parsimony
methods in MEGA 5, for the sub-Saharan African FMDV (SATL1, SAT2,
SAT3, A and O serotypes) for the P3-coding region. The percentage of
replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) The tree was obtained using the Subtree-
Pruning-Regrafting (SPR) algorithm with search level 1 in which the initial

trees were obtained by the random addition of sequences (10 replicates).
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1.1  GENERAL INTRODUCTION

Foot-and-mouth disease (FMD), a contagious viral disease of cloven hoofed animals, is
characterised by vesicles in the mouth and on the hoof. The disease is economically devastating
and is among the OIE (World Organisation for Animal Health) listed diseases. The major impact
of FMD is not only due to the direct losses in production that is significant among the intensively
raised, high-yielding livestock, but also results from trade restrictions on animals and their
products due to the contagious nature of the disease (James & Rushton, 2002). The impact of
FMD on trade, especially in developed countries where it has been eradicated, is well
documented. Over US$7 billion was spent using a stamping out policy to control an outbreak in
the UK in 2001, while in Taiwan 4 million pigs either died or were slaughtered in addition to
$1.6 billion spent on the eradication of the disease (Yang et al., 1999; Leforban & Gerbier, 2002;
Sakamoto & Yoshida, 2002). In contrast, the socio-economic losses at farm level in developing
countries where the disease is endemic still have to be determined. These include decrease in
milk production, mastitis, lower weight gain, infertility, death in young stock and loss of draught
animal power for cultivation or transport resulting from lameness (Perry et al., 2002; Perry &
Rich, 2007; Forman et al., 2009).

The risk of incursion of FMD from endemic regions into countries free of the disease has
increased significantly with globalization, greater mobility of people, opening up of free trade
areas, and the expansion of trade. The consequence of such sporadic outbreaks would be
immense, considering the occurrence of large susceptible animal populations and intensification
of farming practices (Donaldson & Doel, 1992; Sutmoller & Olascoaga, 2002). The devastating
FMD pandemic (1999-2001) caused by the pan-Asian type O virus strain, that originated in
India, spread rapidly and extensively to include eight countries previously free of the disease
(five in western Europe and three in eastern Asia). This pandemic spread was an example of the
virulent and contagious nature of the FMD virus (FMDV) (Leforban & Gerbier, 2002; Sakamoto
& Yoshida, 2002; Knowles et al., 2005). The virus also occurred in South Africa in 2000
(Sangare et al., 2001). Hence in order to safeguard world animal agriculture and trade, control of
FMD, where it is endemic, focuses on the reduction of the foci of infection (Carrillo et al., 1984).
Whereas in areas where FMD is eradicated, it is crucial that vigilance and surveillance be

maintained to prevent the reoccurrences and to decrease the perceived biorisk threat. Contingency
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preparations in case of outbreaks are also essential (Sutmoller et al., 2003; Grubman & Baxt,
2004).

During the past century there has been considerable research on virus structure, biology and
vaccines for the FMDV. However, its control is still elusive, and the virus remains a threat to the
global livestock and supporting industries (Sobrino et al., 2001; Baxt & Rieder, 2004). Molecular
characterisation of the FMDV has complemented epidemiological surveillance by providing for
sensitive, rapid identification and characterisation of the virus and establishing the origin of the
FMD outbreak and links between outbreaks (Beck & Strohmaier, 1987; Kitching, 1992; Knowles
& Samuel, 2003). Whereas the phylogeny of the FMDV is well studied for the viruses in South
America and those eradicated in Europe, the converse if true for much of Africa where a limited
number of viruses have been studied restraining the implementation of successful control
measures (Bastos et al., 2001; Sangare et al., 2001; Bastos et al., 2003a; Bastos et al., 2003b;
Sangare et al., 2003; Sahle et al., 2007a; Sahle et al., 2007b; Ayelet et al., 2009; Balinda et al.,
2009; Balinda et al., 2010a; Balinda et al., 2010b; Sahle et al., 2010; Sangula et al., 2010a;
Sangula et al., 2010b; Maree et al., 2011b; Chitray et al., 2013; Wekesa et al., 2013; Kasanga et
al., 2014; Wekesa et al., 2014). Complete characterisation of the FMDV genome offers a holistic
understanding of the FMDV structure, evolution and population complexities (Domingo et al.,
2002). Again, although many complete genome FMDV sequences are available for viruses in
Europe and South America, limited numbers of such sequences have been described for viruses
prevalent in Africa (Mason et al., 2003b; Carrillo et al., 2005). Complete characterisation of the
African stains of FMDV, including the less studied non-structural proteins involved in virus
replication, is important, as it improves our understanding of the replication and pathogenesis of

the virus.

Vaccination plays a major role in the control of FMD in addition to quarantine restrictions. While
biotechnology is still exploring a safe vaccine to replace the conventional inactivated vaccines,
this platform can be used to improve the current cell culture derived vaccines (Kitching, 1992;
Parida, 2009; Rodriguez & Gay, 2011). The structure and functional relationships of regions of
the virus genome involved in receptor recognition, stability, replication and immunogenicity have
been studied alongside the virus biology in vitro (Rieder et al., 1994; Mateu, 1995; Wang et al.,
2002; Jackson et al., 2003; Grazioli et al., 2006; Maree et al., 2010; Blignaut et al., 2011; Maree
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et al., 2011a; Opperman et al., 2012; Maree et al., 2013). Thus predictions for a better design of
vaccines can be tested using recombinant biotechnology and genetic engineering techniques. It is
hoped that the resultant chimeras will be more immunogenic, adapt faster in cell culture, be more
thermostable, availing us with promising options for the control FMD (Parida, 2009; Rodriguez
& Gay, 2011). Many biotechnology approaches to improve conventional vaccines have been
studied using viruses prevalent in Europe and South America, with yet again, a few viruses from
Africa involved (Zibert et al., 1990; Rieder et al., 1994; Sa-Carvalho et al., 1997; van Rensburg
et al., 2004; Fowler et al., 2008; Mateo et al., 2008; Maree et al., 2010; Fowler et al., 2011,
Maree et al., 2011a; Fowler et al., 2012; Maree et al., 2013). Molecular studies complemented
with the biology of FMDV strains prevalent in sub-Saharan Africa, where the disease is endemic,
are pertinent if biotechnology is to be harnessed for improved diagnostics and vaccines tailored
for control of FMD on the continent.

1.2 EPIDEMIOLOGY OF FMD: A GLOBAL PERSPECTIVE

1.2.1 Global distribution of FMD

FMD was widespread until the late 19" Century, when it was eradicated from the industrialised
countries, namely Australia (1872), North and Central America (1929-1954) and more recently
by regular vaccination in western Europe (1990) (Leforban & Gerbier, 2002). Eastern Europe and
parts of South-east Asia like Japan and Korea suffer sporadic outbreaks of the disease (Leforban
& Gerbier, 2002; Park et al., 2013; OIE/FAO Reference Laboratory Reports). In the southern
cone of the South American continent, large areas of disease free zones are maintained with or
without annual vaccination (Melo et al., 2002). FMD is still endemic in many of the poorer and
developing countries of Africa, the Middle East, Asian sub-continent and in the Andean region in
northern and central South America (Fig. 1.1), where the disease aggravates the existing farming

socio-economic problems.
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[ 1 Free of FMDV [ 1  Areas with sporadic outbreaks
B Endemic for FMD 2 Free of FMD (except in game parks)

[ Multiples zones: FMD-free, free with [ ] Free of FMD with vaccination
vaccination or not free

Fig. 1.1  The conjectured global status of FMD in 2011-2012.

Source: http://www.wrlfmd.org/ref_labs/ref_lab_reports/OIE-FAO FMD Ref Lab Network Report 2011.pdf; FAO/EuFMD monthly Report
September (2012). Outline of world map obtained from http://www.freeusandworldmaps.com
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1.2.2 Serotypes of FMDV, their distribution and epidemiological patterns

Although FMD is generally referred to as a single disease, the causative agent, FMDV exists as
seven distinct serotypes that are distributed globally, i.e. A, O, C, Asia-1 and the South African
Territories (SAT) types 1, 2 and 3. Although the viruses from different serotypes cause a
clinically indistinguishable disease, they differ in their epidemiology and global distribution
(Bachrach, 1968; Pereira, 1976; Sobrino et al., 2001; Domingo et al., 2002).

There is no cross-immunity between the different serotypes upon natural infection or vaccination
(Pereira, 1981). The seven serotypes of FMD are distributed worldwide; the Asia-1 serotype is
restricted to the Asian continent and the SAT serotypes limited to Africa. While serotypes O (the
most prevalent serotype in the world) and A, are more widely distributed, occurring in Europe
(historically), South America, Asia and Africa. Serotype C was similarly distributed but has most
likely disappeared as the last outbreaks have been reported in the Philippines (1991), Brazil
(1993), and Kenya (2004) (Melo et al., 2002; Knowles & Samuel, 2003; Rweyemamu et al.,
2008; Di Nardo et al., 2011). It has been suggested that improperly inactivated vaccines were the
source of re-introduction of the virus into Kenya and that discontinuation of type C vaccines
would contribute to its eradication (Sangula et al., 2011). Considering the above and that there
are no natural reservoirs known for type C viruses, the existence of circulating type C viruses in
the field has been questioned (Paton et al., 2009).

Globally and across multiple serotypes, there are distinct genetic and antigenic strains of FMDV
circulating and evolving in defined geographical regions that are hence grouped into seven
regional pools. Pools 1 and 2 occur in Asia, while pool 3 occurs across Asia, the Middle East and
North Africa. Virus Pool 7 is found in South America while Africa contains 3 different pools
roughly spread across East, West and southern Africa respectivily (Fig 1.1) (OIE/FAO FMD
Reference Laboratory Network Annual Report 2011).

In Africa serotypes A and O are found predominantly north of the equator and do not usually
occur in southern Africa (Fig 1.2 a-b) except for sporadic outbreaks in northern Zambia as a
result of incursions from southern Tanzania and historically from other continents (Vosloo et al.,
2002; OIE/FAO FMD Reference Laboratory Network Report 2011).
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Mahagreb/ North Africa

Sudan/ Sahel

Mahagreb/ North Africa

= Sudan/ Sahel
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2

1.2b: FMDV A TYPES

1.2a: [} Countries endemic for O types

Mahagreb/ North Africa [[] Countries sporadic for O types

7 1.2b: [ Countries endemic for A types

», —r e Sudan/ Sahel [] Countries sporadic for A types
) b 1.2c: [ Countries endemic for SAT types

IGAD

1.2c FMDV SAT TYPES

[] Countries sporadic for SAT types

[] Countries where SAT types are found only in
Conservation reserves

B Countries where no information is available

[[] Countries where FMDV is present, but has not been
serotyped

> Oval shape outlines some of the FMDV

epidemiological clusters as described by Rweyemamu
et al., 2008

Fig. 1.2 Map showing conjectured the serotype distribution of FMD in Africa 2010-2012.

(Sources: OIE/FAO FMD Reference Laboratory Network Annual Report 2010-2011; FAO/EuFMD Monthly Report September
2012). Source of outline of map of Africa:www.theodora.com/maps
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On the other hand the SAT types 1 and 2 are confined to most of sub-Saharan Africa (Fig 1.2c),
with SAT2 being responsible for the majority of the FMD outbreaks in southern regions of the
continent (Thomson & Bastos, 2004). However, sporadic SAT2 outbreaks occurred in the North
African countries of Libya (2003, 2012) and Egypt (2012), and there have historically been
incursions of SAT 2 into the Middle East in 1990 and 2000 (Samuel & Knowles, 2001; Vosloo et
al., 2002; Knowles & Samuel, 2003; Valarcher et al., 2004; Ahmed et al., 2012). The SAT3
serotype is the least prevalent of all the FMDV serotypes and is maintained in the African buffalo
(Syncerus caffer) in southern Africa (South Africa, Namibia, Botswana, Zimbabwe Zambia) and
Uganda (East Africa) (Bastos et al., 2003a).

1.2.3 Topotype distribution of the various serotypes in Africa

The genetic and antigenic diversity within each of the seven serotypes results in different FMDV
strains. These were previously identified antigenically by using serology and were designated as
subtypes (reviewed in Kitching et al., 1989). Currently, molecular characterisation of the VP1
coding-region of the virus capsid is used to determine genetic relationships (Beck & Strohmaier,
1987), which groups the FMDV strains into topotypes that refer to limited genetic variation
within a defined geographical area. Topotypes generally refer to isolates that have <15% genetic
variation for the A, O and C serotypes and < 20% for the SAT serotypes (Samuel & Knowles,
2001; Knowles & Samuel, 2003; Di Nardo et al., 2011).

1.2.3.1 Topotypes for Serotype O

At least five of the eleven topotypes reported globally for serotype O are endemic to the African
continent, i.e. East Africa (EA-1 to EA-4) and West Africa (WA). These topotypes have the
following distribution: EA-3 is circulating most broadly, in three countries in the eastern region;
Ethiopia, Sudan, Somalia and two countries in West Africa, Cameroon and Nigeria. Recent
sporadic outbreaks of EA-3 have occurred towards the northern region, in Libya and Egypt
(2011-2012) and towards the south in Zambia (2010). Topotypes EA-2 and EA-4 are similarly
widely distributed in the following countries towards the east: EA-2 is found in four countries,
Democratic Republic of the Congo (DRC), Kenya, Uganda and Tanzania, while EA-4 circulates
in three countries, Uganda, Ethiopia and Kenya. In contrast, EA-1 has only been reported in
Kenya. The WA topotype circulates exclusively in West Africa. Recently there has been sporadic
outbreaks of an exotic PanAsia-2 strain belonging to the ME-SE (Middle East-South East Asia)
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topotype circulating in in Libya and Egypt (2011-2012), northern Africa (Fig 1.2a) (Knowles &
Samuel, 2003; Ayelet et al., 2009; Wekesa et al., 2013; Kasanga et al., 2014; Ludi et al., 2014;
FAO/EuFMD Monthly Report September 2012; OIE/FAQO Reference Laboratory Reports).

1.2.3.2 Topotypes for Serotype A

Serotype A, although considered to be antigenically the most diverse, has only three topotypes
circulating globally and one of them is endemic in sub-Saharan Africa. Within this topotype
named Africa, some of the genotypes circulating are as follows: in the eastern part of Africa,
Genotype 1 (G-1) both historical and recent viruses have been reported in three countries, DRC,
Kenya and Tanzania. Though in the past, Burundi, Ethiopia, Somalia and Uganda have harboured
genotype G-I. The genotype G-Il is exclusive to Ethiopia while the genotype G-VII is found to
the north-east of the continent in three countries, Kenya, Ethiopia and Egypt. Genotype G-1V is
most widespread and found spanning the eastern, Central and West Africa regions, in the
countries of Cameroon, Eritrea, Mali, Nigeria and Sudan. The G-VI genotype circulates in West
Africa in the countries of Cameroon, Cote d’ Ivoire, Gambia, Ghana, Mali, and Nigeria. Recently
there have been outbreaks of the exotic genotype A/lran-05 belonging to the Asia topotype in
Libya and Egypt (2012) (Fig 1.2b); (Habiela et al., 2010; Di Nardo et al., 2011; Kasanga et al.,
2014; Wekesa et al., 2014; OIE/FAQO Reference Laboratory Reports).

1.2.3.3 Topotypes for the SAT serotypes

The SAT serotypes are more genetically diverse compared to the A and O serotypes (Bastos et
al., 2001; Bastos et al., 2003b). The SAT1 and 2 types have eight and fourteen topotypes
documented respectively, while SAT3 a total of six topotypes have been reported (Bastos et al.,
2001; Bastos et al., 2003a; Bastos et al., 2003b; Knowles et al., 2010a; Hall et al., 2013).
However, with limited sample collection and surveillance in Africa, the geographical distribution
described here may not reflect the current endemic status of the SAT topotypes and some may be
extinct. Nonetheless the viruses listed hereafter have been circulating on the continent; In
southern Africa (Angola, Botswana, Mozambique, Namibia, South Africa, Zambia, Zimbabwe):
SATL topotypes 1, 2, 3; SAT2 topotypes I, I, 111 IV and XI; SAT3 topotypes I, 11, 11l and IV.

In eastern Africa (DRC, Ethiopia, Eritrea, Kenya, Rwanda, Suda