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1. Introduction

Foot-and-mouth disease (FMD) is widely considered
the most economically important disease of livestock, and
is a notifiable disease in many countries due to its highly
contagious nature and associated productivity losses
among even-toed ungulates (Artiodactyla). The disease is
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The non-structural proteins of foot-and-mouth disease virus (FMDV) are responsible for

RNA replication, proteolytic processing of the viral polyprotein precursor, folding and

ssembly of the structural proteins and modification of the cellular translation apparatus.

nvestigation of the amino acid heterogeneity of the non-structural proteins of seventy-

nine FMDV isolates of SAT1, SAT2, SAT3, A and O serotypes revealed between 29 and 62%

amino acid variability. The Leader protease (Lpro) and 3A proteins were the most variable

whilst the RNA-dependent RNA polymerase (3Dpol) the most conserved. Phylogeny based

on the non-structural protein-coding regions showed separate clusters for southern

African viruses for both the Lpro and 3C protease (3Cpro) and sequences unique to this group

of viruses, e.g. in the 2C and 3Cpro proteins. These groupings were unlike serotype

groupings based on structural protein-coding regions. The amino acid substitutions and

the nature of the naturally occurring substitutions provide insight into the functional

domains and regions of the non-structural proteins that are critical for structure–function.

The Lpro of southern African SAT type isolates differed from A, O and SAT isolates in

northern Africa, particularly in the auto-processing region. Three-dimensional structures

of the 3C protease (3Cpro) and 3Dpol showed that the observed variation does not affect the

enzymatic active sites or substrate binding sites. Variation in the 3Cpro cleavage sites

demonstrates broad substrate specificity.
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ndemic to large parts of the African continent and an
pediment to lucrative export markets for animal

roducts (Vosloo et al., 2002). The different serotypes of
MD virus (FMDV) cause a clinically indistinguishable
esicular disease in cloven-hoofed animals and display
ifferent geographical distributions and epidemiology
astos et al., 2001, 2003a,b; Bronsvoort et al., 2004;

nowles and Samuel, 2003; Samuel and Knowles, 2001). Of
e seven serotypes, the South African Territories (SAT)
pes 1, 2 and 3 are confined to sub-Saharan Africa,

lthough incursions into the Middle East by SAT1 (1961–
965 and 1970) and SAT2 (1990, 2000 and currently in
orth Africa) viruses have been recorded (Bastos et al.,
001; Ferris and Donaldson, 1992; Valdazo-González et al.,
012; records of the Office International des Épizooties or
IE). In contrast, serotypes A and O occur globally (Samuel
nd Knowles, 2001) with the exception of southern Africa

osloo et al., 2002).
FMDV is a small non-enveloped virus, a member of the

phthovirus genus within the family Picornaviridae. The
osahedral capsid consists of 60 copies of four structural
roteins, VP1 to 4, arranged in a pseudo T = 3 composition.
he three surface-exposed proteins, VP1 (1D), VP2 (1B) and
P3 (1C), assemble into a protomeric subunit, with the
maller VP4 (1A) located internally (Acharya et al., 1989;
urry et al., 1995; Sobrino et al., 2001). Despite the high
vels of genetic and antigenic variation (Vosloo et al.,
995; Reeve et al., 2010; Maree et al., 2011), a consequence
f the high mutation rate of the virus, the structural
rrangement of the capsid is remarkably conserved,
dicating plasticity within the three-dimensional struc-
re of the capsid proteins (Acharya et al., 1989; Curry

t al., 1995; Fry et al., 1999; Lea et al., 1994). The capsid
ncloses a ca. 8.5 kilobase, positive-sense, single-stranded
NA genome with a single open reading frame and two in-
ame translation-initiation codons. Covalently linked to
e 50 end of the genome is the small viral protein 3B (or

Pg), while the 30 end is poly-adenylated (Carrillo et al.,
005). Upon virus infection, the interactions between VP2
nd VP3 at the pentameric interfaces are disrupted by
cidification within cellular endosomes, thereby releasing
e viral RNA (Ellard et al., 1999; Knipe et al., 1997). The

iral genome is rapidly translated into a polyprotein which
 co- and post-translationally cleaved by viral proteinases
to several partially cleaved intermediates and ultimately
to 12 mature proteins (Pereira, 1981; Rueckert, 1996).

In addition to the capsid proteins, the ORF of the viral
NA genome encodes eight non-structural proteins, each
ith its unique function within the replication cycle of

MDV (Belsham, 1993, 2005). The non-structural proteins
clude three proteases, i.e. Lpro, 2A and 3Cpro, responsible
r cleavage of the viral polyprotein and shut-down of the

ost cap-dependent translational system (Bablanian and
rubman, 1993; Martinez-Salas et al., 1996). Although

everal of the picornavirus proteins involved in RNA
eplication (2B, 2C and 3A) have membrane binding
roperties and disrupt protein trafficking in the cell

offat et al., 2005, 2007), their particular functions
uring viral replication are still unknown. The 2B protein
as been implicated in virus-induced cytopathic effect
PE) (van Kuppeveld et al., 1997), while the 2C protein has

recently been classified as an AAA+ ATPase enzyme that
may act as an RNA helicase (Sweeney et al., 2010). The 3D
gene encodes the viral RNA-dependent RNA polymerase
(RDRP), and together with the 3A co-localizes with ER
membrane-associated replication complexes (Lama et al.,
1994).

Based on the genetic variability of the VP1-coding
region, the FMDV strains that exist among the serotypes,
group into topotypes that are geographically specific
(Knowles and Samuel, 2003; Samuel and Knowles,
2001). Serotype A has three topotypes, of which the Africa
topotype is endemic to sub-Saharan Africa. Of the eleven
topotypes defined for serotype O, five are endemic in
Africa; the East Africa (EA1–EA4) and West Africa (WA)
topotypes (Di Nardo et al., 2011). On the other hand, the
SAT serotypes are genetically more diverse, and nine,
fourteen and five topotypes have been defined for SAT1,
SAT2 and SAT3 respectively (Bastos et al., 2001, 2003a,b;
Knowles et al., 2010).

A few studies have looked at genome comparisons
mainly focusing on serotypes A, O, C and Asia-1 with a
geographic distribution in Euro-Asia and South America
(Carrillo et al., 2005; Mason et al., 2003; Pereda et al.,
2002). However, a limited number of complete non-
structural protein analyses for viruses belonging to the SAT
serotypes have been described (Carrillo et al., 2005). Here
we have compared the non-structural proteins and their
coding regions for the three SAT serotypes and viruses
from serotype A and O found in sub-Saharan Africa from
1974 to 2006. Additionally, the natural variation found
within the non-structural protein sequences of 79 viruses
to identify structurally and possibly functionally con-
served regions were mapped. Variation in the 3Cpro and
3Dpol was also mapped onto the protein structures to
improve understanding of the plasticity of these enzymes.
The deduced amino acid sequences of the non-structural
proteins of two closely related SAT2 viruses, causing
numerous of outbreaks in North Africa and the Middle East
in 2012, were also included (Valdazo-González et al.,
2012).

2. Materials and methods

2.1. Virus isolates

The viruses included in this study were either supplied
by the World Reference Laboratory (WRL) for FMD at the
Pirbright Institute (United Kingdom) or form part of the
virus collection at the Transboundary Animal Diseases
Programme, Onderstepoort (South Africa). The SAT1
(n = 30), SAT2 (n = 26), SAT3 (n = 7), serotype A (n = 7)
and serotype O (n = 10) FMDV isolates from 17 countries in
sub-Saharan Africa were selected for genomic characteri-
zation. The isolates span a 32 year time period and
represent various geographic locations and animal species.
The viruses were propagated in IB-RS-2 cells prior to RNA
extraction, cDNA synthesis and amplification of the
relevant genome regions by PCR (Maree et al., 2011). A
description of the passage histories, host species and
representative topotypes can be found in Table 1.
2



Table 1

Viruses used in this study.

Virus strain Topo-typeb Speciesc Passage historyd Country of origin GenBank accession

number

1 1 Buffalo PK1 RS1 South Africa KF647852

2 1 Buffalo PK1 RS5 South Africa KF647853

3 1 Buffalo PK1 RS4 South Africa KF647856

4 1 Impala Epithelium South Africa

5 1 Buffalo BTY1 RS3 Zimbabwe KF647854

6 1 Buffalo BTY1 PK1 RS3 Zimbabwe KF647855

7 1 N/A BTY3 BHK5 Botswana AY593845

8 1 N/A BTT1 Rhodesia AY593846

9 1 N/A IBRS3 Unknown AY593839

10 2 Buffalo PK1 RS4 Namibia KF647863

11 2 Bovine PK1 RS3 Zimbabwe KF647864

12 2 N/A LK2 Botswana AY593838

13 2 N/A IBRS3 Rhodesia AY593841

14 2 N/A IBRS4 Unknown AY593840

15 2 N/A IBRS3 Unknown AY593842

16 2 N/A IBRS3 Unknown AY593843

17

SAT1/KNP/196/91 

SAT1/KNP/148/91 

SAT1/KNP/41/95 

SAT1/SAR/9/81 

SAT1/ZIM/HV/03/90 

SAT1/ZIM/GN/13/90 
aSAT1/BOT/1/68 

aSAT1/RHOD/5/66 

aSAT1/RV/11/37 
SAT1/NAM/307/98 
SAT1/ZIM/6/94 

aSAT1/BEC/1/70 
aSAT1/SR/2/58 

aSAT1/SWA/1/49 

aSAT1/SA/5/61 

aSAT1/SWA/40/61 
SAT1/ZIM/25/90 3 Buffalo BTY2 RS4 Zimbabwe KF647857

18 3 Buffalo PK1 RS3 Zambia KF647862

19 3 Bovine PK1 RS5 Mozambique KF647858

20 

SAT1/ZAM/2/93 

SAT1/MOZ/3/02 

SAT1/TAN/1/99 3 Bovine PK2 RS4 Tanzania KF647860

21 3 Bovine BTY1 RS3 Kenya KF647861

22 5 Buffalo PK1 RS4 Uganda KF647865

23 4 Bovine BTY1 RS4 Uganda KF647866

24 7 Bovine BTY1 RS3 Sudan KF647868

25 7 Bovine BTY2 RS2 Nigeria KF647867

26 8 Bovine BTY1 RS3 Nigeria KF647869

27 8 Bovine BTY1 RS5 Nigeria KF647871

28

SAT1/KEN/05/98 

SAT1/UGA/1/97 

SAT1/UGA/3/99 

SAT1/SUD/3/76 

SAT1/NIG/5/81 
SAT1/NIG/15/75 

SAT1/NIG/8/76 
SAT1/NIG/6/76 8 Bovine BTY1 RS5 Nigeria KF647870

29 I Buffalo BHK4 South Africa KJ144902

30 I Impala CFK2 RS2 BHK4 South Africa KJ144903

31 I Impala PK1 RS6 South Africa KJ144904

32 I Impala B1 BHK8 South Africa KJ144905

33 I Buffalo CFK1 RS4 Zimbabwe KJ144908

34 I N/A IBRS3 Unknown AY593848

35

SAT2/KNP/19/89 

SAT2/KNP/2/89 
SAT2/KNP/51/93 

SAT2/SAR/16/83 

SAT2/ZIM/1/88 

aSAT2/106/67 

aSAT2/ZIM/7/83 II Bovine B1 BHK5 B1 Zimbabwe AF540910

36 II Buffalo BTY1 RS3 Zimbabwe KJ144910

37 II Buffalo BTY2 RS4 Zimbabwe KJ144911

38 II Buffalo BTY2 PK1 RS3 Zimbabwe KJ144907

39

SAT2/ZIM/14/90 
SAT2/ZIM/17/91 

SAT2/ZIM/GN/10/91 
SAT2/ZIM/34/90 II Buffalo BTY3 RS4 Zimbabwe KJ144909

40 II Buffalo BTY1 RS3 Zimbabwe KJ144906

41 II Bovine BTY2 RS2 Zimbabwe AY593847

42 III Bovine BTY1 RS2 Zambia KJ144912

43

SAT2/ZIM/8/94 

aSAT2/RHO/1/48 
SAT2/ZAM/07/96 
SAT2/KEN/8/99 IV Bovine BTY2 RS4 Kenya KJ144913

44 V Bovine BTY1 RS1 BHK5 Senegal KJ676543

45 V Bovine BTY1 RS3 Ghana KJ144917

46 VI Bovine CFK1 RS1 Senegal KJ144916

47 VII Bovine BTY2 PK1 RS5 Eritrea KJ144921

48

SAT2/SEN/5/75 

SAT2/GHA/8/91 

SAT2/SEN/7/83 

SAT2/ERI/12/98 
SAT2/SAU/6/00 VII Bovine BTY1 RS1 Saudi Arabia KJ144920

49 VIII Bovine PK1 RS1 Rwanda KJ144919

50 IX Bovine N/A Kenya KJ144915

51

SAT2/RWA/2/01 
aSAT2/KEN/3/57 

aSAT2/KEN/11/60 IX N/A IBRS3 Kenya AY593849

52 XI Bovine BTY3 RS3 Angola KJ144914

53 XII Bovine PK1 RS1 Uganda KJ144918

54 XII Buffalo N/A Uganda FJ461346

55 VII Bovine N/A Egypt JX014255

56

SAT2/ANG/4/74 SAT2/
UGA/2/02 aSAT2/
UGA/MBF/4/02 

aSAT2/
EGY/9/12 

aSAT2/
PAT/1/12 VII Bovine N/A Palestinian

Autonomous

Territories

JX014256

57 SAT3/KNP/10/90 I Buffalo PK1 RS1 South Africa KF647849

58 aSAT3/SA/57/59 I N/A LK1 Unknown AY593850

59 aSAT3/BEC/1/65 II Bovine LK1 Botswana AY593853

60 aSAT3/KEN/11/60 IV N/A IBRS4 Kenya AY593852

61 aSAT3/BEC/20/61 II N/A LK1 Botswana AY593851

62 SAT3/ZIM/5/91 III Buffalo BTY1 RS4 Zimbabwe KF647851

63 SAT3/ZAM/4/96 IV Buffalo BTY1 RS1 Zambia KF647850

64 A/CIV/4/95 I Bovine BTY1 Coˆte d’ Ivoire KJ144932

65 A/SEN/10/97 I Bovine BTY2 Senegal KJ144933

3
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.2. RT-PCR, sequencing and analysis

Viral RNA was extracted from infected cell culture
upernatant using a modification (Bastos, 1998) of the
uanidinium-silica based method described by Boom
t al. (1990). To facilitate amplification of the untranslated
egions (UTR’s), Leader-P1-2A and P2-P3-coding regions,
he viral genomic RNA was reverse transcribed with
uperScript IIITM (Life Technologies) using either the
ligonucleotide 2B-208R (Bastos et al., 2001) for the
0UTR, Leader-P1-2A coding region or a modified oligo-dT,

CCATGGCGGCCGCTTTTTTTTTTTTTTT, for the P2-P3 cod-
ing region and 30UTR. The non-structural protein coding
region and 30UTR were subsequently amplified by three or
four separate PCR reactions using the oligonucleotides
detailed in Table 2 and Expand Long template Taq DNA
polymeraseTM (Roche). The cycling conditions were 95 8C
for 20 s, 56 8C for 20 s, 68 8C for 2–3 min (30 cycles). Direct
DNA sequencing of amplicons, using the ABI PRISMTM

BigDye Terminator Cycle Sequencing Ready Reaction
Kit v3.0 (Perkin Elmer Applied Biosystems) and ge-
nome-specific primers, yielded a consensus sequence

Virus strain Topo-typeb Speciesc Passage historyd Country of origin GenBank accession

number

66 A/SOM/1/78 III N/A BTY2 Somalia KJ144935

67 A/TAN/4/80 III N/A BTY2 Tanzania KJ144937

68 A/ETH/2/79 IV N/A BTY5 Ethiopia KJ144936

69 A/ETH/7/92 IV N/A BTY1 Ethiopia KJ144934

70 A/ERI/3/98 V N/A BTY1 Eritrea KJ144931

71 O/UGA/5/96 II N/A IBRS2 Uganda KJ144924

72 O/UGA/6/76 II N/A IBRS2 Uganda KJ144926

73 O/UGA/17/98 II N/A IBRS2 Uganda KJ144927

74 O/UGA/1/75 II N/A IBRS2 Uganda KJ144925

75 O/UGA/7/03 II Bovine PK1 Uganda KJ144922

76 O/KEN/10/95 II N/A IBRS2 IBRS3 Kenya KJ144928

77 O/SUD/4/80 III N/A IBRS2 Sudan KJ144930

78 O/ETH/3/96 IV N/A IBRS2 Ethiopia KJ144929

79 O/TAN/3/96 VI N/A IBRS2 Tanzania KJ144923

a Genome sequences obtained from GenBank.
b Reference for topotypes: Bastos et al. (2001, 2003a,b), Maree et al. (2011) and Knowles and Samuel (2003).
c The species the virus was isolated from. N/A: not available.
d The passage history of the virus is indicated as follows: the cell type, followed by the number of times the virus has been passaged in that particular cell

pe, in numerals (1, 2, 3 etc.). BHK – baby hamster kidney cells; B – bovine; BTT – bovine tongue tissue; BTY – bovine thyroid; CFK – calf foetal kidney; LK –

mb kidney cells; PK – pig kidney; RS/IBRS2 – Instituto Biologico Renal Suino-2 Cells; N/A – information not available.

able 2

 summary of the oligonucleotides that was used for PCR amplification of the Lpro, P2- and P3-coding regions. The orientation, their location on the FMDV

enome and the serotype specificity are indicated.

PCR fragment amplified

in the different serotypes

Primer oligonucleotide

Name Sequence (50–30) Orientation Location Serotype specificity

L-Frag 50UTR P664

SEQ 130

CAGCGTCTCCCCCCCCCCCCCCCC (this study)

CCGTTGTAVAGTGTGAATTCC (this study)

Forwards

Reverse

Poly C

Leader

SATs, A and O

SATs

Leader-P1-2A (SATs)

Leader-P1 (A and O)

NCR1 TACCAAGCGACACTCGGGATCT (Maree et al., 2011) Forward 50UTR SATs, A and O

NCR2 GCTTCTATGCCTGAATAGG (Maree et al., 2011) Forward 50UTR SATs

2B-208R ACAGCGGCCATGCACGACAG (Bastos et al., 2001) Reverse 2B SATs

2BR-UGA GCTACAGCGGCCATRCAYGACA (this study) Reverse 2B SATs East and

West Africa

W-DA GAAGGGCCCAGGGTTGGACTC

(Beck and Strohmaier, 1987)

Reverse VP1/2B A and O

2A (A and O) VP1 O GATTTGTGAAGGTGACACC (Rodriguez et al., 1994) Forward VP1 O-type

A1C-562F TACCAAATTACACACGGGAA (Reid et al., 2000) Forward VP3 A-type

2B-208R ACAGCGGCCATGCACGACAG (Bastos et al., 2001) Reverse 2B A and O

2BR-UGA GCTACAGCGGCCATRCAYGACA (this study) Reverse 2B A and O

2BC, 3AB123, 3C (SATs)

2BC, 3AB123 (A and O)

SEQ 91 GAGTCCAACCCTGGGCCCTTCTTCTTC (this study) Forward VP1/2A All

SEQ 92 CGCTCYTCAACWTCTCTGGTGTC (this study) Reverse 3D SATs

SEQ 126 TCCATRCACACTACAATGTC (this study) Reverse 3C A and O

3C–30UTR (all serotypes) NC3+ CCKGTGAAGAAGCCTGTCGC (this study) Forward 3B All

Poly SAT DT CCATGGCGGCCGCTTTTTTTTTTTTTTT (this study) Reverse Poly A All
 = CT; M = AC; K = AG; W = AT; S = CG; K = TG; D = AGT; V = AGC; H = ACT; B = GCT.
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osition. Each nucleotide was represented at least twice

 the sequencing data. Sequences of the ca. 3.6 kb 50UTR-
eader-P1-2A and 4.3 kb P2-P3-coding regions and 30UTR
ere compiled and edited using BioEdit 5.0.9 software

Hall, 1999). The nucleotide data for eight non-structural
rotein coding regions (Leader, 2A, 2B, 2C, 3A, 3B, 3C, 3D),
ere determined in this study, while the nucleotide data
r the P1 region have previously been described (Maree

t al., 2011).
The nucleotide and deduced amino acid sequences

ere aligned using ClustalX (Thompson et al., 1997).
hylogenetic relationships were determined using Maxi-
um-Likelihood methods conducted in MEGA5 (Tamura

t al., 2011). The jModelTest 2.1.3 (Darriba et al., 2012) was
sed to predict the most appropriate model of evolution.
he General Time Reversible model with gamma distribu-
on and invariable rates (GIR + I + G) best described the
attern of nucleotide substitution. MEGA5 software was
lso used to identify hypervariable amino acid regions in a
tal alignment of the deduced amino acid sequences,

efined as regions with more than 60% variable residues
ithin a window of 10 residues. Entropy plots were drawn
om the deduced amino acid alignments using BioEdit
.0.9 software (Hall, 1999) and were defined as the
ncertainty at each amino acid position with high values
eing an indication of high variation (Schneider and
tephens, 1990). The relative hydrophobicity of the
dividual proteins were predicted using the Kyte and
oolittle (1982) method operated in the BioEdit 5.0.9 soft-
are (Hall, 1999). Potential recombination within the

ligned open reading frame sequences of the African FMDV
ere examined using the GENECONV (Sawyer, 1989)

ecombination detection method of the Recombination
etection Program v4.43 (Martin et al., 2005).

.3. Structural modelling

Homology models of the 3C protease (3Cpro) and 3D
NA-polymerase (3Dpol) of SAT1 and SAT2 were built using
odeller 9v3 (Sali and Blundell, 1993) with FMDV A10

Cpro (pdb id: 2j92) or type C RNA-polymerase (1UO9) as
mplates. Alignments were performed with ClustalX.

tructures were visualized and the surface-exposed
esidues identified with PyMol v1.1 (Schrödinger, LLC,
ew York, NY).

.4. Nucleotide sequence accession numbers

All nucleotide sequences determined in this study have
een submitted to GenBank under the accession numbers
dicated in Table 1.

3. Results

3.1. Phylogenetic trees of the various non-structural protein

coding regions

For the 79 sub-Saharan African FMDV from 5 serotypes
(SAT1, 2, 3, A and O) studied, 606, 1416 and 2721 nucleo-
tide positions were aligned for the Lpro-, P2- and P3-coding
regions, respectively. The Lpro-coding region displayed
greater nucleotide variability i.e. 66.2% as compared to
46.7% and 47.9%, observed for the P2- and P3-coding
regions, respectively.

Midpoint rooted neighbour joining trees were used to
determine the phylogenetic relationships of the Lpro-coding
region and the P3-coding regions for the sub-Saharan
African FMDV. Also included in the analysis were sequences
of two recent SAT2 viruses from the 2012 FMD outbreak in
Egypt and the Middle East (Valdazo-González et al., 2012)
obtained from GenBank (JX014255 and JX014256).

Based on a cut-off value of less than 16% nucleotide
difference, three non-serotype specific clusters were
observed for the Lpro-coding region (Fig. 1) and four
clusters for the P3-coding regions (Fig. 2), supported by
strong bootstrap values. Based on phylogeny of the Lpro-
and P3-coding regions, the SAT1 and SAT2 viruses from
southern Africa i.e. Angola, Botswana, Malawi, Mozambi-
que, Namibia, Zambia, Zimbabwe and South Africa and the
SAT3 viruses (from southern and East Africa), as well as
two isolates from Kenya (SAT1/KEN/5/98 and SAT2/KEN/8/
99) and one from Tanzania (SAT1/TAN/1/99), grouped
together (i.e. cluster I; Figs. 1 and 2). The A and O types of
viruses that originated from Côte d’Ivoire, Senegal
(western Africa), Eritrea, Ethiopia, Kenya, Somalia, Sudan,
Tanzania and Uganda (eastern Africa), grouped together
with SAT1 and SAT2 viruses from Eritrea, Nigeria, Rwanda,
Sudan and Saudi Arabia (i.e. cluster II; Figs. 1 and 2). Three
SAT2 viruses, two from Kenya (KEN/3/57 and KEN/11/60),
and one from Uganda (UGA/MBF/4/02) were also found in
cluster II, based on Lpro and P3 phylogeny (Figs. 1 and 2). It
is interesting to note that three SAT2 viruses from Senegal
and Ghana in West Africa (SAT2/SEN/5/75, SAT2/SEN/7/83,
and SAT2/GHA/8/91) and a SAT1 virus from Uganda (SAT1/
UGA/3/99) formed a strongly supported cluster based on
Lpro-sequence phylogeny with 20.4% nucleotide differ-
ences within the group (cluster III; Fig. 1). Based on the
P3-coding region, these West African SAT2 viruses shared a
separate cluster III (Fig. 2), while three Ugandan isolates
grouped together (SAT1/UGA/1/97, SAT1/UGA/3/99 and
SAT2/UGA/2/02) (cluster IV; Fig. 2). Two virus strains from
the recent SAT2 FMD outbreak in Egypt and the Palestinian
Autonomous Territories (PAT) (EGY/9/12 and SAT2/PAT/1/
12) grouped in cluster II, demonstrating a close genetic

ig. 1. Maximum-Likelihood tree depicting nucleotide relationships between the sub-Saharan African FMDV (SAT1, SAT2, SAT3, A and O) for the Leader-

oding region rooted against the mid-point was constructed using MEGA5.2 (Tamura et al., 2011). The sub-Saharan southern African viruses are indicated

y (*) eastern Africa viruses (~), western Africa viruses (&), and the North African and Middle East viruses (^). Model assumptions predicted by jModel

.1.3 (Darriba et al., 2012) are based on the GIR + I + G (General Time Reversible) model of nucleotide substitution. There was non-uniform evolutionary

tes among sites modelled using both discrete Gamma distribution (+G) with 4 rate categories and assuming that a certain fraction of sites are

volutionarily invariable (+I). Proportion of invariable sites is 0.2830, gamma shape is 0.795. The scale bar indicates nucleotide substitutions per site. The

bustness of the tree topology was assessed using 1000 bootstrap replications.
6
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elationship with SAT2 viruses from Saudi Arabia and
ritrea (Figs. 1 and 2).

When using the Lpro and P3 phylogenies to investigate
hether or not intertypic recombination was prevalent

etween the African FMDV, potential recombination
vents were noted in the non-structural protein coding
equences at nucleotide positions 770–818 and 3675–
944. Interestingly, when only the SAT viruses were
nalyzed, a high rate of intertypic recombination events
ere also observed at nucleotide positions 2856–2962.

.2. The untranslated regions (UTR’s)

The analysis of the 50UTR included an alignment of the
-fragment from the 79 African isolates in this study. The
0UTR L-fragment ranged from 672 to 760 nucleotides in
ngth and showed 31% invariant nucleotides. Insertions/
eletions were observed, including an 83 nucleotide
sertion which was 11 nucleotides downstream of the

oly (C) tract in SAT1/ZIM/25/90. However, this was an
xception where mostly an insertion of 40 nucleotides was
resent at this position for the southern African isolates

 = 25). When the 50UTR L-fragment of only the SAT
iruses was compared, 47% of the nucleotide positions was
und to be invariable. In pairwise comparisons, SAT

iruses display higher than 86% nucleotide identity
etween any two isolates, with most variation observed
etween isolates from southern and West Africa. This
uggests that although the FMDV 50UTR may tolerate
ucleotide changes the overall conservation is retained,
kely for the maintenance of functional secondary
tructures. SAT-specific conserved motifs were observed

 the IRES, especially nucleotides 615–686 and 714–762
ownstream of the poly (C) tract.

The African FMDV 30UTR was variable in length, ranging
om 91 to 101 nucleotides, with only 33% invariant
ucleotide positions. SAT-specific conserved motifs were
resent between residues 15–29 and 35–66, based on
eography, being incongruent for viruses originated from
outhern, West and East Africa.

.3. Amino acid variation in the non-structural proteins of

ub-Saharan FMDV

The nucleotide sequences for the non-structural
rotein-coding regions were translated and the deduced
mino acid sequences aligned.

.3.1. Leader protease

The Lpro, 199–202 residues in length, was the most
ariable of the non-structural proteins with 61.4% variable
mino acid positions in a complete alignment of the
9 sub-Saharan FMDV sequences (Table 3). All the SAT

sequences and one serotype A virus (ERI/3/98) contained a
three amino acid deletion between residues 24 and 28. At
least 35.6% of the positions in viruses from southern Africa
[Angola, Botswana, Mozambique, Namibia, Tanzania,
Zambia, Zimbabwe, and South Africa (i.e. cluster I;
Fig. 1)], were variable (Fig. 3). Similarly 38.6% of the
positions in the SAT viruses from western and eastern
Africa i.e. Egypt, Eritrea, Ghana, Nigeria, Senegal, Sudan,
Rwanda and Uganda (clusters II and III combined),
demonstrated variability (Table 3). The amino acid
residues between the methionine’s of the Lab and Lb
isoforms of Lpro was highly variable (Fig. 3) and contained a
two or three amino acid insertion in the SAT viruses. The
residues required for Lpro catalytic activity, namely C52,
H149 and D165 (Guarné et al., 1998), were conserved in all
the isolates. Another residue, E77, suggested to be involved
in autocatalysis, showed a substitution of E77K for SAT2/
RWA/2/01. Among the non-structural proteins, entropy
was highest for the Lpro, where 29 residue positions
had entropy values of 1.0–1.9; especially towards the
N-terminus (residues 4–24).

3.3.2. Peptides encoded by the P2-coding region

The 2A of 18 amino acids in length (Table 4) had 56%
(10 of 18 residues) conserved residues for SAT viruses,
irrespective of the geographic location. At least 83% of
residues (15 of 18 residues) in a complete alignment of the
2A sequences of African A and O viruses were identical. The
C-terminal 13 amino acids of 2A, with the sequence
LLKLAGDVESNPG, were highly conserved for all the
79 African viruses. However, a residue substitution,
D12N, in the conserved 12DVEXNPG18 motif (Carrillo
et al., 2005; Ryan et al., 2004) was observed in two SAT1
viruses from Uganda and Nigeria (SAT1/UGA/1/97 and
SAT1/NIG/6/76). The N-terminal residue position 2 of the
2A protein showed most variation with an entropy value of
1.1 (Table 4).

The 2B protein (154 amino acids) contained no
insertions or deletions and showed 69.5% conserved
residues in a complete alignment of all the sub-Saharan
FMDV sequences included in this study (Table 3; Fig. 3).
Most of the variation was found in two hypervariable
domains in the N-terminal half of the protein, i.e. residues
5–29 and 44–53 (Fig. 3), while the sequence 64IKLLSRLSC-
MAAVAAR(S/A)KDPVLVAIMLADTGLEILDSTFVVKKI107 was
highly conserved among all the sub-Saharan sequences.
Another conserved motif, located between residues
115 and 137 (FHVPAPVFSFGAPILLAGLVKVA) contained a
hydrophobic domain (Fig. 3). Entropy values of 1.0–1.5
were observed at four residue positions (20, 23, 45 and 52)
at the N-terminus of the protein.

The FMDV 2C protein is an AAA+ ATPase with RNA
binding activity (Sweeney et al., 2010), and was found to be

ig. 2. A Maximum-Likelihood tree showing nucleotide relationships between the sub-Saharan African FMDV (SAT1, SAT2, SAT3, A and O serotypes) for the

3-coding region. The phylogenetic tree was rooted against the mid-point and was constructed in MEGA5.2 software (Tamura et al., 2011). The sub-Saharan

uthern African viruses are marked (�) eastern Africa viruses (~), western Africa viruses (&), and the North African and Middle East viruses (^). The most

itable model for nucleotide pattern substitution was determined by jModel 2.1.3 (Darriba et al., 2012). It was predicted the GIR + I + G (General Time

eversible) model of nucleotide substitution. There was non-uniform evolutionary rates among sites modelled using both discrete Gamma distribution (+G)
ith 4 rate categories and assuming that a certain fraction of sites are evolutionarily invariable (+I). Proportion of invariable sites is 0.428, gamma shape is

.706. The scale bar indicates nucleotide substitutions per site. Confidence levels of the tree branches were tested using 1000 bootstrap replications.
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8 amino acids in length; mostly hydrophilic towards the
terminus and contained 65.4% invariant residue posi-
ns when sequences of isolates in this study were
mpared (Table 3; Fig. 3). Most variation was focussed in
o hypervariable regions, one in the N-terminus (residue
–101) and one in the C-terminus (258–306) of the
otein (Fig. 3). Entropy values of 1.0–1.2 occurred at three
sidue positions (83, 92, and 291). A highly conserved,
drophobic motif was present between residues 17–34,
. 17EWLVKLILAIRDWIKAWI34. This amphipathic helix is
ost probably involved in the attachment of 2C to the
embrane (Echeverri and Dasgupta, 1995). Residues
6–152, i.e. 136DSVWYCPPDPDHFDGYN152 were 100%
nserved in all African isolates. Conserved residues at
sitions 110–117 (GKSGQGKS), 156–161 (VVVMDD) and
1–207 (VIIATTN) included the characteristic Walker A,
alker B and C motifs of an AAA+ ATPase (Sweeney et al.,
10). A D160N substitution in the Walker B motif has
en observed once in SAT3/ZAM/4/96. However, the C
otif for southern Africa SAT viruses displayed a
nservative T206S (n = 68) substitution while I203 V

 = 2) and I202L (n = 1) substitutions were also observed
ig. 3). There were residues unique to the SAT1, SAT2 and
T3 viruses originating from the larger southern African
gion (Angola, Botswana, Mozambique Namibia, South
rica, Tanzania, Zambia and Zimbabwe). These sequences
ere located within the N-terminal 100 amino acids of 2C,
. residue positions 40–42 (YIS) in the southern African
Ts (n = 34) as compared to FVT in SATs of the larger
rthern Africa [Sudan, Ethiopia, Eritrea, Nigeria, Senegal
d Ghana (n = 11)]. Other positions of unique substitu-
ns for the southern SATs are G49R, K53C, D56N, A66S,
1E, Q75E and V92N (Fig. C; supplementary data).

.3. Peptides encoded by the P3-coding region

The 3A protein is 152–153 amino acids in length. Viral
nomes of the all southern and the Ugandan SAT
rotypes (clusters I and III; Fig. 2) generally encoded a

 protein one residue shorter compared to the SAT viruses
m West Africa and all the African A and O serotypes in
ster II (Fig. 2) with a deletion at amino acid position 148

ig. D; supplementary data). An exception is the 3A
otein of the SAT2 virus, SEN/7/83 that contained a
letion of 11 amino acids in the C-terminus, between
sidues 134 and 146. In the total alignment, at least 56% of

residue positions were variable, while 34.6% were variable
for the SATs from the southern part of Africa (Angola,
Botswana, Mozambique Namibia, South Africa, Tanzania,
Zambia and Zimbabwe) and 45.7% for the West and East
Africa SAT1, SAT2, A and O viruses (Ethiopia, Eritrea,
Ghana, Kenya, Nigeria, Senegal, Tanzania, Rwanda and
Uganda). The sequence 115EVVDKP120 in southern African
SAT viruses (cluster I; Fig. 2) distinguished them from the
northern African lineages (cluster II; Fig. 2). The N-terminal
41 amino acids were relatively conserved (Fig. 3) while a
hydrophobic domain, with mean hydrophobicity >3.0
(Kyte and Doolittle, 1982), was located between residues
60–74 (60EIVALVVVLLANIII74). The C-terminus was highly
variable (Fig. 3), with nine residue positions that showed
entropy values of 1.0–1.3.

The three copies of 3B varied in length between 23 (3B1)
and 24 (3B2 and 3B3) residues demonstrating 53.5% overall
variability, whilst each copy varied by 56.5%, 50% and
54.2%, respectively (Table 5). The 3B proteins of the
southern African SAT1, SAT2 and SAT3 viruses (n = 59)
were more similar with 31% variation, while SAT1 and
SAT2 viruses (n = 9) from Nigeria, Senegal, Ghana, Ethiopia
and Eritrea showed 39.4% variability (Table 3). Nine of the
eleven SAT1 and SAT2 viruses in cluster II (Fig. 2) from
western (Nigeria) and eastern Africa (Ethiopia, Eritrea,
Kenya and Uganda) had residues in common with serotype
A and O viruses (Table 5). The N-terminal motif, GPYXGP
(where X is any amino acid), was conserved for all the sub-
Saharan viruses.

The 3Cpro-coding region translated into 213 amino
acids with 41.7% variable positions in an overall alignment
(Fig. E; supplementary data). Forty-two variable residues
(19.7%) were observed in the southern African SAT viruses
(Table 3), 35 (16.4%) in the East Africa (Kenya, Uganda,
Tanzania and Rwanda) SAT1, SAT2, A and O viruses,
5 variable residues (2.3%) in the West Africa (Ghana and
Senegal) SAT2 isolates and only 2 variable residues (<1%)
was found among the four Ugandan SAT1 and SAT2
isolates. The variation was not random, but defined in
hyper-variable regions separated by highly conserved
residues. The conserved residues point towards the
significant contribution of these residues to structural
and/or functional constraints. The N-terminal 60 amino
acids of 3Cpro, especially 17–48 [17(K/R)PVELILDGK(T/I)
VA(L/I)CCATGVFGTAYLVPRHLF48], were highly conserved

ble 3

riability in the deduced amino acid alignments of the non-structural proteins for sub-Saharan FMDV.

egion in

enome

No. of residue

positions aligned

Complete alignment Southern Africa SAT NSP

alignment

A, O, western and eastern Africa

SAT1 and SAT2 NSP alignment

No. of variant

residues

% of variant

residues

No. of variant

residues

% of variant

residues

No. of variant

residues

% of variant

residues

pro 202 124 61.4 67 33.2 77 38.1

A 18 8 44.4 5 27.8 7 38.9

B 154 47 30.5 29 18.8 28 18.2

C 318 110 34.6 75 23.6 67 21.0

A 153 86 56.0 51 33.4 62 40.5

B123 71 38 53.5 22 31.0 28 39.4

Cpro 213 89 41.7 42 19.7 51 23.9

Dpol 470 136 29.0 67 14.3 95 20.2
9



Fig. 3. Graphs representing the amino acid variation of the two most variable non-structural proteins, Lpro (A) and 3A (D) and two of the more conserved

non-structural proteins, 2B (B) and 2C (C). Regions of hypervariability in a complete alignment were defined as sites which had 5 or more variable aa

residues within a window of 10 residues. The pink bars at the top of the graph represent hydrophobic domains and is fitted in the correct position based on

the amino acid numbering on the horizontal axis. The amino acid sequence of conserved domains are indicated.

Table 4

Variation in 2A in a complete alignment of sub-Saharan African FMDV isolates.

2A Deduced amino acid sequence

Residue positiona

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

SAT types L54 C47 N60 F59 D57 L61 L61 K60 L60 A61 G61 D59 V61 E61 S61 N61 P61 G61

M4 A6 S1 Y1 E2 M1 Q1 N2

T3 L5 C1 A2

F1

G1

S1

O and

A- types

L14 L16 N16 F14 D16 L16 L16 K16 L16 A16 G16 D16 V16 E16 S14 N16 P16 G16

S1 Y2 L1

T1 P1

a The individual columns represent the deduced amino acid alignment for the 2A for 79 sub-Saharan virus isolates. The consensus sequence for SAT types

is given in the 1st row (in normal text) while the consensus for the O and A-types is indicated in the bottom row (in italics). Alternative amino acids

occurring in the same position are indicated in the subsequent rows below each consensus. The numerals in the subscripts indicate the number of viruses

with that particular amino acid.
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d constituted a hydrophobic domain 27(T/I)VA(L/I)
ATGVFGTAYLVP44. Other conserved domains included

D(F/Y)RVFEFE(V/I)KVKGQ(D/E)M(L/M)SDAAL(M/R)(V/I)L
/N)91, 129FSG(D/E)ALTYKD(L/V/I)VVCMDGDTMPGLFAY
/K)A156 and 161GYCG164. Residue substitutions found in
ese regions were mostly conservative mutations. The
tive triad of 3Cpro, consisting of residues H46, D84 and
63 (Birtley et al., 2005), showed complete conservation
cept in SAT3/ZIM/5/91 where D84Y substitution was
served. Interestingly, the sequence 107MKLSKGS113 in
uthern African SAT viruses (cluster I; Fig. 2) distinguished
em from the northern African lineages (cluster II; Fig. 2)
at had the sequence 107ARM(R/K)KGT113. Notably, the four
ruses from the Ugandan lineage (cluster IV; Fig. 2)
splayed 107VRVAKGN113 and 169TKSGSQ174 potentially
ecific to this lineage (Fig. E; supplementary data).
The 3Dpol was found to be the most conserved of all the

n-structural proteins. The 470 amino acid peptide, the
ngest of the non-structural proteins, demonstrated 29%
riable residues (Table 3). The variation was 25% when only
e three SAT serotypes (n = 67) were considered. The
sults presented here suggest an average of 15%, 18.5%,
%, 9.8% and 10.2% of variable residues for 3Dpol of SAT1,
T2, SAT3 and serotypes A and O, respectively. The 3Dpol

riation was not limited to certain areas as seen for

3Cpro. Previously five conserved motifs were described for
3Dpol of FMDV (Doherty et al., 1999; Ferrer-Orta et al., 2004).
The 240DYSAFD245, 297PSG299, 336YGDD339 and 385FLKR388

motifs were conserved in all the sub-Saharan FMDV
sequences included here (Fig. F; supplementary data).
However, the 164KDELR168 motif was present in the A, O
and SAT sequences either as KDEIR or KDEVR. Although the
sequences analyzed here showed some variability in the
three hypervariable regions (residue positions 1–12, 64–76,
and 143–153) that were previously described for 3Dpol

(George et al., 2001), it was mostly one or two possible
residue substitutions occurring at 14 out of the 23 variable
residue positions among the sequences. The 3Dpol hyper-
variable region, between residues 143–154, showed the
highest entropy of 1.15 as a result of 4 possible residues at
position 145. All other entropy was less than 0.64.

3.4. Structural implications of the non-structural protein

variation

Crystallography studies suggest FMDV 3 Cpro typically
consists of two b-barrel domains, each composed by eight
anti-parallel b-sheets. Upon alignment of the 79 sequences
in this study, considerable variation was observed in the
amino acid sequences of the b-sheets. However, these

ble 5

omplete alignment of the 3B123 (VPg) protein for the sub-Saharan African FMDV isolates.

Residue position

Deduced amino acid sequencea

B1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

AT types G59 P59 Y59 A57 G59 P59 L48 E58 R59 Q58 Q48 P59 L59 K59 L49 K56 A48 K57 L58 P59 Q27 A48 E59

V1 M8 D1 H1 K9 V10 R2 T10 R2 P1 K22 Q11

T1 V2 R1 Q1 V1 R5

F1 T1 L2

 and

A types

G16 P16 Y16 A10 G16 P16 L12 E16 R16 Q16 K15 P16 L16 K15 V16 K11 A14 K15 L15 P16 Q14 Q16 E16

S2 M3 Q1 R1 R5 R1 P1 L2

T2 F1

V2

B2 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

AT types G59 P59 Y59 A57 G58 P59 L49 E59 K37 Q59 Q58 P59 L59 K57 L49 K55 A45 K46 L49 P59 V59 A49 K59 E59

V2 R1 M8 R22 K1 R1 V9 R4 T10 R14 A5 V10

T1 E1 F1 V2 P4

V1 S1 G1

E1

 and

A types

G16 P16 Y16 A16 G16 P16 M16 E16 R15 Q16 K12 P16 L16 K16 V16 K13 A9 K15 A14 P16 V16 V14 K16 E16

K1 Q4 R2 R2 V7 R1 T1 A1

T1 V1 T1

B3 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 24 24

AT types G59 P59 Y59 E58 G59 P59 V58 K59 K59 P59 V56 A59 L59 K59 V57 K58 A55 K53 A41 P43 I59 V57 T59 E59

D1 L1 A3 E1 R1 T4 R6 N10 M9 I2

L1 S4 A3

P3 L2

T1 V2

 and

A types

G16 P16 Y16 E16 G16 P16 V16 K16 K16 P16 V15 A16 L16 K16 V16 K16 A16 K16 N16 L13 I16 V16 T16 E16

L1 A1 M3 I2

L1

The individual columns represent the deduced amino acid alignment. For each copy of the 3B peptide, the consensus amino acids in the alignment are

en in the top row for the SAT types (in normal print) and the complete alignments of A and O 3B sequences (in Italics). Amino acids substitutions that

curred are indicated in the subsequent rows, and the numerals in subscripts indicating the frequency of occurrence of a particular amino acid. The

nserved GPYXGP motif (where X is any amino acid) is indicated in bold script.
11
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ere mostly conservative mutations (Fig. 4). The substrate
1) pocket include residues from the bC2-bD2 loop
esidues 154–160) and the C-terminal end of the bE2

trand (residues 181–186) and were conserved in this

study. The sequence of the S1 pocket, that interact with the
P1 amino acid side chain of the substrate, are 154Y(R/K)A(G/
A)TK(V/A)160 and 181HSAGGN186. The amino acid variation
in the African FMDV 3Cpro was almost entirely surface

ig. 4. Structural representation of FMDV 3Cpro. The position of amino acid variation observed in a complete alignment of all African SAT1 (A and B) and SAT2

 and D) viruses is mapped on the modelled structure. Two possible residues at a position are indicated in blue, three residues in yellow, four in orange and

ve in red. Finally, the surface electrostatic potential is presented for SAT1/SAR/9/81 3Cpro (E and F). The electrostatic potential was coloured with positive
harge 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

om Africa. The residues involved in the positively charged region on the 3Cpro are indicated.
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cated and directed away from the substrate binding site
ig. 4A–D).

Opposite the active site of the protease, exposed on the
rface of the 3Cpro was a local region of basic amino acids

 which conserved residues R95 and R97 were exposed on
e surface (Fig. 4E and F). This positively charged motif
as highly conserved for the African A, O and northern
rican SAT viruses as 95RVRDI99. The sequence for the
uthern Africa SAT viruses displayed a characteristic I99L
bstitution. One SAT1 virus, NIG/5/81, had a characteristic
RVSVI99 sequence (Fig. E; supplementary data). An
teresting observation was that the conserved R92 (Nayak
 al., 2006), although present in African A, O and northern
rican SAT viruses, was replaced by either an S or T in all
e southern African SAT types. Similarly residue K101
as substituted with a G or A in the southern African SAT
ruses (Fig. E; supplementary data).

The FMDV 3Dpol has a structure similar to that of other
RP’s. Analysis of the variation in relation to the structure

dicated that, although conserved, 3Dpol was more
lerant to substitutions than previously found (Carrillo

 al., 2005; Koonin, 1991). The variation seemed to be
ited to the outer edges of the protein, was mostly

nservative substitutions and seldom involved more than
ree possible substitutions in an amino acid position
ig. 5).

 Discussion

The FMDV genome exhibits a quasispecies nature like
any RNA viruses as a result genetic drift due to error
one replication and recombination occurs (Domingo

 al., 1992; Eigen, 1996; Heath et al., 2006; Holland and
mingo, 1998). Only limited numbers of non-deleterious

utations can occur in regions of functional conservation
 the non-structural proteins like the 2A, 2B, 2C, 3A, 3Cpro

d 3Dpol of FMDV (Tully and Fares, 2009). This preserves
th the integrity of structure and function especially of
e major enzymes, like the RDRP (Domingo et al., 1990,
92). In this study we present the coding regions for the
n-structural proteins of 79 FMDV isolates from sub-
haran Africa (SAT1, 2, 3, A and O types).
The phylogenetic comparisons of nucleotides coding

e Leader- and P3-regions both generated a separate
ster for the southern Africa SAT viruses and the
rthern Africa SAT, A and O viruses. Three SAT2 viruses
m Senegal and Ghana and three isolates from Uganda

d not conform to the phylogenetic pattern, forming two
parate clusters based on the P3-coding region. The
congruent tree topologies observed for the Leader- and
-coding regions are consistent with previous reports
ing et al., 1985; Krebs and Marquardt, 1992; van
nsburg et al., 2002), implicating intertypic recombina-
n in the non-structural coding regions while maintain-

g serotype-specific phylogeny when looking at the
uctural protein coding regions. Recombination is one

 the putative mechanisms for rapid viral evolution and
versification (Simmonds and Welch, 2006; Jackson et al.,
07) and analysis of our extensive African FMDV dataset
nfirmed previous studies of largely non-recombining
uctural protein coding regions, but with frequent and

complex recombination events in the non-structural
protein coding regions.

We observed variation in the deduced amino acid
sequence alignments for the eight FMDV non-structural
proteins (Lpro, 2A, 2B, 2C, 3A, 3B123, 3Cpro, 3Dpol), that
ranged from 61.4% for Lpro, 56% for 3A, 53.5% for 3B123, 50%
for 2A, 41.7% for 3Cpro, 34.6% for 2C, 30.5% for 2B and 29%
for 3Dpol.

The Lpro, which is the first protein to be synthesized
during virus replication, cleaves itself from the rest of the
growing polypeptide (Strebel and Beck, 1986; Belsham and
Brangwyn, 1990) before cleaving the eukaryotic transla-
tion initiation factor eIF-4G (Piccone et al., 1995; Guarné
et al., 1998). Despite the high variability observed (61.4%),
residue conservation among the African FMDV was
maintained amongst the essential auto-catalytic residues
(C52, H149 and D165).

The 2A protein induces a modification of the cellular
translation apparatus resulting in 2A release (Ryan et al.,
1991; Donnelly et al., 2001). This is achieved by modifying
the activity of the ribosome to promote hydrolysis of the
peptidyl (2A)-tRNAGly ester linkage and the release of the
P1-2A precursor in the translational complex (Donnelly
et al., 2001). We observed only 9 out of the 18 amino acids
as invariable in a complete alignment; however the
functional domain of 12DVEXNPG18 was conserved indi-
cating structural and functional constraints associated
with this domain. 2A is cleaved from the P1 polypeptide by
the 3Cpro in the later stage of processing and its function as
an independent protein is unknown.

The small, hydrophobic 2B protein of FMDV associates
with the ER and may cause rearrangement of the ER
membrane (O’Donnell et al., 2011; Moffat et al., 2005). The
hydrophobic motif at residue positions 115–137 is likely to
be responsible for positioning 2BC complexes to allow its
membrane bound activities at sites of FMDV replication in
the ER-derived vesicles in the host cytoplasm (Grubman
and Baxt, 2004; Moffat et al., 2005, 2007). The hydrophobic
character of this domain was highly conserved in the
African viruses.

The FMDV 2C protein is an AAA+ ATPase that affects
initiation of minus strand RNA synthesis (Sweeney et al.,
2010), and localizes with Golgi-derived membrane struc-
tures. The three ATPase binding motifs were highly
conserved among the African viruses. The interaction of
2C, 3A and a cellular poly (A)-binding protein with the RNA
helicase A (RHA) leads to a ribonucleoprotein complex
formation at the 50 end of the genome and has been shown
to play an important role in FMDV replication (Lawrence
and Rieder, 2009). The 2C protein and its precursor, 2BC,
induce vesicle formation in the cytoplasm (Moffat et al.,
2005). Unique sequences in the 2C peptide for the southern
Africa SAT viruses included residues 40–42 (FVT ! YIS)
and in the Walker C motif, T206 ! S, I203 ! V, I202 ! L
which are all conservative substitutions.

The 3A protein is proposed to be the membrane anchor
for the picornavirus replication complex (Weber et al.,
1996; Xiang et al., 1997). It is associated with viral-induced
membrane vesicles and contributes to the cytopathic effect
and the inhibition of protein secretion (Doedens and
Kirkegaard, 1995; Wessels et al., 2006). The 3A peptide has
13



Fig. 5. Variation in the 3Dpol 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.
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en previously associated with virulence in picorna-
ruses (Heinz and Vance, 1996; Lama et al., 1998; Pacheco

 al., 2003), and deletions in this peptide at the C-terminus
33–143), collectively with other genome changes in
ro-South American and Asiatic FMDV, correlated to
ered host range and slow growth in bovine derived cells
t accelerated growth in porcine derived cells (Giraudo

 al., 1990; Knowles et al., 2001; Pacheco et al., 2003).
terestingly, an 11 amino acid deletion was observed in
e 3A C-terminal region (136–146) of only one virus,
T2/SEN/7/83, which also did not reach titres of more
an 3.0 � 105 pfu/ml after 10 passages in BHK-21 cells
sults not shown). The 3A protein is, after the Lpro and
1, one of the most variable proteins in the FMDV
oteome.
Although all three copies of the 3B/VPg protein were

esent in the African isolates, they were highly variable in
e complete alignments. However, the N-terminal motif
PYXGP6 was conserved in all the viruses. The VPg protein
rticipates in the initiation of RNA replication and plays a
le in the encapsidation of viral RNA (Hogle et al., 1985;
ang et al., 1997; Barclay et al., 1998). Each of the VPg
otein contains a 3Y, which is known to be involved in
osphodiester linkage to the viral RNA (Forss and
haller, 1982) and was conserved in the African viruses

 this investigation.
The 3Cpro is a cysteine protease (Birtley et al., 2005)

sponsible for catalyzing 10 of the 13 proteolytic
avage events necessary for polyprotein processing

akharia et al., 1987; Clarke and Sangar, 1988). In the
pro, there were notably two changes to neutral residue
bstitutions in a conserved motif of a SAT1 virus NIG/5/
, i.e. residues R97 ! S and D98 ! V. However, there is
nservation of the active triad for the 3Cpro, residues
6, D84 and C163 as well as the substrate pocket. The
cket contains a H181 hydrogen bonded with Y154 and
58, which donate hydrogen bonds to the P1 peptide
bstrate (Birtley et al., 2005), all of which were
variable in the sub-Saharan African viruses. Studies
rther showed residues 138–150 of FMDV 3Cpro in a
ribbon structure that overlies the substrate binding
ft (Sweeney et al., 2007). The C142 at the apex of this

op plays an important role in substrate binding and
owed complete conservation in the 3Cpro amino acid
mparison of the African isolates. Residues located on
e surface of the 3Cpro, opposite from the catalytic site of
e protease, have been shown to be essential for VPg
idylation, which is the first stage in the replication of
ral RNA, by binding RNA (Nayak et al., 2006). Although
T-specific substitutions were observed within this
sitively charged region, this region was conserved in
e 3D structure.
As in other picornaviruses, protein 3Dpol is the RDRP

sponsible for the replication of the RNA genome via
gative strand intermediates (Doherty et al., 1999;
rrer-Orta et al., 2004). The 3Dpol demonstrated the least
ount of variation indicating the importance of conserv-

g the structural and functional integrity of the RDRP.
hen variation was observed, the variable residues were
ostly conservative in nature and were pointing away

This comparative study of the FMDV non-structural
proteins provides an outline into their evolution, sequence
variability and common elements among the representa-
tive topotypes circulating in the different geographical
regions of sub-Saharan Africa. Genetic diversity of the non-
structural proteins may be of consequence to control of
FMD, as the non-structural proteins are targets for antiviral
therapeutics (Curry et al., 2007) or in diagnostic assays for
example to differentiate infected from vaccinated animals,
or DIVA tests (Clavijo et al., 2004; Mackay, 1998; van
Rensburg et al., 2002).
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SAT2/ZIM/1/88      .......N........F.Q.F..D---...........K........T.............................................................D.....................V.........................................N....................D....... 

SAT2/106/67   ..........L..LS.FKR.F..D---.R.........K........T.............................................................DR........................................................Y..........................DH...... 

SAT2/ZIM/7/83      .......N..L..IY.F...F..D---...........K..................................................................R...D.....................V...............G..............................................D....... 

SAT2/ZIM/14/90     .......N..A......KQIN..D---....S..H...K........T.............................................................D..................................................................K.................D....... 
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SAT2/ERI/12/98     .N.....I..TQAIREIKLL..GT---.......H...K........H.D.....TI..........F.DWV.N....L..QA.E..EEL.G.S.HE.......I.N..HL.Y..I..AS....V.MVD.TD.C.........L.........CL..N........D........SD..CF....K..FNG.AIAK.TAYVK 

SAT2/SAU/6/00      .N.....IA.V.AIREIKFLF.HT---.......H...K........R.D.....TI..........F.DWV.N....L..QA.E..EEL.G.S.HE.......I.N..HL.H..I..AS....V.MVD.TD.C.........L..A......CL..N........D........SD..CF....M..FNGNAIAK.TAYVK 

SAT2/RWA/2/01      .N.....TA.AQAIREI.QLF.SS---...........K........N.D.....TI..........F.DWV.N..KKL..QA.E..EEL.G.E.HE.......I.N..HL.H..I..AS....V.MVD.TG.C.........P.........CL..D........D........SG..CF....M..FNG.AVVK.TAYVK 

SAT2/KEN/3/57      .N.....IA.VQAIREIKLLF.GI---...KL......K........S.D.....TI..........F.DWV.N....L..RA.E..EEL.G.E.RE.......I.N..HL.Y..I..AS....V.MVD.TD.C.........M..........L..D........D........SD..CF....M..FNGSSIAK.TAYVK 

SAT2/KEN/11/60     .N.....IA.VQAIREIKLLF.GI---...........K........T.D.....TI..........F.DWV.N....L..RA.E..EEL.G.E.RE.......I.N..HL.Y..I..AS....V.MVD.TD.C.........L..........L..D........D........SD..CF....M..FNGNSIAK.TAYVK 

SAT2/ANG/4/74      .N.....IA.Y.A.KQIKRLFTS.---K..........K.V......TK..............I................Q........H.G.................D.....................A...............................................V...........E..D....... 

SAT2/UGA/2/02      .N.....IA.VQAIREVKLLFTGH---......P....K..........D.....TI..........F.DWV.N....L..QA.E..EEL.G.E.HE.......I.N..HL.Y..I..AS....V.MVD.TE.C.........L.........CL..D........D........SD..CF....M..FNGNAVVK.TAYVK 

SAT2/UGA/MBF/4/02  .N.....IA.VQAIREIKLLF.GT---.......H...K..........D.....TI..........F.DWV.N....L..QA.E..EEL.G.E.HE.......I.N..HL.Y..I..AS....V.MVD.TD.C.........L.........CL..D........D........SD..CF....M..FNG.AVVK.TAYV. 

SAT2/EGY/9/12      .N..G..IA.VQAIREIKFLFNHT---...........K........R.D.....TI..........F.DWV.N....L..QA.E..EEL.G.N.RE.......I.N..HL.Y..I..AS....V.MVD.TD.C.........L..A......CL..N........D........SD..CF....V..FNG.AVVK.TAYVK 

SAT2/PAT/1/12      .N.....IA.VQAIREIKFLFNHT---...........K........R.D.....TI..........F.DWV.N....L..QA.E..EEL.G.N.RE.......I.N..HL.Y..I..AS....V.MVD.TD.C.........L..A......CL..N........D........SD..CF....V..FNG.AVVK.TAYVK 

SAT3/KNP/10/90     .......N..L.T...F.NVF..D---..........DK........T.....................................R.......................D.....................V..............................................................D....... 

SAT3/SA/57/59      .......D..L.....F...F..D---...........K........TR............................D...............................D.................................................................DS.................D....... 

SAT3/BEC/1/65      .......N........FGQ.F.AD---...........K........T.............................................................D.....................V..............................................................D....... 

SAT3/KEN/11/60     .......NA.L.....F.Q..N.N---...........K........T...............................................T.............D.....................V..............................................................D....... 

SAT3/BEC/20/61     .......NA.L.....F.Q..N.N---...........K........T...............................................T.............D.....................V..............................................................D....... 

SAT3/ZIM/5/91      .......N..L..I...GQLT..D---...........K........T.............................................................D.....................A..............................................................D....... 

SAT3/ZAM/4/96      .......DA.L.A.....Q.F..D---...........K........R.............................................................D.....I...............V..............................................................D....... 

A/CIV/4/95   .N.....IA.VQAIREIKLLF.G---SK............I......CQD.....TI..........F.DWV.N....L..QA.E..EEL.G.E.HE.......I.N..HL.H..I..AS....V.MVD.TD.C.........L..A......CL..N........D......N.SD..VF........NGE..TKVQRK.K 

A/SEN/10/97   .N.....IA.VQAIREI.LL..G---SK......H...K........R.D.....TI..........F.DWV.D....L..QA.E..EEL.G.E.HE.......I.N..HL.H.....AS....V.MVD.TD.C.........L..V......CL..N........E........SD..VF........SGE.KTKVQKK.K 

A/SOM/1/78   .N.....IA.LHALREIKTLFLLR-IQGQ.........K........S.D.....TI..........F.DWV.N....L.VEA.R..EGV.G.E.HE.......I.N..HL....I..AS....V.MVD.TD.C.......H.LERP......CV..Q........D........SD..VF........NG..KAMVQRK.K 

A/TAN/4/80   .N.....IA.LRA.REIKTLFLSR-TQG..........K........N.D.....TI..........F.DWV.S....L.TEA.R..E.L.G.E.HE.......I.N..HL.H..I..AS....V.MVD.TD.C.........L..Q......CV..N........D........SD..VF........NGE.KAKVQKR.K 

A/ETH/2/79   .N.....IA.LRA.REIKARFLSR-TQ.......H...K........N.D.....AI..........F.DWV.E....L..QA.R..EEL.G.E.HE.......V.N..HL.Y..I..AS....V.MVD.TD.C.........L..Q......CV...........D........SD..VF........NGE..AKVQRR.K 

A/ETH/7/92   .N.....TA.IRVTREI.TLFSLRPHT.E........D.........N.D.....AI..........F.DWV.E....L..QA....EEL.G.E.HE.......I.N..HL.Y..I..AS....V.MVD.TD.C.........L..Q......CV...........D........SD..VF........NG..EAKVQRK.K 

A/ERI/3/98   .N.....NA.VQAIREIKLLF.GT---...........K........R.D.....TI..........F.DWV.N....L..QA.E..EEL.G...HE.......I.N.RHL.Y..I..AS....V.MVD.TD.C.........L..A......CL..N........D........SG..CF....M..FNG.AIVK.TAYVK 

O/UGA/5/96   .N.....IA.LH..GEIKTLFLSR-TQG..........K........N.D.....AI..........F.DWV.D....L.TEA.R..EEL.G.E.HE.......I.N..HL.H..I..AS....V.MVD.TD.C.........L..Q......CI..N........D........SD..VF........NGE.KAKVQKR.K 

O/UGA/6/76   .N.....IA.VRAIREI.TLFSLRLPT..........DK........N.D.....AI..........F.DWV.E....L..QA....EEL.S.E.HE.......I.N..HL.H..I..AS....V.MVD.TD.C.........L..Q......CV...........D........SD..VF........NG...TKVQRK.K 

O/UGA/17/98   .N.....IA.VH.IREI.TLFSLRLRA....L......K.I......N.D.....AI..........F.DWV.E....L..QA.N..EEL.S.E.HE.......I.N..HL.H..I..AS....V.MVD.TD.C.........L..H......CV...........D........SD..VF........NG...TKVQRK.K 

O/UGA/1/75   .N....HTA.VRAIREI.LLFSLRLPN.......H.S..........N.D.....AI.......E..F.DWV.E....L..QA.E..EEL.G.E.HE.......I.N..HL.H..I..AS....V..VD.TD.C.........L..Q......CV..D........D........SD..VF........NGE.KAKVQRK.K 

O/UGA/7/03   .N.....IA.VH..REI.TL.LSR-TQG..........K........N.D.....AI..........F.DWV.D....L.AEA.R..EGL.G.E.HE.......I.N..HL.H..I..AS....V.MVD.TD.C.........L..Q......CV..D..F.....D........SD..VF........NG..KAKVQRR.K 

O/KEN/10/95   .N.....VA.LY..REIKTLFLSR-TQG..........K........N.D.....TI..........F.DWV.N....L.AEA.R..EEL.G.E.HE.......I.N..HL.H.....AS....V.MVD.TD.C.........L..Q......CV..N........D........SD..VF........NGE.KAKVQKR.K 

O/SUD/4/80   .D..G..IA.LHA.REIKALFHLR-THG..........K........N.D.....AI..........F.DWV.N....L.VEA....EEL.G.E.HE.......V.N..HL.H..I..AS....V.MVD.TD.C.........L..Q......CI..N........D........SD..VF........NGE.KAKVQKR.K 

O/ETH/3/96   .N.....IA.LQAIREIKLSFLPH-TKG..........K........N.D.....TI..........F.DWV.D....L.AEA.R..EEV.G.E.HE.......V.N..HL.H..I..AS....V..VD.TD.C.........L..Q......CV..K........D........SD..VF........NGE..TKVQKR.K 

O/TAN/3/96   .N....LIA.VY..REIKALFLSR-TQG......H...K........N.D.....AI..........F.DWV.D....L.VEA.R..EGL.G.E.HE.......I.N..HL.H..I..AS....V.MVD.TD.C.........L..Q......CV..N........D........SD..VF........NGE..TKVQRR.K 

Supplementary Fig. A: 

An alignment of 202 amino acid deduced positions for the Leader protease for 79 African FMDV isolates. The dot (.) indicate same amino acid residue as the  reference sequence (SAT1/KNP/196/96) and a dash (-) depicts a gap generated during alignment of a particular sequence. Illustrated above 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 residuesE94, E97 and K200 associated with catalysis of L-VP4 (Guarné et al., 2000; Guarné et al., 1998) are indicated by the star (). The position of the residues 

involved in eIF4G cleavage: H110 and H139 (Piccone et al., 1995) are shown by the kites (). 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 (  ) at the bottom of the alignment. 
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SAT2/ZAM/07/96      ........A......E......Q.....................Q......N................................................N.I...................................................  

SAT2/KEN/8/99       ...............E......R....R................Q.........................................................................G...................................  

SAT2/SEN/5/75       ....S...S.......T..Q..D...H......H...N......H............................T...................................S...I.............V..........S.......E.......  

SAT2/GHA/8/91       ....S...S......ET..Q..D...H......H...N......H................................................................S...I........................S.......E.......  

SAT2/SEN/7/83       ....S...S.......T.SK..D.L.N................AS......N.........................................................S...I...............V........S...W...E.......  

SAT2/ERI/12/98      ....S...S.......T..R..D..............T......Q.....R........................................................V.S...................V........S.......E.....R.  

SAT2/SAU/06/00      ....S.I.S..A..A.A..RI.E.V............T......Q.....R........................................................A.S..........A......V..........S.......E.......  

SAT2/RWA/2/01       ....S...S.......T..K..D..........K...T......Q..............................................................A.S............................S.......E.......  

SAT2/KEN/3/57       ....S...S.......T..Q..N..............T......Q..............................................................A...................V..........S.......E.......  

SAT2/KENYA/11/60    ....S...S.......T..Q..N..............T......Q.................I............................................A..............................S.......E.......  

SAT2/ANG/4/74       ...........K......D........................SQ.....RN.......................................................T..............................................  

SAT2/UGA/2/02       ...............E...K..D...........................RE.........................................................S..........A.................................  

SAT/2/UGA/MBF/4/02  ....S...S.......T..Q..N.....X........T......Q.............................X................................A.S............................S.......E.......  

SAT2/EGY/9/12       ....S.I.S..A...EAVSQ..E.V............T.....AQ.....R........................................................A.M.................V..........S..Q....E.......  

SAT2/PAT/1/12       ....S.I.S..A...EAVSQ..E.V............T.....AQ.....R........................................................A.M.................V..........S..Q....E.......  

SAT3/KNP/10/90      .........................................................................................................T................................................  

SAT3/SA/57/59       ...............E......Q.....................Q.............................................................................................................  

SAT3/BEC/1/65       ...............A......Q...................................................................................................................................  

SAT3/KEN/11/60      ...................S..Q.I.....................................I................................................................V..........................  

SAT3/BEC/20/61      ...................S..Q.I.....................................I................................................................V..........................  

SAT3/ZIM/5/91       ......I........E.V....Q.....................Q.............................................................................................................  

SAT3/ZAM/4/96       ........A.............Q.....................Q.............................................................................................................  

A/CIV/4/95          ....S...S.......T.SQ..E....................AT..R...N..........I..............................................S............................S.......E.......  

A/SEN/10/97         ....S...S.......T.SQ..E....................AT..R...N..........I..............................................S.................V..........S.......E.......  

A/SOM/1/78          ....S...S.......T..Q..E....................AT.....RT..........L..............................................S...L........................S...............  

A/TAN/4/80          ....S...S..A....T..Q..E....................AT.....RT..........L..............................................S...L.....................I..S.......E.......  

A/ETH/2/79          ....S...A......ET..Q..E..........S...T.....AT.....RN..........L..............................................S...L........................S...............  

A/ETH/7/92          ....S...S......ET..Q..E....................AT.....RT..........L..............................................S...L........................S...............  

A/ERI/3/98          ....S...S......ET..Q..E....................AT.....RA..........L..............................................S...L........................S...............  

O/UGA/5/96          ....S...S..S...ET..Q..E..........S.........AT.....RT...D......L..............................................S...L.....................I..S.......E.......  

O/UGA/6/76          ....S...S..S...ET..Q..E....................AS.....RT..........L..............................................S...L........................S...............  

O/UGA/17/98         ....S...S..S...ET..Q..E....................AT.....RT..........L..............................................S...L........................S...............  

O/UGA/1/75          ....S...S..S...ET..Q..E....................AT.....RT..........L..............................................S...L........................S...............  

O/UGA/7/03          ....S...S..S...ET..Q..E....................AT..R..RT..........L..............................................S...L.............L..........S...............  

O/KEN/10/95         ....S...S..S...ET..Q..E....................AT.....RT...D......L..............................................S...L.....................I..S.......E.......  

O/SUD/4/80          ....S...S..S...ET..Q..E....................AT.....RT..........L..............................................S...L........................S...............  

O/ETH/3/96          ....S...S..S...ET..Q..E....................AT.....RT..........L..............................................S...L........................S...............  

O/TAN/3/96          ....S...S..S...ET..Q..E....................AT.....RT..........L..............................................S...L........................S...............  

 

 

Supplementary Fig. B:  

An alignment of 154 amino acid positions deduced for the 2B peptide for 79 African FMDV isolates. The dots (.) indicate similarity to the reference 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 bars (          ). The latter conserved motif is a hydrophobic domain (Carrillo et al., 2005). 
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SAT1/KNP/196/91    LKARDINDIFAILKNGEWLVKLILAIRDWIKAWISSEEKYISMTDLVPRILECQRNLNDPSKYQESKEWLENAREACLKNGNVHIANLCKVNAPAPSKSRPEPVVVCLRGKSGQGKSFLANVLAQAISTHFTGRVDSVWYCPPDPDHFDGYNQQAVVVMDDLGQNPDGKD  

SAT1/KNP/148/91    ..................................................L.............................................................................T.........................................  

SAT1/KNP/41/95     ..........................................................................................................................................................................  

SAT1/SAR/9/81      ..........................................................................................................................................................................  

SAT1/ZIM/HV/03/90  ....................N.....................................................................................................................................................  

SAT1/ZIM/GN/13/90  ..........................................................................................................................................................................  

SAT1/BOT/1/68      ................................................H..............................V..H........A..........................................T...................................  

SAT1/RHOD/5/66     ..........................................................................................................................................................................  

SAT1/20/RV/11/37   ..........................................................................................................................................................................  

SAT1/NAM/307/98    ..................................................................................H...................................................T...................................  

SAT1/ZIM/6/94      .......................................................................ST.........H...................................................T...................................  

SAT1/BEC/70        ......................................................H...........................H...................................................T...................T...............  

SAT1/SR/2/58       ..................................................................................H.............................................S.....T...................................  

SAT1/SWA/1/49      .....V............................................................................H........T..........................................T...................................  

SAT1/SA/5/61       ..................................................................................H...................................................T...................................  

SAT1/SWA/40/61     ..................................................................................H..............................................N....T...................................  

SAT1/ZIM/25/90     ..................................................................................H...................................................T...................................  

SAT1/ZAM/2/93      ..................................................................................I..............R....................................T.................PTT.............R.  

SAT1/MOZ/3/02      ..................................................................................H...................................................T...................................  

SAT1/TAN/1/99      ..........................................................................................................................................................................  

SAT1/KEN/05/98     ..................................................................................I...........V...........................................................................  

SAT1/UGA/1/97      .........................................N.........................Q.......T......I...................................................T...................................  

SAT1/UGA/3/99      .........................................N.........................Q.......T......I...................................................T...................T...............  

SAT1/SUD/3/76      .......................................FVT......G...K..D.........A........Q................T..........................................T...................................  

SAT1/NIG/5/81      .R.....................................FVT......G...K..D.........A........Q................T..........................................T...................V...............  

SAT1/NIG/15/75     .......................................FVT......G...K..D.........A....D...Q................T..........................................T...................................  

SAT1/NIG/8/76      ........X..............................FVT......G...K..D.........A....D...Q................T..........................................T...................................  

SAT1/NIG/6/76      .......................................FVT......G...K..D.........A....D...Q................T..........................................T...................................  

SAT2/KNP/19/89     ..........................................................................................................................................................................  

SAT2/KNP/2/89      ..................................................................................A.......................................................................................  

SAT2/KNP/51/93     ..................................................................................I.T.....................................................................................  

SAT2/SAR/16/83     ..........................................................................................................................................................................  

SAT2/ZIM/1/88      ...............................................................................S..H...................................................T...................................  

SAT2/106/67        ..........................................................................................................................................................................  

SAT2/ZIM/7/83      ......................................................H...........................H..............R....................................T...................T...............  

SAT2/ZIM/14/90     ..........................................................................................................................................................................  

SAT2/ZIM/17/91     ..........................................................................................................................................................................  

SAT2/ZIM/GN/10/91  ..........................................................................................................................................................................  

SAT2/ZIM/34/90     ..................................................................................H........T.....R....................................T...................................  

SAT2/ZIM/8/94      ..........................................................................................................................................................................  

SAT2/RHO/1/48      ......................................................H...............D....V......T.............N.........................................................V...............  

SAT2/ZAM/07/96     ..................................................................................T.......................................................................................  

SAT2/KEN/8/99      ..................................................................................I.......................................................................................  

SAT2/SEN/5/75      .......................................FVT......G...K..D.........A........QV...............T.....R....................................T...................................  

SAT2/GHA/8/91      .......................................FVT......G...K..D.......H.A........Q................T..........................................T...................................  

SAT2/SEN/7/83      .......................................FVT......G...R..D.........A........Q...........................................................T...................................  

SAT2/ERI/12/98     ..T...................V...........A....FVT......G...K..E.........A........QT......I........T......P.S.............................Y...T...................T...............  

SAT2/SAU/6/00      .........L.............................FVTV.....G...K..D.H.....H.A........QT......I........T......................................Y...T...................T...............  

SAT2/RWA/2/01      ..P....................................FVT......G...K..D.........A........Q.......I........T......................................Y...T...................T...............  

SAT2/KEN/3/57      .......................................FVT......G...K..D.S.....H.A.G......Q................T..........................................T...................................  

SAT2/KEN/11/60     .......................................FVT......G...K..D.......H.A........Q................T..........................................T...................................  

SAT2/ANG/4/74      ..................................................................................T........T..T.................................S.L...T...................................  

SAT2/UGA/2/02      .........................................N.........................Q.......T......I...................................................T...................T...............  

SAT2/UGA/MBF/4/02  .......................................FVT......G...K..D.........A........Q.......I........T..........................................T...................................  

SAT/2/EGY/9/12     .........L.............................FVT......G...K..D.Y.....H.A.K......QT......TN.......T......................................Y...T...................T...............  

SAT2/PAT/1/12      .........L.............................FVT......G...K..D.H.....H.A.K......QT......TN.......T......................................Y...T...................T...............  

SAT3/KNP/10/90     ...................................................................K........A.......N..............K...................G..................................................  

SAT3/SA/57/59      ..........................................................................................................................................................................  

SAT3/BEC/1/65      ......................................................H...........................H..................................................KT...................................  

SAT3/KEN/11/60     ........V.............................................H...........................H...................................................T...................................  

SAT3/3/BEC/20/61   ........V.............................................H...........................H...................................................T...................................  

SAT3/ZIM/5/91      ..................................................................................I.......................................................................................  

SAT3/ZAM/4/96      ...............................................................................................................................................................N.........E  

A/CIV/4/95         .....V............................A....FVT......G...K..D.........A........QT...............T..........................................T...................................  

A/SEN/10/97        .......................................FVT......G...K..D.......H.A........Q.......I........T..............................I...........A...................................  

A/SOM/1/78         ..................................A....FVT......G...K..D.......K.A....D...Q....S...........V..........................................T...................T...............  

A/TAN/4/80         ..................................A....FVT......G...K..D.......K.A....D...Q....S...........V..........................................T...................T...............  

A/ETH/2/79         ..................................A....FVT......G...K..D.......K.A....D...Q....S...........V....................................S.....T...................T...............  

A/ETH/7/92         ..................................A....FVT......G...K..D....G..K.A....D.T.Q....S...........V..........................................T...................T...............  

A/ERI/3/98         ..................................A....FVT......G...K..D.......K.A....D...Q.......T........S.....R............R.......................T...................T...............  

O/UGA/5/96         ..................................A....FVT......G...K..D.......K.A....D...Q....S...........V..........................................T...................T...............  

O/UGA/6/76         ..................................A....FVT......G...K..D.......K.A....D...Q....S...........V..........................................T...................T...............  

O/UGA/17/98        ..................................A....FVT......G...K..D.......K.A....D...Q....S...........V........................................D.T...................T...............  

O/UGA/1/75         ..................................A....FVT......G...K..D.......K.A....D...Q....S...........V..........................................T...................T...............  

O/UGA/7/03         ..................................A....FVT......G...K..D.......K.A....D...L....S...........V.....R....................................T...................T...............  

O/KEN/10/95        ..................................A....FVT......G...K.QD.......K.A....D...Q....S...........V.....R....................................T...................T...............  

O/SUD/4/80         ..................................A....FVT......G...K..D.......K.A....D...Q....S...........V....................................S...D.T...................T...............  

O/ETH/3/96         ..................................A....FVT......G...K..D.......K.A....D...Q....S..T........T..................................L.......T...................T...............  

O/TAN/3/96         ..................................A....FV.......G...K..D.......K.A....D.T.Q....S...........V....................A.....................T...................T...............  

 

 

 

Supplementary Fig. C:  

An alignment of 318 amino acid positions deduced for the 2C peptide for a total of 79 African FMDV isolates. The dots (.) indicate similarity to the reference sequence (SAT1/KNP/196/96). The hydrophobic domain in the alignment (residue positions 17-34) is indicated by horizontal dash-dot bar (           ) at 

the bottom. The horizontal double arrows () define 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 I202L, I203V and T206S observed in the southern SAT virus 

isolates that occurred in the conserved Walker C motif. 

  

Walker B Motif Walker A Motif 
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SAT1/KNP/196/91    FKYFAQMVSTTGFIPPMASLEDKGKPFNSKVIIATSNLYSGFTPRTMVCPDALNRRFHFDIDVSAKDGYKVNNRLDIIKALEDTHTNAPAMFNYDCALLNGSAVEMKRLQQDVFKPLPPLNSLYQLVDEVIERVKLHEKVSSHPIFKQ  

SAT1/KNP/148/91    ....................................................................................................................................................  

SAT1/KNP/41/95     ....................................................................................................................................................  

SAT1/SAR/9/81      ................................V...................................................................................................................  

SAT1/ZIM/HV/03/90  ................................................................................................................M...................................  

SAT1/ZIM/GN/13/90  .....................................................................R..................................................D...........................  

SAT1/BOT/1/68      .............................................................................................................................................R......  

SAT1/RHOD/5/66     ................................................................................................................M...................................  

SAT1/20/RV/11/37   ................................................................................................................M...................................  

SAT1/NAM/307/98    .......................................................................................................................V...C................P.......  

SAT1/ZIM/6/94      .................................................................R..................................................................................  

SAT1/BEC/70        ..................................................................G.................................................................................  

SAT1/SR/2/58       ..................................................................E.................................................................................  

SAT1/SWA/1/49      ....................................................................................................................................................  

SAT1/SA/5/61       ....................................................................................................................................................  

SAT1/SWA/40/61     .................................................................R..................................................................................  

SAT1/ZIM/25/90     ....................................................................................................................................................  

SAT1/ZAM/2/93      ........................................................................................................................D...........................  

SAT1/MOZ/3/02      ...................................................................................................................L................................  

SAT1/TAN/1/99      ....................................................................................................................................................  

SAT1/KEN/05/98     .........................................................................................S..............................I...........................  

SAT1/UGA/1/97      ......................................................................I..K.............PV...Q........M..............Q...Q.............N.....A.......  

SAT1/UGA/3/99      .....................................................................RI..K.............PV...Q........M..............QT..Q.............N.....A.......  

SAT1/SUD/3/76      .........................................................................K.............PV...Q........M..........M...Q..ILNV...........N.....A.Q.....  

SAT1/NIG/5/81      .......................................................................K.K.............PV...Q........M..............QT.ILNV...........N.....A.Q.....  

SAT1/NIG/15/75     ...................................T..................................I..K.............PV...Q........M......M...I...Q...Q.V....Q......E.............  

SAT1/NIG/8/76      ...................................T..................................I..K.............PV...Q........M......M...I...Q...Q.V....Q......E.............  

SAT1/NIG/6/76      ...................................T..................................I..K.............PV...Q........M......M...I...Q...Q.V....Q......E.............  

SAT2/KNP/19/89     ....................................................................................................................................................  

SAT2/KNP/2/89      ....................................................................................................................................................  

SAT2/KNP/51/93     ....................................................................................................................................................  

SAT2/SAR/16/83     ...............................L........................................................................................S...........................  

SAT2/ZIM/1/88      ....................................................................................................................................................  

SAT2/106/67        .................................................................R..................................................................................  

SAT2/ZIM/7/83      ....................................................................................................................................................  

SAT2/ZIM/14/90     ................................................................................................................M...................................  

SAT2/ZIM/17/91     ................................................................................................................M..L................................  

SAT2/ZIM/GN/10/91  ....................................................................................................................................................  

SAT2/ZIM/34/90     ..................................................................................................................R.....D...........................  

SAT2/ZIM/8/94      ....................................................................................................................................................  

SAT2/RHO/1/48      .................................................................R..................................................................................  

SAT2/ZAM/07/96     ....................................................................................................................................................  

SAT2/KEN/8/99      ..............S......G.................................................................................................I............................  

SAT2/SEN/5/75      ...................................T.................S................T..K.............PV...Q........M......M.......Q...Q......Q......E...E...R.....  

SAT2/GHA/8/91      ...................................T..................................I..K.............PV...Q........M......M.......Q...Q......Q......E.............  

SAT2/SEN/7/83      ...................................T...........................C......I..K.............PV...Q....I...M......M.......Q..IQ......Q......E.............  

SAT2/ERI/12/98     .....................................................................R...K...T.........PV...Q........M............S.Q..ILNVD..........N.....A.Q.....  

SAT2/SAU/6/00      ..................................................................E...IG.K...V.........PV...Q........M..............QA.ILNV........V..N....I..Q.....  

SAT2/RWA/2/01      .........................................................................K.............PV...Q........M..............QT.IQNV...........N.....A.Q.....  

SAT2/KEN/3/57      .........................................................................K.............PV...Q........M..............Q..ILNV...........N.....A.Q.....  

SAT2/KEN/11/60     .....................................................................R...K...T.........PV...Q........M..........M...Q..ILNV...........N.....A.Q.....  

SAT2/ANG/4/74      ...................................T.............................E..SNNW.....L.......A......H...........RLR....EM.T.......V...I...V......DR.........  

SAT2/UGA/2/02      .........................................................................K.............PV...Q........M..........M...Q...Q.............N.....A.......  

SAT2/UGA/MBF/4/02  .........................................................................K.............PV...Q........M..............Q..ILNV...........N.....A.Q.....  

SAT/2/EGY/9/12     ......................................................................IGSK.............PV...Q........M..........M...Q..ILNV...........N....I..Q.....  

SAT2/PAT/1/12      ......................................................................IG.K.............PV...Q........M..........M...Q..ILNV...........N....I..Q.....  

SAT3/KNP/10/90     ....................................................................................................................................................  

SAT3/SA/57/59      .................................................................R...R..............................................................................  

SAT3/BEC/1/65      ....................................................................................................................................................  

SAT3/KEN/11/60     .................................................................R..................................................................................  

SAT3/3/BEC/20/61   .................................................................R..................................................................................  

SAT3/ZIM/5/91      .......G.........G............................................................E.......I......................H..M.......I...........................  

SAT3/ZAM/4/96      ..................P........C........................................................................................................................  

A/CIV/4/95         .....................................................................R...K....R........PV...Q........M..........I...QT.ILNV.................A.Q.....  

A/SEN/10/97        ...........................S.....................................R...TT..K.............PV...Q........M..............Q..ILNV...........N.....A.Q.....  

A/SOM/1/78         ...................................T.....................................K.............PV...Q........M......M...M...Q...QNV....Q......E.............  

A/TAN/4/80         .............V.....................T.................................RI..K.............PV...Q........M......M...M...Q..IQNV....Q......E.............  

A/ETH/2/79         ...................................T..................................I..K.............PV...Q........T......M...M.......QNV....Q......E.............  

A/ETH/7/92         ...................................T.............................R...T.................PV...Q........M......M.......Q...QNV....Q...D..E.............  

A/ERI/3/98         ...........................T.......T........K..........................................PV...Q........M..........I.N.HQ..QNV....Q......EH....AN......  

O/UGA/5/96         ...................................T.....................................K.............PV...Q........M......M...M.R.Q..IQNV....Q......E.............  

O/UGA/6/76         ...................................T..................................I..K.............PV...Q........M......M...M...Q...QNV....Q......E.............  

O/UGA/17/98        ........................R..........T..................................I..K.............PV...Q........M......M.......QA..QNV....Q......E.............  

O/UGA/1/75         ...................................T.............................R....I..K.............PV...Q........M......M...M...Q...QNV....Q......E.............  

O/UGA/7/03         ...................................T..................................I..K.............PV...Q........M......M...M...Q...QNV....Q......E.............  

O/KEN/10/95        ...................................T.....................................K.............PV...Q........M......M...M...Q..IQNV....Q......E.............  

O/SUD/4/80         ...................................T..................................I..K.............PV...Q........M..D.......M...Q...QNV....Q......E.....A.......  

O/ETH/3/96         ...................................T...................................................PV...Q........M..D...M.......K...QNV....Q...DQ.E.............  

O/TAN/3/96         ...................................T..................................I..K.............PV...Q........M......M.......Q...QNV....Q......E.............  

 

 

 

Supplementary Fig. C (continued)  

  

Walker C motif 
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SAT1/KNP/196/91     ISIPSQKSVLYFLIEKGQHEAAIEFYEGMVHDSIKEELKPLLEQTSFAKRAFKRLKENFEIVALVVVLLANIIIMIRETRKRQKMVDDALDEYIEKANITTDDKTLEEAEKNPREVVDKPTVGFRERKLPGHKTDDEVNSEPVKPVD-KPQAE  

SAT1/KNP/148/91     ..........................................................................................................D......Q............................A..A.-.....  

SAT1/KNP/41/95      ..................................................................................................................................................E-.....  

SAT1/SAR/9/81       ........................................................................V.................................D...R..Q.............R...........T.....AE-R....  

SAT1/ZIM/HV/03/90   ..........................................................................................................D......Q...............................T.-.....  

SAT1/ZIM/GN/13/90   ........................................................................V........................................Q.................................-.....  

SAT1/BOT/1/68       .................................................................................................................Q...............................TE-.....  

SAT1/RHOD/5/66      .......H.......................................................................................R..........D......Q.....................ND.......TEE-Q....  

SAT1/RV/11/37       ........................................................D.................................................D......Q................................E-..H..  

SAT1/NAM/307/98     ..........................................................................................................D......Q.............................E.A.-.....  

SAT1/ZIM/6/94       ......................................R...................................................................D......Q............................A...E-.....  

SAT1/BEC/1/70       ............................................................VIT..............................T........N..........Q............................A..AE-.....  

SAT1/SR/2/58        ..........................................................................................................D......Q...............................AE-.....  

SAT1/SWA/1/49       ...........................................R................................................H.............D......Q..I........G...................A.-.....  

SAT1/SWA/40/61      ...........................................R..............................................................D......Q............................A..AE-.....  

SAT1/SA/5/61        ........................................................................................V.................D......Q..................R............AE-.....  

SAT1/ZIM/25/90      ...........................................H...................................H.................................Q...............................TE-.....  

SAT1/ZAM/2/93       .................R........................................................................................D......Q.........................T.....EE-....D  

SAT1/MOZ/3/02       ..........F...............................................................................................D......Q................................E-...T.  

SAT1/TAN/1/99       ...................D....................................................V..........Q......N............Q..V...N....................P.PAEA.HT..A..AE-Q....  

SAT1/KEN/05/98      .........................X...........................................V..L.................E.....V.............N................Q.....A.E...T..A..AE-Q....  

SAT1/UGA/1/97       ........................................................................V..............................Q..D........TI.R..A.........QTSAE...T..E.AEE-.....  

SAT1/UGA/3/99       ................................................R.......................V..L...Q..........N............Q..D......Q.TI....A.........QHS........E..KE-.....  

SAT1/SUD/3/76       ..L......................F....S..L....R...Q....V.............I...LA.............M..E...T.VND...R.G.....Q..D......L.TTGTS.......T...Q.A.ND.....AQ..EK.....  

SAT1/NIG/5/81       ..L......................F....S..L....R...QH...V.............I...LA................E...T.VND...RTG.....Q..D..D...L.TTGTS.......T...Q.VGND.....AQ..GK.....  

SAT1/NIG/15/75      ..L....................D.F....S.......R..IQ......................LA..V.....F.......E...A.VN....R.G.....Q..D......L.TNGTS.......T...NR.R.DA.....QSAEG.....  

SAT1/NIG/8/76       ..L....................D.F....S.......R..IQ......................LA..V.....F.......E...A.VN....R.G.....Q..D......L.TNGTN.......T...NR.R.DA.....QSAER.....  

SAT1/NIG/6/76       ..L....................D.F....S.......R..IQ......................LA..V.....F.......E...A.VN....R.G.....Q..D......L.TNGTS.......T...NR.REDA.....QSAEG.....  

SAT2/KNP/19/89      ..........................................................................................................D......Q............................A....-.....  

SAT2/KNP/2/89       ..........................................................................................................D......Q.................................-.....  

SAT2/KNP/51/93      ...............................................................................H..........N...............D......Q...............................A.-.....  

SAT2/SAR/16/83      .....................................................................V...........................................Q.................................-.....  

SAT2/ZIM/1/88       ...............................................................................H..........................D......Q......................D.....A..AE-.....  

SAT2/106/67         ..........................................................................................................D......Q.................................-.....  

SAT2/ZIM/7/83       .............................................................................................................GR..Q............................A..TE-.....  

SAT2/ZIM/14/90      ..........................................................................................................D......Q.................Q............TAE-.....  

SAT2/ZIM/17/91      .................................................................................................................Q.................Q....K.....A..EE-.....  

SAT2/ZIM/GN/10/91   .......T..................................................................................................D......Q...............................AE-.....  

SAT2/ZIM/34/90      ...................D...A.......................................................H..........................D......Q...............................TE-.....  

SAT2/ZIM/8/94       .......T.......................................................................H..........N...............D......Q...............................AE-.....  

SAT2/RHO/1/48       ................................................................I.........................................D......Q.................K..............E-R....  

SAT2/ZAM/07/96      ..........................................................................................................D......Q......................D........AE-.....  

SAT2/KEN/8/99       .......T..............................................................................E.......................N..H.................Q...E...T...R.SE-Q....  

SAT2/SEN/5/75       .........................F....S.......R..IQ....V................CLA.....V..........Q...E.VNDH.AR.G.....Q..D...N..Q.K.QGTG.S....H...QAS.KD.....G-ATGE.....  

SAT2/GHA/8/91       .......................D.F....S.......R..IQ....V................CLA.....V..F.......Q...E.VND..AR.G.....Q..D......Q.D.QGTGTS....H...QHS.KDE....E-KGEE..H..  

SAT2/SEN/7/83       .......................D.F....S.......R..VQ....V................CLA.....V..F.......Q...E.VN....R.G.....Q......QK...TFQG.SI..K..T...Q.PE-----------EE.....  

SAT2/ERI/12/98      ..L.......S..............F....S.......R...QH...V.................LA........V...H...E...A.VND...R.GV....Q..D......L.TTGAS.......TP.RP.A..D.....AQ.AEG.....  

SAT2/SAU/6/00       ..L......................F....S..L....R...QH...V..............V..LA.........C..H...E...A.VSD...R.G.....Q..D......L.TTGTS.......TP.RQ.A..D.....A...EG.....  

SAT2/RWA/2/01       ..L......................F....S..L....R...Q....V.................LA........F.......E...A.VN....R.G.....Q..D......L.TSGTS.......T......R.D......P.AEE.....  

SAT2/KEN/3/57       ..L................D.....F....S.......R...Q....V........D.......CLA.....V......N...Q...E.VND...R.G........D......L.TTGAS.......T.....VS.D.....T..EE-.....  

SAT2/KEN/11/60      ..L................D.....F....S.......R...QR...V................CLA.....V......N...Q...E.VND...R.G........D......L.TTGAS..V....T...Y.VS.D.....T..EE-..K..  

SAT2/ANG/4/74       ......................................R......................I..........V..L.......E......N...................N....................Q.DG.D.....A..E.-.....  

SAT2/UGA/2/02       ........................................................................V..............................Q..D........TI.R..A........NQTS....KT..E.VGE-.....  

SAT/2/UGA/MBF/4/02  ..L......................F....S..L....R...Q....V.............X...LA........F.......E...A.VND...R.G.....Q..D......L.TSGTS.......T.....AR.D.....AQ.KEE.....  

SAT/2/EGY/9/12      ..L......................F....S.......R..IQH...V............V.V..LA................E...A.VND...R.GV....Q..D......L.TTSAS.......IP.-Q.A..D.....A.L.EG.....  

SAT2/PAT/1/12       ..L......................F....S.......R..IQH...V............V.V..LA................E...A.VND...R.GV....Q..D......L.TTSAS.......IP.-Q.A..D.....A.L.EG.....  

SAT3/KNP/10/90      .................................................................................................................Q..................T..............-.....  

SAT3/SA/57/59       ...........................................R..............................................................D......Q................................E-.....  

SAT3/BEC/1/65       ...........................................R.....................................................................Q.A..............E..............AE-.....  

SAT3/KEN/11/60      ........................................................................V.................................D......Q.............E...Q..GN......T...E-.....  

SAT3/BEC/20/61      ........................................................................V.................................D......Q...........K.E...Q..GN......T...E-.....  

SAT3/ZIM/5/91       .................................................................................................................Q.................Q..............E-.....  

SAT3/ZAM/4/96       ..........................................................................................................D......Q.................Q..........A...E-.....  

A/CIV/4/74          ..L......................F....S.......R...Q....V.................LA............H...E...A.VND...R.GV....Q..D......L.TTGAS.......T.L.Q.A.ND.....A...EE.....  

A/SEN/10/97         ..L......................F....S.......R...Q....V.................LA........V....R..E...A.VND...RTGV....Q..D......L.TNGAS.......TPS.Q.A..D.........EE.....  

A/SOM/1/78          .........................F............R..IQ....V.......Q........CLT.....V................VN...............D......L.TSGAS.......T....AAS.D.S...A...EKQ....  

A/TAN/4/80          .........................F............R..IQ....V................CLT.....V..........Q...N.VN...............D......L.TSGAS.......T....NAS.D.....A...EEQ....  

A/ETH/2/79          .........................F............R..IQ....V................CLT.....V................VN...............D......L.ISGAS......KT....V.S.D.....A...EDQ....  

A/ETH/7/92          .........................F....S.......R..IQH...V................CLT.....V..V.............VN...............D......L.TSGAS.......T...Q.AS.D.....A...EEQ....  

A/ERI/3/98          .........................F....S..L.D..R...QH...V.................LA.....V..V...H...E...A.VND...R.G.....Q..D......L.TNGVS.......TP.RQ..G.D.....AE.AGE...T.  

O/UGA/5/96          .........................F............R..IQ....V................CLT.....V..........Q.....VN.....T.........D......L.TSGAS.......T.....AS.D.....A..TEEQ....  

O/UGA/6/76          .........................F.......V....R..IQ....V................CLT.....V..........Q...E.VN...............D......L.TSGAS.......T...QVAG.D.....A.L.EGQ....  

O/UGA/17/98         .........................F............R..IQ....V................CLT.....V..........Q...E.VND...R..........D......L.TSGAS.......T...QVAV.DA....A...EGQ....  

O/UGA/1/75          .........................F............R..IQH...V................YLT.....V..........Q...E.VN...............D......L.TSGAS.I.....T....V.S.D.........EGQ.H..  

O/UGA/7/03          .......T.................F............R..IQ....V............V...CLT.....V..........Q.....VN...............D......L.TSGAS.......T...Q..S.D.....A...EEQ....  

O/KEN/10/95         .........................F............R..IQ....V................CLT.....V..........Q.....VN...............D......L.TSGVS.......T....TVS.D.....A...EEQ....  

O/SUD/4/80          .......................D.F............R..IQ....V................CLT.....V................VN...............D..D...L.TSGAS.......T.....VC.D.....A...EEQ....  

O/ETH/3/96          .......................D.F............R..IQ....V................CLT.....V................VND..............D......L.TSGAS.I.....A...QVAR.D.D...A...EEQ....  

O/TAN/3/96          .........................F............R..VQ....V................CLT.....V..........Q.....VN...............D......L.TSGVS.......T..AR.VS.D.....A.T.EEQ....  

                                                                                                                                                                                                                                     = 

 

Supplementary Fig. D:  

An alignment of 153 deduced amino acid positions for the 3A peptide for a total of 79 African FMDV isolates. The dots (.) indicate similarity with 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 line (         ). 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. 
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SAT1/KNP/196/91     SGCPPTDLQKMVMANVKPVELILDGKTVALCCATGVFGTAYLVPRHLFAEKYDKIMLDGRALTDSDFRVFEFEVKVKGQDMLSDAALMVLHSGNRVRDLTGHFRDTMKLSKGSPVVGVVN  

SAT1/KNP/148/91     ........................................................................................................................  

SAT1/KNP/41/95      ........................................................................................................................  

SAT1/SAR/9/81       ......................R..................................................................................I..............  

SAT1/ZIM/HV/03/90   ........................................................................................................................  

SAT1/ZIM/GN/13/90   ......................................................................................................C.................  

SAT1/BOT/1/68       ........................................................................................................................  

SAT1/RHOD/5/66      ................................................T.......................................................................  

SAT1/RV/11/37       .........R..............................................................................................................  

SAT1/NAM/307/98     ........................................................................................................................  

SAT1/ZIM/6/94       ...........................................................................................................R......I.....  

SAT1/BEC/70         ....................................................................................................R...................  

SAT1/SR/2/58        ..................................................................................................................I.....  

SAT1/SWA/1/49       ........................................................................................................................  

SAT1/SA/5/61        ........................................................................................................................  

SAT1/SWA/40/61      ........................................................................................................................  

SAT1/ZIM/25/90      ...................................M........................T...........................................................  

SAT1/ZAM/2/93       .........R.................................................................................T.............V........I.....  

SAT1/MOZ/3/02       ........................................................................................................................  

SAT1/TAN/1/99       ...........................................................................................T............................  

SAT1/KEN/05/98      .......................................................L..........................................................I.....  

SAT1/UGA/1/97       ..A.......................I....................................NG.........................NR.Q....I.A.....VRVA..N.......  

SAT1/UGA/3/99       ..A.......................I....................................N..........................NR.Q....I.A.....VRVA..N.......  

SAT1/SUD/3/76       ..A...V........T..........I..I..........................I....M..R........I.................R......I.K....QAR.R..T.....I.  

SAT1/NIG/5/81       ..A............T.............I..........................I....I..R........I.................R....SVI.K....QAR.R..T.....I.  

SAT1/NIG/15/75      ..A............T.............I..........................I....M..R........I.....E...........R......I.R....QARMR..T.....I.  

SAT1/NIG/8/76       ..A............T.............I..........................I....M..R........I.....E...........R......I.R....QARMK..T.....I.  

SAT1/NIG/6/76       ..A............T.............I..........................I....M..R........I.....E...........R......I.R....QARMR..T.....I.  

SAT2/KNP/19/89      .................................................KE.....................................G...............................  

SAT2/KNP/2/89       ................................................................N.......................................................  

SAT2/KNP/51/93      ......................................................................................................G.................  

SAT2/SAR/16/83      ........................................................................................................................  

SAT2/ZIM/1/88       ..................................................................................................................I.....  

SAT2/2/106/67       .........R..............................................................................................................  

SAT2/ZIM/7/83       ........................................................................................................................  

SAT2/ZIM/14/90      .........................................F........................................................................I.....  

SAT2/ZIM/17/91      ..............................................................................P...................................I.....  

SAT2/ZIM/GN/10/91   ........................................................................................................................  

SAT2/ZIM/34/90      .......................................................................................RI...............................  

SAT2/ZIM/8/94       .......................................................................................RI...............................  

SAT2/RHO/1/48       T....................................................................................................................I..  

SAT2/ZAM/07/96      ..................................................................................................................I.....  

SAT2/KEN/8/99       .....................F.....................................................................T.Y............L.............  

SAT2/SEN/5/75       ..A...................................................LV....Q.DN.................M........NR.Q....I.M....QVHIK..N..I..I.  

SAT2/GHA/8/91       ..A...................................................VV....Q.DN.................M........NR.Q....I.M....QVHIK..T..L..I.  

SAT2/SEN/7/83       ..A...................................................VV....Q.DN.................M........NR.Q....I.M....QVHIR..T..I..I.  

SAT2/ERI/12/98      ..A............T.............I..........................I....V..R........I.................R......I.K....QARMR..T.....I.  

SAT2/SAU/6/00       ..A............T.............I..........................I....M..R........I.................R......I.K....QARMR..T.....I.  

SAT2/RWA/2/01       ..A............T.............I..........................I....M..R........I.................R......I.R....QARMR..T.....I.  

SAT2/KEN/3/57       ..A............T.............I..........................I....M..R........I.................R......I.R....QARMR..T.......  

SAT2/KEN/11/60      ..A............T.............I..........................I....M..R........I.................R......I.R....QARMR..T.....I.  

SAT2/ANG/4/74       ...........................................................................................T............................  

SAT2/UGA/2/02       ..A.......................I....................................N..........................NR.Q....I.A.....VRVA..N.......  

SAT/2/UGA/MBF/4/02  ..A............T.............I..........................I....M..R........I.................R......I.K....QARMR..T.....I.  

SAT/2/EGY/9/12      ..A............TR............I..........................I....M..R........I.................R......I.K....QARMR..T.....I.  

SAT2/PAT/1/12       ..A............T.............I..........................I....M..R........I.................R......I.K....QARMR..T.....I.  

SAT3/KNP/10/90      ................................................................G.......................................................  

SAT3/SA/57/59       ........................................................................................................................  

SAT3/BEC/1/65       ........................................................................................................................  

SAT3/KEN/11/60      ..................................................................................................................I.....  

SAT3/BEC/20/61      ..................................................................................................................I.....  

SAT3/ZIM/5/91       ................................................................G..................Y...I.....I..........................  

SAT3/ZAM/4/96       ..................................................................................................................I.....  

A/CIV/4/74          ..A............T.............I..........................I....M..R........I.................R......I.K....QARMR..T.....I.  

A/SEN/10/97         ..A............T..I..........V..........................I....M..R........I.................R......I.K....QA.MR..T.....I.  

A/SOM/1/78          ..A..........G.T.............I...............................M....Y......I.................R......I.K.....ARMK..T.....I.  

A/TAN/4/80          ..A..........G.T.............I...............................M....Y......I.................R......I.K.....ARMK..T.......  

A/ETH/2/79          ..A..........G.T.............I...............................M....Y......I.................R......I.K.....ARMK..T.....I.  

A/ETH/7/92          ..A..........G.T.............I...............................M....Y......I.................R......I.K.....ARMK..T.....I.  

A/ERI/3/98          ..A............T.............I..........................I....M..R........I.................R......I.K....QARMR..T.....I.  

O/UGA/5/96          ..A..........G.T.............I...............................M....Y......I.................R......I.K.....ARMK..T.....I.  

O/UGA/6/76          ..A..........G.T.............I..................................A.Y......I.................R......I.K.....ARMK..T.....I.  

O/UGA/17/98         ..A..........G.T.............I..................................A.Y......I.................R......I.K.....ARMK..T.....I.  

O/UGA/1/75          ..A..........G.T.............I...............................M..A.Y......I.................R......I.K.....ARMK..T.....I.  

O/UGA/7/03          ..A..........G.T.............I...............................M....Y......I.................R......I.K.....ARMK..T.....I.  

O/KEN/10/95         ..A..........G.T.............I...............................M....Y......I.................R......I.K.....ARMK..T.....I.  

O/SUD/4/80          ..A..........G.T.............I...............................M....Y......I.................R......I.K....VARMK..T.....I.  

O/ETH/3/96          ..P.......L..G.T.............I...............................M....Y......I.................R......I.K.....ARMK..T.....I.  

O/TAN/3/96          ..A..........G.T.............I...............................M....Y......I.................R......I.K.....ARMK..T.....I.  

 

 

Supplementary Fig. E:  

An alignment of 213 deduced amino acid positions for the 3C protease for a total of 79 African FMDV isolates. The dots (.) indicate identity with the reference sequence (SAT1/KNP/196/96). At the bottom of the alignment are horizontal dotted bars (        ) which indicate highly conserved areas in the sequence 

alignment (residue positions 17-48, 68-90, 129-156, 161-164). The horizontal dash-dot bars (       ) depict a hydrophobic domain observed at residue positions 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 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) are indicated using the kites (). Underlined   

(___) at the top of the sequence alignment is the conserved motif 95-RVRDI-99 necessary for VPg uridylation (Nayak et al., 2006). Highlighted with grey vertical bars are residues R92, R97, I99 and K101 that contribute towards the uridylation process (Nayak et al., 2006). The following substitutions were observed 

in the southern SAT virus isolates R92 S/T, R97S, I99L and K101 G/A. The residue substitutions of 97R→S and 98D→V in this conserved motif for SAT1/NIG/5/81 are underlined.   
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                            130       140       150       160       170       180       190       200       210         

                    ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|... 

SAT1/KNP/196/91     NADVGRLIFSGDALTYKDLVVCMDGDTMPGLFAYRAGTKVGYCGAAVLAKDGAKTVIVGTHSAGGNGVGYCSCVSRSMLLQMKAHIDPPPHTE  

SAT1/KNP/148/91     ............X...............X...X...R.....X.................Y...S...C....F...................  

SAT1/KNP/41/95      .............................................................................................  

SAT1/SAR/9/81       .............................................................................................  

SAT1/ZIM/HV/03/90   ........................................................................................A....  

SAT1/ZIM/GN/13/90   ...........S........I...................................................................A....  

SAT1/BOT/1/68       .............................................................................................  

SAT1/RHOD/5/66      ........................................................................................A....  

SAT1/RV/11/37       ........................................................................................A....  

SAT1/NAM/307/98     .............................................................................................  

SAT1/ZIM/6/94       ............................X...X....................R..........................X............  

SAT1/BEC/70         .............................................................................................  

SAT1/SR/2/58        .............................................................................................  

SAT1/SWA/1/49       .............................................................................................  

SAT1/SA/5/61        .............................................................................................  

SAT1/SWA/40/61      .............................................................................................  

SAT1/ZIM/25/90      .............................................................................................  

SAT1/ZAM/2/93       .............................................................................................  

SAT1/MOZ/3/02       .............................................................................................  

SAT1/TAN/1/99       .............................................................................................  

SAT1/KEN/05/98      ................................................................................K............  

SAT1/UGA/1/97       ..................I.............................T.S.SQ...I.................K...D........A....  

SAT1/UGA/3/99       ..................I.............................T.S.SQ...I.................K...D........A....  

SAT1/SUD/3/76       ...........E......I...............K.A..A....G........E.F...................K.........V..E..H.  

SAT1/NIG/5/81       ...........E......I...............K.A..A....G........E.F................................E..H.  

SAT1/NIG/15/75      ...........E......I...............K.A..A....G........E.F...................K.........V..E..H.  

SAT1/NIG/8/76       ...........E......I...............K.A..A....G........E.F...................K.........V..E..H.  

SAT1/NIG/6/76       ...........E......I...............K.A..A....G........E.F...................K.........V..E..H.  

SAT2/KNP/19/89      .............................................................................................  

SAT2/KNP/2/89       .............................................................................................  

SAT2/KNP/51/93      ........................................................................................A....  

SAT2/SAR/16/83      .............................................................................................  

SAT2/ZIM/1/88       .............................................................................................  

SAT2/2/106/67       ........................................................................................A..N.  

SAT2/ZIM/7/83       .............................................................................................  

SAT2/ZIM/14/90      .............................................................................................  

SAT2/ZIM/17/91      .............................................................................................  

SAT2/ZIM/GN/10/91   ........................................................................................A....  

SAT2/ZIM/34/90      .............................................................................................  

SAT2/ZIM/8/94       ........................................................................................A....  

SAT2/RHO/1/48       .......V.....................................................................................  

SAT2/ZAM/07/96      .............................................................................................  

SAT2/KEN/8/99       ................................................................................K............  

SAT2/SEN/5/75       ..................V.........................G..MT....H...I...................S...L......E.R..  

SAT2/GHA/8/91       ..................V.........................G..MT....H...I...................S...L......E.R..  

SAT2/SEN/7/83       ..................V.........................G.IMT....H...I...................S...L......E.R..  

SAT2/ERI/12/98      ...........E......I...............K.A..A....G........E.F.............................V..E..H.  

SAT2/SAU/6/00       ...........E......I...............K.A..A....G........E.F.............................V..E..H.  

SAT2/RWA/2/01       ...........E......I...............K.A..A....G........E.F...................K............E..H.  

SAT2/KEN/3/57       ...RW......E......I...............K.A..A....G........E.F...................K.........V..E..H.  

SAT2/KEN/11/60      ...........E......I...............K.A..A....G........E.F...................K.........V..E..H.  

SAT2/ANG/4/74       ..............................................I......................................L.......  

SAT2/UGA/2/02       ..................I.............................T.S.SQ...I.................K...D........A....  

SAT/2/UGA/MBF/4/02  ...........E......I...............K.A..A....G........E.F...................K.........V..E..H.  

SAT/2/EGY/9/12      ...........E......I...............K.A..A....G........E.F...................K............E..H.  

SAT2/PAT/1/12       ...........E......I...............K.A..A....G........E.F...................K............E..H.  

SAT3/KNP/10/90      .............................................................................................  

SAT3/SA/57/59       .............................................................................................  

SAT3/BEC/1/65       .............................................................................................  

SAT3/KEN/11/60      .............................................................................................  

SAT3/BEC/20/61      .............................................................................................  

SAT3/ZIM/5/91       .............................................................................................  

SAT3/ZAM/4/96       ..........................P..................................................................  

A/CIV/4/74          ...........E......I.................A..A....G........E.F.............................V..E..H.  

A/SEN/10/97         .....K.....E......I...............K.A..A....G........E.F.............................V..E..H.  

A/SOM/1/78          ...........E......I.................A..A....G........D.F........................K.......E..H.  

A/TAN/4/80          ...........E......I.................A..A....G........D.F...................K....K....V..E..H.  

A/ETH/2/79          ...........E......I.................A..A....G........D.F........................K.......E..H.  

A/ETH/7/92          ...........E......I.................A..A....G........D.F........................K.......E..H.  

A/ERI/3/98          ...........E......I...............K.A..A....G........E.F.............................V..E.YH.  

O/UGA/5/96          ...........E......I.................A..A....G........E.F........................K.......E..H.  

O/UGA/6/76          ...........E......I.................A..A....G........D.F........................K.......E..H.  

O/UGA/17/98         ...........E......I.................A..A....G........D.F........................K.......E..H.  

O/UGA/1/75          ...........E......I.................A..A....G........D.F........................K.......E..H.  

O/UGA/7/03          ...........E......I.................A..A....G........D.F........................K.......E..H.  

O/KEN/10/95         ...........E......I.................A..A....G........N.F........................K....V..E..H.  

O/SUD/4/80          ...........E......I......E..........A..A....G........D.F........................K.......E..H.  

O/ETH/3/96          ..................I.................A..A....G........D.F........................K.......E..H.  

O/TAN/3/96          ...........E......I.................A..A....G........S.F........................K....V..E..H.  

 

 

Supplementary Fig. E (continued)  
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SAT1/KNP/148/91     ....................................................................................................................................................................................  

SAT1/KNP/41/95      ....................................................................................................................................................................................  

SAT1/SAR/9/81       ..........................Y............................................K............................................................................................................  

SAT1/ZIM/HV/03/90   ....................................................................................................................................................................................  

SAT1/ZIM/GN/13/90   ..............................................S........................K..............D..................................................................................M..........  

SAT1/BOT/1/68       ................................................................................................................................................A...F...............................  

SAT1/RHOD/5/66      .......................................................................K............................................................................................................  

SAT1/RV/11/37       ....................................................................................................................................................................................  

SAT1/NAM/307/98     ....................................................................T....................................E......................................A...................................  

SAT1/ZIM/6/94       ..............................................D........................K.................................................................N......A.......R.................G.........  

SAT1/BEC/1/70       ................................................................T...............................................................................A...........................I.......  

SAT1/SR/2/58        ................................................................................................................................................A..........T........................  

SAT1/SWA/1/49       .....................T.........................................................................................................................DA...................................  

SAT1/SA/5/61        ...............................................................V................................................................................A...................................  

SAT1/SWA/40/61      ...L............................D...............................................................................................................A..........R........................  

SAT1/ZIM/25/90      ................................................................................................................................................A...................................  

SAT1/ZAM/2/93       ...............L................................................................................................................................A...................................  

SAT1/MOZ/3/02       ......................................................................................................................................D.........A..........R........................  

SAT1/TAN/1/99       ..............................................................X........K........................................................................R........................M..........  

SAT1/KEN/05/98      .......................................................................................................................................................NRN...............M..........  

SAT1/UGA/1/97       ..I.V...........................GY...................D.................K...M..............................................T............................N.....V...........M...R......  

SAT1/UGA/3/99       ..I..............................Y...................D.................K...M....................T.........................T............................S.....V...........M...R......  

SAT1/SUD/3/76       ..I..S.D......................N.D..........R......I..D.........T....E..K..............S...........Y.......................T.....................E.......R................M...R......  

SAT1/NIG/5/81       ..I....D......................N.D........S........I..D.........T....E.................S...........Y.......................T.....................E.......R................M...R......  

SAT1/NIG/15/75      ..I....D......................N.D.................I..D.........T....E..K...M..........S......A...IY.......................T.....................A.......R................M...R......  

SAT1/NIG/8/76       ..I....D......................N.D.................I..D.........T....E..K...M..........S......A...IY.......................T.....................A......RR................M...R......  

SAT1/NIG/6/76       ..I....D......................N.D..R..............I..D.........T....E..K...M..........S......A...IY.......................T.....................A.......R................M...R......  

SAT2/KNP/19/89      ....................................................................................................................................................................................  

SAT2/KNP/2/89       ....G..................................................................K...................................................................R........................................  

SAT2/KNP/51/93      ....G..........T.......................................................K............................................................................................................  

SAT2/SAR/16/83      ....G.....................Y............................................K.........................................E..................................................................  

SAT2/ZIM/1/88       ................................................................................................................................................A...................................  

SAT2/106/67         ...............................................................V....................................................................................................................  

SAT2/ZIM/7/83       ..............................................S............................................................................R................S...A...................................  

SAT2/ZIM/14/90      .......................................................................K........................................................................E..........T........................  

SAT2/ZIM/17/91      ................................................................................................................................................E...R...............................  

SAT2/ZIM/GN/10/91   .................R.....................................................K............................................................................................................  

SAT2/ZIM/34/90      ................................................................................................................................................A...................................  

SAT2/ZIM/8/94       ....G..................................................................K............................................................................................................  

SAT2/RHO/1/48       .......................................................................K...............................................................T........E...................................  

SAT2/ZAM/07/96      ................................................................................................................................................A...................................  

SAT2/KEN/8/99       .......................................................................................................................................................R.................M..........  

SAT2/SEN/5/75       ..I.............................D..........R..H......D.........T......................S................................................E........E.......R....................R......  

SAT2/GHA/8/91       ..I.............................D..........R.........D.........T......................S................................................E........E......RR.....S..............C......  

SAT2/SEN/7/83       ..I.............................D..........R.........D................................S................................................G........E.......R....................R......  

SAT2/ERI/12/98      ..I....D......................N.D.............D......D..............G..K...A..........S......A....Y.....IE................T...................V.E.......R................M...R......  

SAT2/SAU/6/00       ..I....D......................N...............DQ.....D.........T....E..K...A..........S......A...IY.....I.................T...............A...V.E.......R................M...R......  

SAT2/RWA/2/01       ..I....D......................N..Y............D................T....E..K..............S......T...IY.......................T.....................E.......R....................R......  

SAT2/KEN/3/57       ..I....D..................R..L...Y.............................T....E..K..............S......A...IY.......................T.....................A......NR....................R......  

SAT2/KEN/11/60      ..I....D......................N..Y.............................T....E..K...........R..S......A...IY.......................T.....................A.......R.............V......R......  

SAT2/ANG/4/74       ............I.................................S.................................................T.........................P.........................Q.DERN...................R......  

SAT2/UGA/2/02       ..I..S...........................Y...................D.........T.......K........................T.........................T............................S.....V...........M...R......  

SAT/2/UGA/MBF/4/02  ..I....D...............X......N.D.................I..D.........T....E..K...M..........S......A...IY.......................T.....................E.......R................M...R......  

SAT/2/EGY/9/12      ..I....D......................N.D.............D...I..D.........K....E..K...T..........S......A...IY.....I.................T...................V.E.......R................M...R......  

SAT2/PAT/1/12       ..I....D......................N.D.............D......D.........K....E..K...T..........S......A...IY.....I.................T...................V.E.......R................M...R......  

SAT3/KNP/10/90      .W.................................................................G...T.....................................................R...........................................M..........  

SAT3/SA/57/59       .......................................................................K.....................................................R......................................................  

SAT3/BEC/1/65       ..................................................................T.............................................................................A...................................  

SAT3/KEN/11/60      ................................................................................................................................................A...................................  

SAT3/BEC/20/61      ................................................................................................................................................A...................................  

SAT3/ZIM/5/91       .......................................................................K............................................................................................................  

SAT3/ZAM/4/96       .W.............................................................I................................................................................A...................................  

A/CIV/4/74          ..I....D......................N.D..........R..D...I..D.........T....E..K..............S......A...IY.......................T.....................E.......R................M...R......  

A/SEN/10/97         ..I....D......................N.D.................T..V.V.......T....E..K...I..........S......A...IY.......................T.....................E.......R................M...RT.....  

A/SOM/1/78          ..I....D......................N..........K.P...................T..T.E..A...R.......R..S......A...IY................................V..........VAA..E....R....A...........M...R......  

A/TAN/4/80          ..I....D......................N..........K.P...................T..T.E..A...R.......R..S......A...IY...........................................VAAP.E....R....A...........M...R......  

A/ETH/2/79          ..I....D......................N..........K.P...................T..T.E..A...R.......R..S......A...IY...........................................VAA..E....R....A........V..M...R......  

A/ETH/7/92          ..I....D......................N..........K.P...................T..T.E..A...R.......R..S......A..NIY...........................................VAA..E....R....A...........M...R......  

A/ERI/3/98          ..IL...D..................Y...N.D..........R..D......D.........T....E..K...T..........SI.....A....Y.....I.................T...................V.E.......R................M...R......  

O/UGA/5/96          ..I....D......................K..........K.P...................T.......A...R..........S......A...IY...........................................VAA..E....QQ...A...........M...R......  

O/UGA/6/76          ..I....D......................N......V...R.P...................T....E..A...R.V.....R..S......A...IY...........................................VAA..E....R....A...........M...R......  

O/UGA/17/98         ..II...D.........R............N..........K.P...................T....E..A...R.......R..S......A...IY...........................................VAT..E....RN...A...........M...R......  

O/UGA/1/75          ..I....D......................N.D........K.P...................T..N.E..A...R.......R..S......A...IY...........................................VAA..E....R....A...............R......  

O/UGA/7/03          ..I....D......................N......S...K.P...................T....E..A...R.......R..SE.....A....Y...........................................VVA..E....R....A...........M...R......  

O/KEN/10/95         ..I..S.D......................N..........K.P......................T.E..P...R..........S......A...IY...........................................VAA..E....R....A...........M...R......  

O/SUD/4/80          ..I....D......................K..........K.P...................V..T.E..A...R..........S......A...IY..............E............................VAA..E....R....A...........M...R......  

O/ETH/3/96          ..II...D......................N..........R.P...................T....E..A...R..........S...M..A....Y...........................................VTA..E....R....A...........M...R......  

O/TAN/3/96          ..I....D......................N..........K.P..........A........K....E..A...R.......R..G......A...IY...........................................VTA..E....RQ...A...........M...R......  

 

Supplementary Fig. F:  

An alignment of 470 deduced amino acid positions for the 3D RNA Dependent RNA Polymerase for a total of 79 African FMDV isolates. The dots (.) indicate similarity with reference sequence (SAT1/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) i.e. 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.  
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SAT1/KNP/148/91     ....................................................................................................................................................................................  

SAT1/KNP/41/95      ....................................................................................................................................................................................  

SAT1/SAR/9/81       .....................................................R..............................................................................................................................  

SAT1/ZIM/HV/03/90   ....................................................................................................................................................................................  

SAT1/ZIM/GN/13/90   .........................................................................S..........................................................................................................  

SAT1/BOT/1/68       ...............................................T..............................................................N.....................................................................  

SAT1/RHOD/5/66      ....................................................................................................................................................................................  

SAT1/RV/11/37       ....................................................................................................................................................................................  

SAT1/NAM/307/98     ...............................................T....................................................................................................................................  

SAT1/ZIM/6/94       ...............................................T....................................................................................................................................  

SAT1/BEC/1/70       ...............................................T....................................................................................................................................  

SAT1/SR/2/58        .........................S.....................T....................................................................................................................................  

SAT1/SWA/1/49       ...............................................T....................................................................................................................................  

SAT1/SA/5/61        ...............................................T...........................................I........................................................................................  

SAT1/SWA/40/61      ..............................T.........I......T....................................................................................................................................  

SAT1/ZIM/25/90      ...............................................T....................................................................................................................................  

SAT1/ZAM/2/93       ...............................................T....................................................................................................................................  

SAT1/MOZ/3/02       ...............................................T............................................................H.......................................................................  

SAT1/TAN/1/99       ...............................................T....................................................................................................................................  

SAT1/KEN/05/98      ...............................................T....................................................................................................................................  

SAT1/UGA/1/97       .........L...........N.........................T..........V.......................P........E......V................................................................................V  

SAT1/UGA/3/99       .........L...........N.........................T..........V.......................P........E......V................................................................................V  

SAT1/SUD/3/76       .........L.......N.............................T..........V.......................P........E......V..................................................T.S.............F.............V  

SAT1/NIG/5/81       .........L.......N.............................T..........V.......................P........E......V...................................M..............T.S.............F.............V  

SAT1/NIG/15/75      .........L.......K.............................T.....R....V.......................P........E......VD............V....................................S.S...........................V  

SAT1/NIG/8/76       .........L.......K.............................T.....R....V.......................P........E......V..................................................S.S...........................V  

SAT1/NIG/6/76       .........L.......K.............................T.....R....V.......................P........E......VD.................................................S.S...........................V  

SAT2/KNP/19/89      ....................................................................................................................................................................................  

SAT2/KNP/2/89       ....................................................................................................................................................................................  

SAT2/KNP/51/93      ....................................................................................................................................................................................  

SAT2/SAR/16/83      .........L..........................................................................................................................................................................  

SAT2/ZIM/1/88       ...............................................T.....R............................................V.................................................................................  

SAT2/106/67         ....................................................................................................................................................................................  

SAT2/ZIM/7/83       ...............................................T....................................................................................................................................  

SAT2/ZIM/14/90      ...............................................T....................................................................................................................................  

SAT2/ZIM/17/91      ...............................................T....................................................................................................................................  

SAT2/ZIM/GN/10/91   ....................................................................................................................................................................................  

SAT2/ZIM/34/90      ...............................................T....................................................................................................................................  

SAT2/ZIM/8/94       ....................................................................................................................................................................................  

SAT2/RHO/1/48       ...............................................T..................................................T......G................................................A.........................  

SAT2/ZAM/07/96      ...............................................T....................................................................................................................................  

SAT2/KEN/8/99       ...............................................T....................................................................................................................................  

SAT2/SEN/5/75       .........L.....................................T..........V..........G............P........E......V........R.......................................................................V  

SAT2/GHA/8/91       .........L.....................................T..........V..........G............P........E......V................................................................................V  

SAT2/SEN/7/83       .........L.....................................T..........V.......................P........E......V................................................................................V  

SAT2/ERI/12/98      .........L.......K...........R.................T.....R....V.......................P........E......V...........S......................................T.S.............F.............V  

SAT2/SAU/6/00       .........L.......K...........................Y.T.....R....V.......................P........E......V..................................................T.S.............H.............I  

SAT2/RWA/2/01       .........L.....................................T.....R....V.......................P........E......V.................................................TS.S.............H.............V  

SAT2/KEN/3/57       .........L.......K.............................T..........V.......................P........E......V........................C......................T.DS.S...........................V  

SAT2/KEN/11/60      .........L.......K.............................T..........V.......................P........E......V........................................S......T.DS.S...........................V  

SAT2/ANG/4/74       ........................A......................T..SH.......................................................R........................................................................  

SAT2/UGA/2/02       .........L...........N.........................T..........V.......................P........E......V................................................................................V  

SAT/2/UGA/MBF/4/02  .........L....X..K.............................T..........V......................XP........E......V..................................................S.S..F........................V  

SAT/2/EGY/9/12      .........L.......K...........R.................T.....R....V.......................P........E......V..................................................T.S.............F.....S.......V  

SAT2/PAT/1/12       .........L.......K...........R.................T.....R....V.......................P........E......V..................................................T.S.............F.............V  

SAT3/KNP/10/90      ....................................................................................................................................................................................  

SAT3/SA/57/59       .............................................................................................V......................................................................................  

SAT3/BEC/1/65       ...............................................T....................................................................................................................................  

SAT3/KEN/11/60      ...............................................T....................................................................................................................................  

SAT3/BEC/20/61      ...............................................T....................................................................................................................................  

SAT3/ZIM/5/91       ...............................................T....................................................................................................................................  

SAT3/ZAM/4/96       ...............................................T....................................................................................................................................  

A/CIV/4/74          .........L.......K.............................T..........V.......................P........E......V..................................................T.S.............F.............I  

A/SEN/10/97         ........VL.......K.............................T.....R....L.......................P........E......V.............................L....................T.S.............F.............V  

A/SOM/1/78          .........L.....................................T.....R....V.......................T........E......V.................................................DT..............................  

A/TAN/4/80          .........L.....................................T.....R....V.......................T........E......V.................................................DT..............................  

A/ETH/2/79          .........L.....................................T.....R....V.......................T........E......V.................................................DT..............................  

A/ETH/7/92          .........L.....................................T.....R....V.......................T........E......V.................................................DT..............................  

A/ERI/3/98          .........L.......K...........R...............Y.T..........V.......................P........E......V..................................................T.S.V...........F.............V  

O/UGA/5/96          .........L..............L....H.................T.....R....V......................NT...............V........R........................................DT..............................  

O/UGA/6/76          .........L.....................................V.....R....V.......................T........E......V.................................................DT..............................  

O/UGA/17/98         .........L.....................................T.....R....V.......................T........E......V........R........................................DT..............................  

O/UGA/1/75          .........L.....................................T.....R....V.................L.....T........E......V.................................................DT..............................  

O/UGA/7/03          .........L..............T....R.................T.....R....V.......................T........E......V.................................................DT..............................  

O/KEN/10/95         .........L..............L......................T.....R....V.......................TD.......E......VY................................................DT..............................  

O/SUD/4/80          .........L..............L......................T..........V.......................TD.......E.V....V...........V.....................................DT..............................  

O/ETH/3/96          .........L.....................................T..S..R....V.......................TD.......E......V.................................................DT..............................  

O/TAN/3/96          .........L.....................................T.....R....V......................NT........E......V.................................................DT....................D.........  

 

Supplementary Fig. F (continued) 
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SAT1/KNP/148/91     ..............................................................................................................  

SAT1/KNP/41/95      ..............................................................................................................  

SAT1/SAR/9/81       .......................X..........G........................................P..................................  

SAT1/ZIM/HV/03/90   ...........................................................................P..................................  

SAT1/ZIM/GN/13/90   ...........................................................................P..................................  

SAT1/BOT/1/68       ..............................................................................................................  

SAT1/RHOD/5/66      ...........................................................................P..................................  

SAT1/RV/11/37       ...........................................................................H..................................  

SAT1/NAM/307/98     ..............................................................................................................  

SAT1/ZIM/6/94       ..............................................................................................................  

SAT1/BEC/1/70       ..............................................................................................................  

SAT1/SR/2/58        ..............................................................................................................  

SAT1/SWA/1/49       ................................................................T.............................................  

SAT1/SA/5/61        ..............................................................................................................  

SAT1/SWA/40/61      ..................................G...........................................................................  

SAT1/ZIM/25/90      ..............................................................................................................  

SAT1/ZAM/2/93       ..............................................................................................................  

SAT1/MOZ/3/02       ..............................................................................................................  

SAT1/TAN/1/99       ..............................................................................................................  

SAT1/KEN/05/98      ..............................Y...............................................................................  

SAT1/UGA/1/97       ..................................G........................................P..........T.L.....................  

SAT1/UGA/3/99       ..................................G........................................P..........T.L.....................  

SAT1/SUD/3/76       .................................FG.............................T..........P..........T.L.....................  

SAT1/NIG/5/81       .................................FG........................................P..........T.L.....................  

SAT1/NIG/15/75      ..................................G........................................P..........T.L.....................  

SAT1/NIG/8/76       ..................................G........................................P..........T.L.....................  

SAT1/NIG/6/76       ..................................G........................................P..........T.L.....................  

SAT2/KNP/19/89      ..............................................................................................................  

SAT2/KNP/2/89       ..............................................................................................................  

SAT2/KNP/51/93      ..............................Y...............................................................................  

SAT2/SAR/16/83      ............................................................................G.................................  

SAT2/ZIM/1/88       ..................................G...........................................................................  

SAT2/106/67         ...........................................................................P..................................  

SAT2/ZIM/7/83       ..............................................................................................................  

SAT2/ZIM/14/90      ..............................................................................................................  

SAT2/ZIM/17/91      .....................................................Y........................................................  

SAT2/ZIM/GN/10/91   ...........................................................................P..................................  

SAT2/ZIM/34/90      ..A...................................................................................L.......................  

SAT2/ZIM/8/94       ..S........................................................................P..................................  

SAT2/RHO/1/48       ..............................Y...............................................................................  

SAT2/ZAM/07/96      ..............................................................................................................  

SAT2/KEN/8/99       ..............................................................................................................  

SAT2/SEN/5/75       .................................FG........................................P..........A.L.....................  

SAT2/GHA/8/91       .................................FG........................................P..........T.L.....................  

SAT2/SEN/7/83       .................................FG........................................P..........N.L.....................  

SAT2/ERI/12/98      ...............................M..G........................................P..........A.L.....................  

SAT2/SAU/6/00       ...........R...................M...........................................P...Q......A.L.....................  

SAT2/RWA/2/01       ..................................G........................................P..........T.L.....................  

SAT2/KEN/3/57       ...............................M..G........................................P............L.....................  

SAT2/KEN/11/60      ...............................M..G........................................P............L.....................  

SAT2/ANG/4/74       ..............................K...G........................................P..................................  

SAT2/UGA/2/02       ..................................G........................................P..........T.L.....................  

SAT/2/UGA/MBF/4/02  .................................FG......................................X.P.....X......LXX...................  

SAT/2/EGY/9/12      ...............................M..G........................................P...Q......T.L...................G.  

SAT2/PAT/1/12       ...............................M..G........................................P...Q......T.L...................G.  

SAT3/KNP/10/90      ..............................................................................................................  

SAT3/SA/57/59       ..............................................................................................................  

SAT3/BEC/1/65       ............................................................................G.................................  

SAT3/KEN/11/60      .......................S......................................................................................  

SAT3/BEC/20/61      .......................S......................................................................................  

SAT3/ZIM/5/91       .....................................................Y........................................................  

SAT3/ZAM/4/96       ..............................................................................................................  

A/CIV/4/74          ...............................M.FG........................................PG.........T.L.....................  

A/SEN/10/97         ...............................M..G........................................P..........T.L.....................  

A/SOM/1/78          .................H.............M..G........................................P............L.....................  

A/TAN/4/80          .................H.............M..G........................................P............L.....................  

A/ETH/2/79          .................H.............M..G........................................P............L.....................  

A/ETH/7/92          .................H..A..........M..G........................................P............L.....................  

A/ERI/3/98          ...............................M..G........................................P...Q......T.L.....................  

O/UGA/5/96          ..A............................M..G........................................P............L.....................  

O/UGA/6/76          .................H.............M..G........................................P............L.....................  

O/UGA/17/98         .................H.....P.......V..G........................................PE...........L.....................  

O/UGA/1/75          .................HA............M..G........................................P............L.....................  

O/UGA/7/03          .................H.............M..G...S....................................P............L.....................  

O/KEN/10/95         .................H.............M..G........................................P............L.....................  

O/SUD/4/80          .................H.............M..G............I................A..........P............L.....................  

O/ETH/3/96          .................H.............M..G........................................P............L.....................  

O/TAN/3/96          .................H.............M..G.............................T..........P............L.....................  
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