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Abstract 11 

Foot and Mouth Disease Virus has seven distinct, geographically localized, serotypes and a 12 

vaccination targeting one serotype does not confer immunity against another serotype. The use 13 

of inactivated vaccines is not safe and confers an immunity with a relatively shorter time. Using 14 

the VP1 sequences isolated in East Africa, we have predicted epitopes able to induce humoral 15 

and cell-mediated immunity in cattle. The Wu-Kabat variability index calculated in this study 16 

reflects the variable, including the known GH loop, and conserved regions, with the latter being 17 

good candidates for region-tailored vaccine design. Furthermore, we modelled the identified 18 

epitopes on a 3D model (PDB ID:5aca) to represent the epitopes structurally. This study can 19 

be used for in vitro and in vivo experiments. 20 
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1. Introduction 25 

Foot-and-Mouth Disease (FMD) is an infectious disease caused by the Foot-and-Mouth Disease Virus 26 

(FMDV) of the family of picornaviridae (1). FMD is endemic in Africa and South-Eastern Asia with 27 

sporadic outbreaks in other countries (2–4). Seven distinct serotypes have been identified and 28 

geographically localized with seven pools (4) and SAT2 has been responsible for several outbreaks in 29 

Eastern Rwanda (5). Vaccination against one serotype does not confer immunity against other 30 

serotypes (6). Therefore, high potency multivalent vaccines have been developed (7) and a continuous 31 

study of molecular epidemiology at the regional and national level is of paramount importance to have 32 

regional-tailored vaccines. Poor understanding of circulating strains leads to limited vaccine matching 33 

and vaccine failure (8). The peptide-based vaccines paradigm has been proposed as an alternative to 34 

the currently used inactivated vaccines (9–11). This study is exploring the variability of FMDV SAT2 35 

VP1 protein in EAC and in silico predicting highly potential epitopes to be targeted for epitope-based 36 

vaccines. Furthermore, we have complemented the prediction with a three-dimension (3D) 37 

presentation of the FMDV capsid using a close model available on the Protein Database Bank platform. 38 

The epitopes predicted in this study can be used to guide in choosing strains to include in vaccines or 39 

designing a peptide-based vaccine. 40 

 41 

2. Materials and Methods 42 

2.1.Selection of FMDV SAT2 VP1 sequences 43 

In this study’s analysis, we analyzed the sequences from the field samples we collected and other 44 

sequences available online. For the latter, we searched online on three repositories namely; NCBI, EBI 45 

and DDBJ, using the following criteria, sequences identified as SAT2, sequences of VP1, sequence 46 

length between 212 and 216 amino acids, sequences of samples collected in the FMD pool IV, Great 47 

lakes region cluster countries (Burundi, Kenya, Rwanda, Tanzania and Uganda) together with DRC and 48 

samples collected after the year 2010. The latter criteria were not followed for samples collected in 49 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 15, 2021. ; https://doi.org/10.1101/2021.09.13.460008doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.13.460008
http://creativecommons.org/licenses/by-nc-nd/4.0/


Burundi, DRC and Rwanda because of the scarcity of available sequences. The selected sequences 50 

following the above criteria are available online at 10.6084/m9.figshare.14979594. 51 

2.2.VP1 sequence variability in Great Lakes cluster of FMDV pool IV 52 

We used a Python 3 notebook to create a dictionary that can transcribe the bases of the raw field 53 

sequences into amino acids. The EBI ClustalW was used to run a multiple sequence alignment to obtain 54 

a consensus sequence. The VP1 consensus sequence was used to search for a three-dimensional (3D) 55 

model of the structure that is more likely to be found in the region of East Africa. The protein variability 56 

server (PVS) tool was used to calculate and represent a Wu-Kabat coefficient for variability following 57 

the formula below: 58 

Variability=N*k/n (12,13) 59 

With N being the number of sequences in the alignment, k is the number of different amino acids at 60 

each position and n is the number of times for the most common amino acids per position. The Wu-61 

Kabat coefficient was used to compare the variability of the predicted epitopes. 62 

2.3.Epitope prediction and 3D modelling 63 

The PVS was used to run a sequence alignment and analyze the variability of the selected sequences. 64 

To evaluate the positional variability of amino acids, we used the Wu-Kabat coefficient. SWISS-MODEL 65 

was used to select the fittest online available model and run its evaluation. The stereochemistry of 66 

the structure was evaluated using the Ramachandran plot to study the acceptability of the model. 67 

We used the BepiPred-2.0 server to predict sequential B-cell epitopes with an epitope threshold set 68 

at 0.5. Likewise, the MHC-I binding predictions were made on 7/28/2021 using the IEDB analysis 69 

resource NetMHCpan (ver. 4.1) tool (14). For the protein digestion, we set the IEDB recommended 70 

2020.09 (NetMHCpan EL 4.1) settings and digesting the protein in peptides ranging from 8 to 14-mers. 71 

The Bovine Leukocyte Antigen (BoLA) alleles available on the platform were all selected as ligands with 72 

default parameters. The peptides scoring more than 0.5 were considered for further analysis. The 73 
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PyMol 2.5 (15) was used for the visualization of the selected model and to map the identified epitopes 74 

on the FMDV VP1 in 3-D presentation. 75 

 76 
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3. Results 77 

3.1.VP1 sequence variability in Great Lakes cluster of FMDV pool IV 78 

 79 

Figure 1: Similarity alignment of putative VP1 proteins of Foot and Mouth Disease serotype SAT 2 in 80 

East Africa 81 
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We used Python 3 to transcribe field sequence bases into amino acids and aligned field sequences 82 

with retrieved sequences. The VP1 sequences alignment using the CLC Main Work Bench 21.0.4 is 83 

presented in figure 1. The protein variability plot was obtained using the Protein Variability Server 84 

(PVS) by calculating the Wu-Kabat coefficient Figure 2. We identified at least two regions (residue 45-85 

60 and residue 138-140) that are highly variable across the selected sequences and position 58 being 86 

the most variable. 87 

 88 

Figure 2: Wu-Kabat plot displaying the variability of VP1 proteins of FMDV SAT2 isolates from East 89 
Africa. The black rectangles highlight variable motifs with at least 3 variable positions. The plot was 90 
constructed using the Protein Variability Server (13). 91 

The residue 58-60 and at positions 85, 108 were variable in a way that Nyagatare isolate is identical 92 

to isolates QDC11914, QDC11915 and QDC11965 isolated in cattle (Bos taurus) in Kenya at the 93 

livestock-wildlife interface between 214 and 2016. Likewise, at the same positions, the Gatsibo isolate 94 

was identical to AJI77552 (cattle, Kenya, 2011), AJI77553 (cattle, Kenya, 2012), AJM93656 (cattle, 95 

Uganda, 2013), AXI68799 (cattle, Tanzania, 2011), AXI68832 (cattle, Tanzania, 2012) and QBY97746 96 

(cattle, Tanzania, 2016). The below phylogenetic representation (Figure 3) illustrates that at least FMD 97 

SAT2 viruses circulating in the region can be considered as two bigger branches.  98 

 99 

Figure 3: Phylogeny of FMD SAT2 isolates circulating in East Africa 100 
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 101 

3.2.Epitope prediction and 3D modelling 102 

The multiple sequence alignment of the 11 FMD VP1 sequences was obtained using the 103 

European Bioinformatics Institute (EBI) online platform. Using the EBI’s EMBOSS program, 104 

the resulting consensus sequence 105 

(TTSAGEGADVVTTDPSTHGGSVVEKRRMHTDVAFVLDRFTHVHTGKTTFNVDLMD106 

TKQHALVGALLRASTYYFCDLEIACVGDHTRVFWQPNGAPRTTQLGDNPMVFPHN107 

GVTRFAIPYTAPHRLLATVYNGECKYTERVSAIRGDRAVLAAKYADTRHTLPSTFNF108 

GHVTADQPVDVYYRMKRAELYCPRPLLPAYQHNGRDRFDAPIGVEKQLC) was 109 

obtained. We searched for a model close to the consensus sequence with available structures 110 

in the protein data bank using the SWISS-MODEL, the model with PDB id:  111 

5ACA was selected. The modelled structure had a global QMEANDisCo of (0.77± 0.06) with 112 

a molprobity score of 1.50 and a Ramachandran favoured score of 91.35% 113 

A Ramachandran plot (Figure 4) showed that the structure can be accepted and considered for 114 

3D structure presentation.  115 

 116 

Figure 4: A Ramachandran plot for the selected 3D structure model showing the position of different 117 

amino acids 118 
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3.2.1. B-cell epitopes 119 

The mapping of epitopes in Figure 5 was obtained with the consensus sequence to predict the 120 

sequential B-cell epitopes DTU online platform (BepiPred-2.0) (16) and Table 1 describes the 121 

predicted peptides with their positions. 122 

The 5ACA VP1 based model was selected for a 3D presentation and the consensus sequence 123 

aligned to the 5ACA VP1 sequence to study the variability results are presented in Table 1 with 124 

the predicted B-cell epitopes.  125 

 126 
Figure 5: Representation of sequential B-cell epitopes prediction 127 

Table 1: Predicted linear epitopes 128 

No Start End Peptide Number 

of 

residues 

Score 

1 198 213 PGYDHADRDRFDSPIG 16 0.816 

2 1 30 TTSSGEGADVVTTDPSTHGGAVTEKKRVHT 30 0.798 

3 129 168 RYNGECKYTQKLPSTF 16 0.67 

4 92 114 NGAPRTTTLRDNPMVFSHNNVTR 23 0.64 

5 81 88 LGEHERVW 8 0.614 

6 175 178 ADKP 4 0.612 

7 121 125 APHRL 5 0.539 

 129 
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Furthermore, discontinuous B-cell epitopes were determined using the IEDB online platform 130 

by setting the threshold at 0.5. The resulting eight peptides are represented in Table 2: 131 

Table 2: Predicted Discontinuous Epitopes 132 

No Residues Number of 

residues 

Score 

1 T136, T137, Q138 3 0.929 

2 T1, T2, S3, S4, G5, E6, G7, A8, D9, V10, V11, T12, T13, 

D14, P15, S16, T17, H18, G19, G20, A21, V22, T23, 

E24 

24 0.854 

3 P198, G199, Y200, D201, H202, A203, D204, R205, 

D206, R207, F208, D209, S210, P211, I212, G213 

16 0.816 

4 Y130, N131, G132, E133, C134, K135 6 0.806 

5 T44, N45, T47, L81, G82, E83, H84, E85, R86, W88, 

T97, T98, T99, L100, R101, D102, N103, P104, M105, 

V106, F107, S108, H109, N110, N111, V112, A175, 

D176, K177, P178 

30 0.645 

6 P91, N92, G93, A94, P95, R96 6 0.562 

 133 

Using the PyMol software, we loaded the model (PDB ID:5aca) and mapped both linear and 134 

discontinuous epitopes. For visibility, we only present epitopes scoring ≥ 8. 135 
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 136 

Figure 6: Humoral epitope prediction on the FMDV SAT2 VP1 consensus sequence isolated in East 137 
Africa. Fig. 6.A represents linear epitopes with residue 198-213 (firebrick) and residue 1-30 (blue) 138 
while Fig6.B represents discontinuous epitopes with residue 136-138 (blue), residue 1-24 (firebrick), 139 
residue 198-213 (orange) and residue 130-135 (yellow). 140 

3.2.2. T-cell epitopes 141 

The following alleles were selected (BoLA-1:00901, BoLA-2:00501, BoLA-3:00101, BoLA-142 

4:02401, BoLA-5:00301, BoLA-6:01301, BoLA-amani.1, BoLA-AW10, BoLA-D18.4, 143 

BoLA-gb1.7, BoLA-HD6, BoLA-JSP.1, BoLA-T2a, BoLA-T2b, BoLA-T2c, BoLA-T5, 144 

BoLA-T7) to analyze their affinity to different peptide sizes ranging from 8 to 12 amino acids. 145 

By considering the threshold of score ≥ 0.5, we remained with 42 potential epitopes (Table 2). 146 

Among the latter, at least ten pairs (BoLA-HD6*KQHALVGAL, BoLA-147 

6:01301*KQHALVGAL, BoLA-T2c*DLMDTKQHAL, BoLA-HD6*KQHALVGALL, 148 

BoLA-6:01301*KQHALVGALL, BoLA-T2c*LMDTKQHAL, BoLA-T2c*IPYTAPHRL 149 

and BoLA-amani.1*HTLPSTFNF) scored more than 0.8. Furthermore, certain sequence 150 

regions contained peptides that could be considered to induce both B-cell and T-cell immune 151 

responses, among them two pairs (BoLA-1:00901*SVVEKRRMH and BoLA-152 

amani.1*HTLPSTFNF) had scored 0.798 and 0.810 consecutively. The epitope in the second 153 
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couple (res 156-166) is shown to be very variable which can lead to vaccine failure and is 154 

located in a region able to induce both B-cell and T-cell immunity. 155 

Table 3: Different combinations of BoLA alleles with several peptides with their scores 156 

Allele Start End Length Peptide Score 

BoLA-HD6 57 65 9 KQHALVGAL 0.944025 

BoLA-

6:01301 

57 65 9 KQHALVGAL 0.944025 

BoLA-T2c 52 61 10 DLMDTKQHAL 0.926703 

BoLA-HD6 57 66 10 KQHALVGALL 0.889007 

BoLA-

6:01301 

57 66 10 KQHALVGALL 0.889007 

BoLA-T2c 186 194 9 ELYCPRPLL 0.88009 

BoLA-

1:00901 

35 43 9 VLDRFTHVH 0.83814 

BoLA-T2c 53 61 9 LMDTKQHAL 0.831496 

BoLA-T2c 117 125 9 IPYTAPHRL 0.812674 

BoLA-

amani.1 

159 167 9 HTLPSTFNF 0.810081 

BoLA-

1:00901 

21 29 9 SVVEKRRMH 0.798875 

BoLA-D18.4 152 161 10 AKYADTRHTL 0.780555 

BoLA-D18.4 197 205 9 YQHNGRDRF 0.74142 

BoLA-D18.4 57 65 9 KQHALVGAL 0.729915 

BoLA-

1:00901 

10 18 9 VVTTDPSTH 0.724788 

BoLA-

2:00501 

117 125 9 IPYTAPHRL 0.705937 

BoLA-T2a 16 25 10 STHGGSVVEK 0.672179 

BoLA-

1:00901 

151 159 9 AAKYADTRH 0.655482 

BoLA-T2c 41 49 9 HVHTGKTTF 0.640734 

BoLA-

1:00901 

115 123 9 FAIPYTAPH 0.632319 

BoLA-

1:00901 

34 43 10 FVLDRFTHVH 0.628662 

BoLA-HD6 27 36 10 RMHTDVAFVL 0.617185 

BoLA-

6:01301 

27 36 10 RMHTDVAFVL 0.617185 

BoLA-T2a 47 57 11 TTFNVDLMDTK 0.606006 

BoLA-T2c 34 42 9 FVLDRFTHV 0.60583 

BoLA-T2c 92 100 9 NGAPRTTQL 0.596903 

BoLA-D18.4 180 188 9 YRMKRAELY 0.583383 

BoLA-

1:00901 

128 136 9 TVYNGECKY 0.568695 
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BoLA-

5:00301 

57 65 9 KQHALVGAL 0.555735 

BoLA-D18.4 157 165 9 TRHTLPSTF 0.547177 

BoLA-HD6 89 100 12 WQPNGAPRTTQL 0.533673 

BoLA-

6:01301 

89 100 12 WQPNGAPRTTQL 0.533673 

BoLA-

1:00901 

34 41 8 FVLDRFTH 0.532174 

BoLA-

1:00901 

64 72 9 ALLRASTYY 0.529423 

BoLA-D18.4 26 34 9 RRMHTDVAF 0.526979 

BoLA-HD6 184 194 11 RAELYCPRPLL 0.523536 

BoLA-

6:01301 

184 194 11 RAELYCPRPLL 0.523536 

BoLA-

5:00301 

153 161 9 KYADTRHTL 0.523059 

BoLA-T2c 174 182 9 QPVDVYYRM 0.513212 

BoLA-T2c 65 73 9 LLRASTYYF 0.506616 

BoLA-T2c 99 107 9 QLGDNPMVF 0.502826 

BoLA-

2:00501 

121 129 9 APHRLLATV 0.502133 

 157 

Furthermore, we joined several epitopes by removing the noise and we adopted the GPGPG 158 

spacer as previously used (17). However, some epitopes overlapped and were combined as 159 

continuous residue. Therefore, the resulting multiepitope peptide is 160 

10VVTTDPSTHGGSVVEKRRMHTDVAFVLDRFTHVHTGKTTFNVDLMDTKQHALVG161 

ALLRASTYYF73GPGPG89WQPNGAPRTTQLGDNPMVF107GPGPG115FAIPYTAPHRLLA162 

TVYNGECKY136GPGPG151AAKYADTRHTLPSTFNF167. Finally, we mapped epitopes 163 

scoring ≥8 to the 3D model (figure 7).  164 
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 165 

Figure 7: Three-dimensional mapping on the selected model (PDB ID: 5aca) of the predicted MHC I 166 
T-cell epitopes scoring ≥8. Epitope residues are highlighted as follows: residue 21-29 (firebrick), 167 
residue 35-43 (blue), residue 52-66 (yellow), residue 117-125 (magenta), residue 159-167 (orange) and 168 
residue 186-194 (cyan). 169 

 170 

4. Discussion 171 

The present study proposes peptides with a higher probability to induce B and T cell immune 172 

responses in cattle and therefore can be considered as good candidates for vaccine design. 173 

Using the Wu-Kabat variability index available at the protein variability server, the variability 174 

plot we obtained with SAT2 was less variable compared to the Asia1 serotype variability 175 
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obtained by Sultana et al.(18). This study emphasizes a regional intratypic variability found at 176 

least in three positions. Sahle et al.(19) described variable sites (positions 46-51, 109-114, 134-177 

147 and 152-157) in SAT 1 that are approximately equivalent to the ones observed with this 178 

study’s SAT 2 sequences (positions 45-50, 107-111, 135-141 and 151-160) with the RGD site 179 

(149-151) and C- terminus (202-217) being relatively conserved for both serotypes. 180 

Though in silico prediction of epitopes is very important, it has to be coupled with thermo-181 

stabilization of the identified epitopes because of the thermal lability of SAT serotypes (20). 182 

The BoLA system showed to have an affinity to surface-exposed peptides of the VP1 with the 183 

BoLA-HD6 allele to have the highest affinity while Agrawal et al. found that BoLA-T7 had 184 

the highest percentile rank towards PPRV peptides (21). The identified epitopes can be used to 185 

design a polytope-based plasmid DNA vaccine using linkers and adjuvant (17,22) that can be 186 

tested in vitro and in vivo. 187 

 188 

5. Conclusion 189 

Experimentations using the predicted peptides can lead to region-tailored DNA vaccines 190 

development. Special focus should be put on residues that showed low variability and to induce 191 

B-cell immunity and high affinity to BoLA alleles for in vitro and in vivo testing. A deeper 192 

understanding of molecular epidemiology in East Africa can improve the effectiveness of the 193 

predicted epitopes. We, therefore, recommend more fieldwork especially in countries where 194 

little is known in terms of circulating strains. In the future, advanced AI-based tools to predict 195 

protein folding, such as Alpha Fold 2, can be used for epitope mapping on 3D structures. 196 
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Figure 1: Similarity alignment of putative VP1 proteins of Foot and Mouth Disease serotype SAT 2 in East Africa 
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Figure 2: Wu-Kabat plot displaying the variability of VP1 proteins of FMDV SAT2 isolates from East Africa. The black 
rectangles highlight variable motifs with at least 3 variable positions. The plot was constructed using the Protein Variability 
Server 

 

 

Figure 3: Phylogeny of FMD SAT2 isolates circulating in East Africa 

 

 

Figure 4: A Ramachandran plot for the selected 3D structure model showing the position of different amino acids 
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Figure 5: Representation of sequential B-cell epitopes prediction 

 

 

Figure 6: Humoral epitope prediction on the FMDV SAT2 VP1 consensus sequence isolated in East Africa. Fig. 6.A represents 
linear epitopes with residue 198-213 (firebrick) and residue 1-30 (blue) while Fig6.B represents discontinuous epitopes with 
residue 136-138 
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Figure 7: Three-dimensional mapping on the selected model (PDB ID: 5aca) of the predicted MHC I T-cell epitopes scoring 
≥8. Epitope residues are highlighted as follows: residue 21-29 (firebrick), residue 35-43 (blue), residue 52-66 (yellow), 
residue 117-125 (mag 
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