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Foot-and-mouth disease (FMD) is an economically devastating disease of the livestock
worldwide and caused by the FMD virus (FMDV), which has seven immunologically
distinct serotypes (O, A, Asial, C, and SAT1-SAT3). Studies suggest that VP2
is relatively conserved among three surface-exposed capsid proteins (VP1-VP3) of
FMDV, but the level of conservation has not yet been reported. Here we analyzed
the comparative evolutionary divergence of VP2 and VP1 to determine the level of
conservation in VP2 at different hierarchical levels of three FMDV serotypes (O, A,
and Asial) currently circulating in Asia through an in-depth computational analysis of
14 compiled datasets and designed a consensus VP2 protein that can be used for
the development of a serotype-independent FMDV detection tool. The phylogenetic
analysis clearly represented a significant level of conservation in VP2 over VP1 at
each subgroup level. The protein variability analysis and mutational study showed
the presence of 67.4% invariant amino acids in VP2, with the N-terminal end being
highly conserved. Nine inter-serotypically conserved fragments located on VP2 have
been identified, among which four sites showed promising antigenicity value and
surface exposure. The designed 130 amino acid long consensus VP2 protein possessed
six surface-exposed B cell epitopes, which suggests the possible potentiality of the
protein for the development of a serotype-independent FMDV detection tool in Asia.
Conclusively, this is the first study to report the comparative evolutionary divergence
between VP2 and VP1, along with proposing the possible potentiality of a designed
protein candidate in serotype-independent FMDV detection.

Keywords: FMDV, VP2 vs. VP1, evolutionary divergence, serotype-independent, conserved sites, consensus VP2
protein, B cell epitope
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INTRODUCTION

Foot-and-mouth disease (FMD) is a highly contagious disease
of cloven-hoofed animals, causing a large-scale economic loss
for livestock industries worldwide due to the rapid loss of
productivity (1-3). The onset of FMD can cause extensive
morbidity and mortality, resulting in a disastrous reduction in
the yield of animal products. The etiologic agent, FMD virus
(FMDV), is a member of the Picornaviridae family, possessing
a single-stranded positive-sense RNA genome (4-6), which
encodes four structural proteins (VP1-VP4) and other non-
structural proteins (Lpro, 24, 2B, 2C, 3A, 3B, 3Cpro, and 3Dpol).

Extensive mutational variations result in the differentiation of
the virus into seven immunologically distinct serotypes; O, A, C,
Asial, and Southern African territories (SAT) 1-3 (7). Within
serotypes, there are multiple topotypes that are usually related
to the geographical region of disease occurrence or subtype
and being identified based on a threshold of 15% nucleotide
sequence divergence in the VP1 coding region. However, the high
genetic diversity of the virus results in the emergence of many
distinct lineages within a topotype, which show at least 7.5%
VP1 nucleotide divergence (8, 9). Further diversification divides
the individual lineages into multiple sub-lineages, although
there is no established threshold for VP1 divergence among
these sub-lineages.

Due to the relative ease of sequencing and the reliability
of virus classification, VP1-based molecular epidemiology has
been accepted as the traditional way of evolutionary divergence
analysis. Studies suggest that VP1 is the most diversified capsid
protein of FMDV at both nucleotide and amino acid (aa) levels
(10-12), but there is lack of information regarding the extent
of VPI1 divergence in comparison with other capsid proteins.
Comparative evolutionary divergence analysis can provide us
with information regarding the possible chance of mutation and
evolutionary stability of two different proteins. This information
can be used for selecting the most conserved one for the future
development of a more reliable diagnostic tool that will be
capable of detecting FMDV regardless of its serotypes. Among
the three surface-exposed capsid proteins of FMDV (VP1-3),
VP2 is reported to be relatively conserved (10) and to also possess
potential immunogenic sites capable of eliciting the development
of anti-VP2 antibody upon infection (13). That is why VP2-based
evolutionary divergence of FMDV has been investigated in the
current study and has been compared with VP1-based divergence
at multiple taxonomic hierarchies (serotypes, topotypes, lineages,
and sub-lineages).

Overall, the current study aims at analyzing the comparative
evolutionary divergence of VP2 and VPI, along with
identification of the surface-exposed conserved antigenic
sites in VP2 and designing a consensus VP2 protein as a
potential candidate to develop a rapid and cost-effective tool for
FMD diagnosis in the Asian region, which would be entirely
serotype independent. Herein we have analyzed the molecular
diversity of VP2 at both genomic and proteomic levels,
considering multiple taxonomies (i. e., serotypes, topotypes,
lineages, and sub-lineages), and identified the surface-exposed
conserved antigenic sites in VP2. Based on these findings,

we have designed a consensus VP2 protein sequence of 130
amino acid long and mapped possible B cell epitopes in this
protein. To our present knowledge, this study is the first one
to report on VP2-based evolutionary divergence cutoff values
of FMDV at each subgroup and to design a consensus VP2
protein carrying surface-exposed B cell epitopes to be used in
serotype-independent FMD diagnosis.

MATERIALS AND METHODS

Sequencing of VP2 Coding Region

Viral RNA extraction and cDNA preparation of 20 local
FMDYV isolates were performed from cell culture supernatants
of selected isolates using Maxwell® 16 Viral Total Nucleic
Acid Purification Kit (Promega, USA) and GoScript™ Reverse
Transcription System (Promega, Madison, WI, USA) according
to the manufacturers protocol. The reverse-transcribed cDNA
samples were used for amplification of the VP2 coding regions
by the designed primers VP2-F (GACAAGAAAACCGASGAGA
CCAC) and VP2-R (TCTTTGGAAKGGAACTCACSCG). After
purification of the amplified PCR products, sequencing of
the desired VP2 coding region was performed using Sanger
sequencing method, and the obtained sequences were analyzed
with SeqMan (14). The sequences were submitted to NCBI, and
the accession IDs are listed in Supplementary Table 1g.

Dataset Generation and Compilation

Three major FMDV serotypes circulating in Asian regions
(O, A, and Asial) were focused on in this study to generate
14 datasets containing VP2 nucleotide sequences, which are
listed in Supplementary Tables 1a-h. The sequences were
obtained from the NCBI GenBank (15). The first 10 datasets
(Supplementary Tables 1a-f) were used for determining the
diversity of VP2 protein at multiple taxonomic hierarchies
(serotypes, topotypes, and lineages), and the obtained divergence
value was compared with the previously established cutoff value
for VP1 divergence. Datasets 11-13 (Supplementary Table 1g)
were prepared with polyprotein sequences of FMDV to analyze
the sub-lineage-level divergence of both VP2 and VP1 as there
is no previously established cutoff value for the sub-lineage-level
divergence of VP1. Twenty local isolates sequenced in the current
study were compiled in dataset 11 (Supplementary Table 1g).
Dataset 14 (Supplementary Table 1h) was used for the
determination of conserved antigenic sites in VP2 and designing
of consensus VP2 protein sequence.

Phylogenetic Analysis Based on VP2
Coding Region

Multiple sequence alignment of each dataset was performed and
subsequent phylogenetic analysis was carried out in MEGA7
using ClustalW algorithm (16). Unweighted pair group method
with arithmetic mean (UPGMA) trees were constructed which
indicated cutoff values of VP2 divergence at multiple subgroup
levels of FMDV (serotypes, topotypes, and lineages). The VP2-
based cutoff divergence value was then compared with the VP1-
based cutoff value of divergence reported elsewhere (17-19). The
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sub-lineage-level divergence was compared by creating UPGMA
trees based on both VP1 and VP2 nucleotide sequences.

Calculation of Protein Variability Index

For calculating the protein variability index of 279 VP2 sequences
(Supplementary Table 1a) of FMDV serotypes O, A, and Asial,
Protein Variability Server (PVS) (20) was used. The Wu-Kabat
variability coefficient, with a variability threshold of 1.0, was
calculated to find out the maximum variable positions and the
most conserved regions in the VP2 proteins of all three serotypes.

Visualization of Mutations

MEGA7-based mutation analysis was performed in two levels—
one is mutations in the previously reported antigenic sites
[Supplementary Table 2] of FMDV VP2 protein of serotypes O,
A, and Asial (Supplementary Table 1a). Another one is more
precise—mutation in the PVS returned conserved fragments
of VP2 protein of FMDV focusing on the Asian region
(Supplementary Table 1h).

Determination of Conserved Fragments

and Validation of Conservancy

Based on the aim of this study, which is the assessment of the
credibility of VP2 protein in serotype-independent diagnosis
of FMDYV, the determination of antigenic sites that are inter-
serotypically conserved is a major step. A total of 360 FMDV VP2
sequences (Supplementary Table 1h), representing the isolates
of Asian territory, were taken into account for finding out the
conserved regions in VP2. The PVS was used for returning
conserved fragments of seven or more consecutive residues, with
a variability threshold of 0.5 using Shannon diversity analysis.
The accuracy of the conserved fragments was validated by
comparing with the results obtained from the mutation analysis.
The mutation score of each position was calculated by the
analysis of VP2 protein alignment in MEGA7.

Homology Modeling

Homology modeling of VP2 protein was performed to observe
whether there are any structural dissimilarities in the 3D
configuration of FMDV serotypes O, A, and Asial in the obtained
conserved regions. For this purpose, three Bangladeshi isolates
were selected as a representatives of three FMDV serotypes:
BAN/JA/Ma-180/2013 (accession KJ175183) as representative
of serotype O, BAN/CH/Sa-304/2016 (accession MK088171)
as representative of serotype A, and BAN/DH/Sa-318/2018
(accession MN722609) as representative of serotype Asial.
SWISS-MODEL server (21) was used to search suitable template
protein structures and generate models of protein 3D structure
in PDB format using 1qqp as a template. The stereo-chemical
quality of the generated 3D structures was validated by
Ramachandran plot using PROCHEK (22). The alignment and
the superimposition of the 3D structures were performed in
PyMOL (23).

Antigenicity Calculation and Structural

Assessment of the Conserved Sites

The conserved fragments that fall within the previously reported
antigenic sites of VP2 [Supplementary Table 2] were identified,
followed by the detection of their antigenicity value by vaxijen
v2.0 server (24), with a threshold of 0.4. Additionally, the surface
accessibility and other structural properties of the conserved
antigenic sites were determined using NetSurfP-2.0 server
(25), which provides information regarding protein secondary
structure, probability of disordered residue, and the relative
surface accessibility of individual amino acid residues in the
protein structure.

Designing of Consensus VP2 Protein and
Mapping of Possible B Cell Epitopes

N-terminal 130 residues of VP2 were targeted for designing a
consensus sequence since this region contained all the surface-
exposed conserved antigenic sites of VP2. The alignment of
360 VP2 sequences (Supplementary Table 1h) was analyzed
to find out the most frequently observed residue at each
position in the alignment, and by combining these residues, a
consensus VP2 protein sequence of 130 amino acids in length
was designed. The secondary structure and surface accessibility
of the designed protein was studied using NetSurP-2.0 server,
and a 3D model was generated using SWISS-MODEL server,
followed by visualizing at PyYMOL. The possible B cell epitopes
were identified using three of the most popular epitope prediction
tools [BepiPred 1.0 (26), ABCpred, and Bcepred (27)] to
minimize false-positive predictions. The predicted epitopes from
each server were compared manually, and the common epitopes
were chosen as the most probable B cell epitopes.

RESULTS

Evolutionary Divergence of VP2 in

Comparison with VP1

We determined the VP2-based cutoff divergence value of FMDV
at serotype, topotype, lineage, and sub-lineage levels using a
UPGMA phylogenetic study. With these values, a comparative
analysis between VP2- and VPI-based divergence has been
shown (Table 1).

Thirteen individual datasets (Supplementary Tables 1a-g)
were used to generate unweighted pair group method with
arithmetic mean trees for comparing the VP2- and VP1-based
cutoff divergence values of different subgroups under three
serotypes of FMDV(O,A, and Asial).

Serotype-Level Divergence

Serotype-level divergence analysis performed considering the
VP2 sequences of 279 FMDV isolates (Supplementary Table 1a)
representing serotypes O, A, and Asial revealed two
closest clusters (serotypes O and Asial) in the tree
[Supplementary Figure 1], providing a cutoff value of ~14%
divergence among these three FMDV serotypes. In contrast, the
serotypes of FMDV possess at least 30% nucleotide sequence
diversity in the VPI coding region (17). These findings
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TABLE 1 | Comparative evolutionary divergence of foot-and-mouth disease virus (FMDV) at multiple taxonomic levels based on VP2 and VP1.

Serotype-level divergence
Serotype (o] A Asial
VP2-based nucleotide divergence value 14%
VP1-based nucleotide divergence value 30-50% (17)
Topotype-level divergence
Serotype o A Asial
Topotype ME-SA, SEA, Euro-SA, ASIA, AFRICA, Euro-SA ASIA
CATHAY, EA-1, EA-2, EA-3, WA
VP2-based nucleotide divergence value 5.5% 8% -
VP1-based nucleotide divergence value 15-20% (18)
Lineage-level divergence
Serotype o A Asial
Topotype ME-SA SEA Euro-SA ASIA AFRICA Euro-SA ASIA
Lineage Ind2001 CAM-94 o1 G-Vl G-I A5 G-I
PanAsia | MYA-98 02 A-15 G-Il A12 G-Il
PanAsia Il A22 G-Il A24 G-Il
Iran-05 G-IV A81 G-IV
Iran-87 G-V G-V
Iran-96 G-VI G-VI
Thai-87 G-Vl G-Vl
Sea-97 G-Vill
G-IX
VP2-based nucleotide divergence value 2.9% 5.5% 4.25% 3.9% 5.4%. 5.1% 4.8%
VP1-based nucleotide divergence value 7.5% (19)
Sub-lineage-level divergence
Lineage O/ME-SA/Ind2001 O/ME-SA/PanAsia Il A/ASIA/IRN-05
Sub-lineage Ind2001d ANT-10 BAR-08
INnd2001BD1 FAR-09 AFG-07
Ind2001BD2 PUN-10 ARD-07
VP2-based nucleotide divergence value 2.9% 1.8% 2.7%
VP1-based nucleotide divergence value 3.5% 2.7% 2.7%

support that VP2-based nucleotide divergence ensures higher
conservancy than VP1 at the serotype level.

Topotype-Level Divergence

UPGMA phylogenetic analysis of eight topotypes of FMDV
serotype O and three topotypes of serotype A using datasets 2
and 3 (Supplementary Tables 1b,c) showed 5.5 and 8% cutoff
divergence values, respectively (Supplementary Figures 2A,B).
In contrast, the topotypes exhibit >15% variation based on the
VP1 coding sequence (17, 19).

Lineage-Level Divergence

The topotypes of FMDV are subdivided into different lineages
based on at least 7.5% VPI nucleotide divergence. Here we
measured 2.9% inter-lineage VP2 sequence variation between
PanAsia-I and PanAsia-II of the most dominant ME-SA topotype
in the Indian subcontinent. Topotype South East Asia (SEA)
of serotype O showed 5.5% inter-lineage divergence between
two lineages (CAM-94 and MYA-98) and O/Euro-SA provided
a cutoff value of 4.25% divergence between O1 and O2 lineages
(Supplementary Figures 3A-C). The lineages of A/Euro-SA
topotype (A5, A12, A24, and A81) provided a cutoff value of 5.1%
divergence (Supplementary Figure 4C). Among eight different
lineages of A/ASIA topotype, Thai-87 and Sea-97 were found
to be the most closely related and provided a cutoft value of

3.9% divergence. The African topotype of serotype A showed
5.4% inter-lineage divergence (Supplementary Figures 4A,B).
The only one topotype of serotype Asial (topotype ASIA)
showed 4.8% inter-lineage divergence between two closest
lineages, G-VIII and G-IX [Supplementary Figure 5]. Moreover,
we observed that topotypes from the Asian region showed less
inter-lineage diversity in comparison with the African or the
European and South American topotypes.

Sub-lineage-Level Divergence

Sub-lineage-level divergence analysis among three sub-lineages
of O/ME-SA/Ind2001 lineage showed VP2 to be less divergent
than VP1 (Supplementary Figures 6A,B). In VPIl-based
phylogeny, Ind2001BD1 and Ind2001BD2 were found to be the
closest sub-lineages (3.5% nucleotide divergence). In contrast,
the VP2-based phylogeny showed Ind2001d and Ind2001BD2 to
be the closest relatives (2.9% nucleotide divergence). Similarly,
sub-lineages of PanAsia II showed less divergence in VP2
(1.8% nucleotide divergence) than VP1 (2.7% nucleotide
divergence). PUN-10 and FAR-09 were found to be the closest
sub-lineages in the case of VP1, while these were ANT-10 and
FAR-09 in the case of VP2 (Supplementary Figures 7A,B).
The sub-lineages of IRN-05 showed equal divergence for both
VP1 and VP2 (2.7% nucleotide divergence), where BAR-08
and AFG-07 were found to be the closest groups in each case

Frontiers in Veterinary Science | www.frontiersin.org

September 2020 | Volume 7 | Article 592


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Mishu et al.

Evolutionary Divergence Analysis of VP2

(Supplementary Figures 8A,B). Overall, the phylogenetic
analysis ensured a higher conservancy of VP2 over VP1 at each
subgroup level.

Protein Variability Index and Mutational

Frequency

The protein variability analysis and mutational study using 279
VP2 sequences (Supplementary Table 1a) showed that 147 of
218 (67.4%) amino acids were inter-serotypically conserved. In
the Wu-Kabat plot (Figure 1A), the N-terminal end and the 22—
36 motif were found to be highly conserved. A higher Wu-Kabat
variability coefficient was found in the B-C and E-F loops and
near the C-terminal end.

Mutational study of the previously reported antigenic regions
of VP2 delineated that, among 71 varied sites in VP2, only
29 fall within the antigenic regions positioned at three sites
each in the N-terminal, T cell epitope I, E-F loop, and T cell
epitope III, nine in the B-C loop, and four in T cell epitope II
[Supplementary Table 3]. In the antigenic regions, only 25 sites
were detected to be occupied by more than two amino acids, and
as expected, significant variations were observed in the B-C loop
and the E-F loop.

The mutational score calculation (Figure 1B) of the mutated
sites revealed a higher frequency of most common amino acids in
comparison to mutated amino acids. Three mutated sites of the
N-terminal of VP2 (positions 7, 9, and 10) provided more than
99% frequency of the most common amino acids in comparison
with the mutated ones. The only mutated position of the 22-
36 motif is position 23, which showed 75.27% frequency of
the most common amino acid, threonine, which is satisfactorily
high. Among the three T cell epitopes, a high percentage
of mutational frequency was observed in T cell epitope II
that showed a mutation at four positions, with the mutation
score ranging from 32.98% to 56.29%. The highest mutational
frequency was observed in the B-C and the E-F loops, with
mutation scores ranging from 31.75 to 66.31%. Critical amino
acids at positions 100, 172, 188, and 191 showed 98.92, 67.38,
100, and 62% frequency of the most common amino acids,
respectively. Overall, the study confirmed a remarkable inter-
serotype conservancy of VP2 at the reported antigenic sites.

Inter-serotypically Conserved Regions
within VP2 Protein

VP2 sequences representing the isolates of the Asian territory
(Supplementary Table 1h) revealed nine inter-serotypically
conserved fragments (Table 2) after Shannon diversity analysis.
The accuracy of the conservation of all nine fragments was
validated by a mutational study, which also supported the
inter-serotypic conservancy of the fragments, except in eight
positions with only 0.83-3.33% insignificant mutational
frequency (Figure 1C). Moreover, homology modeling and
superimposition of VP2 proteins from three serotypes displayed
no structural dissimilarities in the conserved regions and
supported that the 3D configurations of the conserved regions
are inter-serotypically invariant (Supplementary Figure 9A).
Using the modeled 3D structures, the generated Ramachandran

plot (Supplementary Figure 9B) showed that 89.4-91 and
8.5-9% of residues of the modeled structure are within the
most favored (red) and the additional allowed regions (yellow),
ensuring the highly reliable stereochemical properties of the
generated models.

Antigenicity and Surface Accessibility of

the Conserved Fragments

The antigenicity, surface accessibility, and other structural
properties of conserved fragments were determined to validate
their credibility as suitable candidates for serotype-independent
detection of FMDV. Among the nine conserved fragments of
VP2, six fell within the previously reported antigenic sites
(fragments 1-4, 6, and 9), whereas non-antigenic sites comprised
three other fragments (5, 7, and 8). Comparing the PVS returned
conserved fragments and the previously reported antigenic sites,
we selected six conserved antigenic sites (sites I-VI) in VP2
for calculating the antigenicity value. Among these six sites,
four (sites I, II, III, and V) were found to be antigenic, with
a sufficient antigenicity value ranging from 0.4189 to 1.1031
(Table 2). Among these four conserved antigenic sites, three were
found to be entirely surface-exposed (sites I, II, and III), and
site V showed partial surface accessibility with a threshold of
25% (Figure 2A). In site V (114-124), the first three amino acids
(N, Q, and F) were found to be surface-exposed, providing the
antigenicity value of 0.7728 (Table 2), whereas the remaining
amino acids of this site were buried. In contrast, site IV had only
two surface-exposed amino acids, and site VI was completely
buried. Sites I and III showed a coiled structure, although there
is a probability of significant-level disorderliness in site I. The
other sites have not shown any significant disordered residue.
Sites IL, IV, and V showed a co-abundance of stranded and coiled
structures, and site VI falls in an entirely stranded structured
region (Figure 2A).

Designed VP2 Protein and Mapped B Cell
Epitopes

Since the four surface-exposed conserved antigenic sites, sites
I, I, 1II, and V (Figure2A), are located within the N-
terminal 130 residues of VP2, a consensus VP2 protein
was designed by combining the first 130 most common
amino acids of VP2 sequentially. The designed protein
(Figure 2B) showed an abundance of coiled loop structures,
which indicate their possible role in the antigenicity of VP2.
Five PB-strands and two o-helices were also observed. N-
terminal 75 residues were found to be exclusively surface-
exposed, which have been indicated by underlined residues
in Figure 2B. Six B cell epitopes have been mapped in the
designed protein, which are shown in Figures2B,C. The
epitopes are IDKKTEETTS, 1TTRNGHT?, 24STTQSSVGSI,
PGYATAEDFV*, *SGPNTSG, and * TDHKGVYGGLT®.
All the epitopes were found to be surface-exposed (Figure 2B). A
secondary structure analysis of the epitopes revealed that all the
epitopes form part of the coiled connecting loops; also, epitopes
1 and 5 entirely fall in the looped region. B-sheeted regions were
observed in epitope 2 [first three amino acids (aa)], epitope 3 (first
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FIGURE 1 | Visualization of amino acid divergence in VP2 protein of foot-and-mouth disease virus serotypes O, A, and Asial. (A) Wu—Kabat protein variability plot for
VP2 protein using Protein Variability Server (PVS). The plot was generated using the protein alignment of 279 VP2 sequences. The marked regions indicate the
(Continued)
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FIGURE 1 | previously reported antigenic sites of VP2. The X and the Y axis of the plot, respectively, delineates the amino acid positions of VP2 and Wu-Kabat
variability coefficient. (B) Graphical representation for the overall mutation score of the mutated sites in VP2. The protein alignment of 279 VP2 sequences was used to
carry out the mutational study. For each position, the frequency of most common and mutated amino acids is represented with black and gray color, respectively. The
X axis shows the amino acid position of VP2, and the Y axis shows the frequency of mutated and most common amino acids. Only the previously reported antigenic
sites were taken into consideration for the mutational study. (C) Graphical representation for overall mutational score of the mutated positions in the conserved
fragments of VP2 protein. The protein alignment of 360 Asian VP2 sequences was used to identify conserved fragments of VP2 using PVS and mutational study of the
fragments. The X axis shows the amino acid position of VP2, and the Y axis shows the frequency of mutated and most common amino acids. For each position, the
most common amino acids are presented with black color, and the other least common amino acids are presented with gray color. The percentage of frequency of
amino acids is attached down to the respective positions. The respective conserved fragments to which the amino acid positions belong are mentioned as fragment
numbers (positions 7 and 9 in fragment 1; 32 and 34 in fragment 2; and 44, 100, 154, and 181 in fragments 3, 5, 8, and 9, respectively). Only the previously reported

antigenic sites were taken into consideration for the mutational study.

TABLE 2 | Inter-serotypically conserved fragments in VP2 obtained by Protein Variability Server and their antigenicity assessment.

Conserved Reported antigenic Conserved antigenic Sequence of the Length Antigenicity Presence of
fragments in VP2 sites in VP2 sites in VP2 conserved antigenic sites value antigenicity
Fragment 1 N-terminal Site | DKKTEETTLLEDRI 14 0.4189 Yes

(1-22) (1-14) (1-14)

Fragment 2 22-36 Site Il STTQSSVGVTYGY 13 1.1031 Yes

(24-36) motif (24-36)

Fragment 3 T cell epitope | Site Il TSGLETRV 8 0.7873 Yes

(43-55) (48-68) (48-55)

Fragment 4 T cell epitope | Site IV QAERFFK 7 —0.8310 No

(57-63) (48-68) (57-63)

Fragment 5 No reported antigenic - - - - -

(99-106) site

Fragment 6 T cell epitope I Site V NQFNGGCLLVA 11 0.7728 Yes
(111-124) (114-132) (114-124)

Fragment 7 No reported antigenic - - - - -

(139-148) site

Fragment 8 No reported antigenic - - - - -

(150-158) site

Fragment 9 T cell epitope Il Site VI LWMV 5 Too low to detect No
(174-183) (179-187) (179-183)

Shannon variability index with < 0.5 variability was used as a threshold for finding out conserved fragments of seven or more consecutive residues. The antigenicity value of the fragments
that fall in the previously reported antigenic sites of VP2 was calculated with Vaxijen v2.0 server, and fragments with antigenicity values of 0.4 or above were considered to be antigenic.

two aa), and epitope 4 (first four aa). Helices were observed in
epitopes 3 and 6. Residues near the C-terminal of the designed
protein were found to be buried under the surface structure
(Figure 2B).

DISCUSSION

Foot-and-mouth disease is a major threat to an economically
important livestock population and caused by the foot-and-
mouth disease virus (28). Being an RNA virus, FMDV lacks the
proofreading mechanism during virus replication resulting in
the extensive genetic heterogeneity of the virus. High genetic
diversity results in the differentiation of the viruses into different
serotypes, topotypes, lineages, and sub-lineages (11, 29). For
selecting an appropriate vaccine strain, determination of the
infecting FMDV serotype is important during FMD diagnosis.
Even so, serotype-independent detection is the most preferred
method for the rapid checking of animals during emergency
outbreak or international animal trade. Because the detection
of individual serotype needs separate diagnostic kits, which

eventually increases cost and diagnosis time. Although non-
structural protein (NSP)-based diagnostic approaches can offer
serotype-independent detection, the generation of anti-NSP
antibody requires more time than anti-structural protein (SP)
antibodies (30), thus limiting their ability to be used in early
diagnosis of the disease. Early diagnosis of the infection will
allow the breeder to rapidly separate the infected animals from
the uninfected ones, consequently terminating the spread of the
disease to the entire farm during an outbreak. Thus, SP-based
serotype-independent detection protocols are more beneficial
over NSP-based protocols.

Among the four structural proteins of FMDV, VP4 is
completely internalized (31) and thus cannot be used for the
development of any diagnostic approach. Although VP1-based
diagnostic methods are widely used (32-35), serotypic structural
diversity due to VP1 sequence variation can be responsible
for the false-negative identification of anti-viral antibody and
limiting serotype-independent detection of FMD. Considering
robust diversity within the VP1 coding sequence, another surface
protein having less diversity and potential immunogenicity
should be targeted for the serotype-independent detection of
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FIGURE 2 | Screening of surface-accessible conserved antigenic regions in VP2 and designing of consensus VP2 sequence along with mapping of possible B cell
epitopes. (A) Graphical representation of the surface accessibility and the structural properties of VP2 protein. Relative surface accessibility is presented in blue and

(Continued)
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1-6 are represented in red, green, blue, orange, pink, and violet, respectively.

FIGURE 2 | red elevation and inclination (“*w), where red indicates the exposed surface and blue indicates the buried regions; threshold was kept at 25%. Curved
(/\), arrowed (=), and lined (—) cartoons depict the secondary structure of different regions of the protein, indicating helical, stranded, and coiled structure,
respectively. The disorderliness of residues in the protein is shown by gray-colored curvature, where the thickness of the gray line equals the probability of the
disordered residue. (B) Designed consensus VP2 protein sequence and its predicted 2D and 3D models. The sequence was designed by combining the most
common amino acids at positions 1-130 of VP2 protein. The green arrows highlight the predicted B-strands. Cylinders and lines, shown in cyan and orange colors,
highlight the «-helices and connecting loops, respectively. The underlined amino acid residues represent the surface-accessible regions of the designed protein. The
3D structure for the designed protein, in ribbon format, is shown as an insert in the upper-left corner of the figure. Mapped B cell epitopes have been indicated with
separate colors. (C) Predicted B cell epitopes mapped onto the 3D structure of the designed protein. The whole protein has been colored in cyan, whereas epitopes

anti-FMDV antibody (36). Since VP2 protein is reported to
be less divergent than VP1 and VP3 (10-12) and it contains
humoral response inducing surface epitopes, using VP2 is more
reliable in developing a serotype-independent diagnostic tool.
Therefore, we hypothesized that VP2 protein can offer a solution
towards serotype-independent diagnosis of FMD. To validate this
hypothesis, we at first analyzed the evolutionary divergence of
VP2 in comparison with VP1. Besides, we identified the surface-
exposed conserved antigenic regions in VP2, and based on the
findings, we designed a consensus protein that can be used
for the development of a serotype-independent FMD diagnostic
kit. Since our prime focus was the Asian region, we used only
the most prevalent serotypes (O, A, and Asial) circulating in
this region.

Firstly, VP2-based evolutionary divergence analysis ensured
a remarkably higher conservancy in VP2 than VP1 at each
taxonomic level (serotypes, topotypes, lineages, and sub-
lineages). These findings corroborated with other previous
studies stating that VP2 is more conserved than VP1 and VP3
at the serotype level (10-12). However, none of the previous
studies showed the extent of VP2-based evolutionary divergence
at the other hierarchical levels that we demonstrated here. For
instance, Carrillo et al. performed the comparative genomic
analysis of 103 FMDYV isolates representing all seven serotypes
and reported VP2 protein (47% invariant aa) to be more
conserved than VP1 (24% invariant aa). Also, transitions vs.
transversions (Ts/Tv) rate and synonymous vs. non-synonymous
mutation rate (Syn/non-syn) were higher in VP2 than in VP1
(10). Moreover, Chitray et al. found 33% and 54.2% variant aa
in VP2 and VP1, respectively, after a comparative study of 53
sequences of serotype A and O where the Ts/Tv and Syn/non-syn
rates were also higher in VP2 (11). After a comparative analysis
of 35 sequences of all serotypes, Feng et al. also found VP2
(70-97% aa sequence similarity) to be more conserved than
VP1 (45-96% aa sequence similarity) (12). Herein we found
67.4% invariant aa in VP2 after a mutational study of 279
sequences of three FMDV serotypes circulating in Asia (O,
A, and Asial). Although the previous studies relate to our
study regarding VP2 conservancy, we extended our analysis
by determining the VP2-based cutoff divergence value at each
subgroup level of three dominantly circulating Asian serotypes
of FMDV by UPGMA phylogenetic analysis using 13 individual
datasets (datasets 1-13/Supplementary Tables 1la-g), while
the previous others showed only the serotype-dependent
distinction of clusters by neighbor-joining phylogeny
using a rather small dataset. Nevertheless, other studies
along with our findings conclude that VP2 is significantly

conserved than VP1. Thus, any diagnostic tool designed
based on VP2 protein will offer a relatively more stable
diagnosis approach.

Several previous studies (37, 38) proposed the N-terminal end
of VP2 to be inter-serotypically conserved, which we showed in
our study by multiple bioinformatics analysis (protein variability
analysis, mutational study, and identification of B cell epitopes).
Salem et al. designed and developed an indirect ELISA using the
N-terminal conserved regions of VP2, which provided higher
sensitivity than VNT and LPBE (37). However, that study used
one Egyptian SAT2 isolate (gb|AAZ83686) as model for the
development of a VP2-based type-independent indirect ELISA
approach and used only the O, A, and SAT?2 antisera to evaluate
the sensitivity and the specificity of their kit. The authors took
64 sequences for the VP2 invariant site prediction and phylogeny
reconstruction (11 O, 10 Asial, 11 A, and the rest were of SAT1-
3 serotypes). We believe that this small dataset does not ensure
the conservation of VP2 among the highly diverse O, A and
Asial serotypes prevailing in the Asian region, and thus using
their developed kit should not offer a better output for this
region. Freiberg et al. reported another interesting study showing
a type-independent detection of foot-and-mouth disease virus
by monoclonal antibodies (mAbs) raised against FMDV A22
Iraq/1964, Asial Shamir Israel/1989, and SAT1 Zimbabwe/1989
(38). They showed that the monoclonal antibodies bind to the
N-terminal of VP2 and were able to recognize 27 representative
isolates of six serotypes (O, A, Asial, C, and SAT1-2). Before
concluding the applicability of their recommended mAbs for
type-independent detection of FMDV's in the whole Asian region,
in silico study should be performed to ensure the conservancy
of the utilized isolates with other vast majority of isolates
circulating in Asia. Oem et al. developed another ELISA-based
detection strategy that uses the recombinant pentameric subunit
of FMDV as a diagnostic tool, but they used only FMDV type
O kit for their study (39). None of those studies offer any
solution for the development of diagnostic kits in the Asian
region where serotypes O, A, and Asial are the most prevalent
types. In our study, we determined VP2-based cutoft divergence
values (Table 1) at multiple taxonomic levels using 13 individual
datasets carrying the sequences of almost all subgroups of FMDV
circulating in Asia, which will enable the scientific community
to visualize the actual picture of VP2 divergence in FMDV
strains circulating in the whole Asian region. By establishing
the conservation level of VP2 for all Asian subgroups, we
demonstrated the possibility of using VP2 for type-independent
diagnosis of FMDV in the whole Asian region, which is also a
premier report globally.
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Interestingly, we observed a difference in divergence among
lineages belonging to the same serotype. O/SEA topotype showed
the highest inter-lineage variation (with 5.5% divergence) in
the VP2 region, while the lowest inter-lineage divergence was
observed for O/ME-SA topotype (2.9%). Similarly, inter-lineage
divergence in the VP2 region of African (5.4%) and Asian
(3.9%) topotypes was the highest and the lowest lineage level
divergence for serotype A. This difference in divergence among
lineages within the same serotype may possibly be due to the
recombination events in FMDVs within the conserved region
of VP2 as described by Jamal et al. (40, 41). Importantly, at
each hierarchical level, the divergence values for VP2 were lower
than those for VP1, except the sub-lineage-level divergence of
A/IRN-05 lineage where the values were equal.

Another noteworthy finding of the study is the determination
of inter-serotypically conserved fragments in VP2. The highly
antigenic, surface-exposed, and conserved fragments can be
efficiently used for a serotype-independent diagnosis of FMD.
The protein variability data revealed new highly conserved
regions in VP2. Nine previously undescribed inter-serotypically
invariant fragments within VP2 have been identified in this study
(Table 2). The antigenicity value calculation determined four
sites to have a higher antigenicity value than the preset threshold.
The sites are DKKTEETTLLEDRI (1-14), STTQSSVGVTYGY
(24-36), TSGLETRV (48-55), and NQFNGGCLLVA (114-124)
(Table 2). The sites were found to have surface exposure
and a functionally active structural configuration (Figure 2A),
indicating their possible interaction with the immune cells.
Thus, these four sites can be a promising focus in designing a
serotype-independent diagnostic approach for FMDV detection.
Considering this promise, we designed a consensus VP2 protein
by combining the first 130 most common amino acids of VP2
sequentially and identified six possible B cell epitopes in this
protein. Also, the epitopes were found to be surface-exposed and
have a functionally active structural configuration. These findings
suggest that the designed protein can be a suitable candidate for
the development of a serotype-independent diagnostic tool using
ELISA-based approaches. Similar approaches were developed
by Salem et al. using one Egyptian SAT2 isolate of FMDV
(gb|AAZ83686), which showed the expected level of sensitivity
in FMD detection (37). No such strategy is available in the
Asian region until now. Yang et al. described a major epitope
in VP2 (*TLLEDRILT!®) (42), showing that this linear epitope
was highly conserved among 21 isolates of all seven serotypes
of FMDV and provided proof of concept on an effective
serotype-independent test by developing monoclonal antibodies
directed to that peptide. Although our study lacks such proof
of concept, we performed a robust divergence analysis using
a lot more sequences than the previous one. Thus, we can
claim our designed protein to be much more reliable at the
question of developing a kit for the whole Asian region. Whereas
previous studies showed experimental data, we focused on
analyzing the actual divergence pattern of VP2 among all Asian
subgroups (except a few from which no VP2 sequences were
available), and thus proposed a designed protein that will be
inter-serotypically highly conserved among all Asian strains. In
agreement, our proposed protein will contribute to the scientific

world by offering a similar output for all Asian isolates, which
was not claimed by previous studies. Though we have lack of
experimental data supporting our conclusions, the robustness of
our data analysis will widen the window for developing a type-
independent detection strategy for FMDV as we are providing
necessary information regarding the conserved epitopes of a
designed VP2 protein along with their surface accessibility and
structural assessment. Finally, the future direction of our study
will be the development of a VP2-based indirect ELISA for
FMD diagnosis using the designed protein. The first following
step in this purpose will be the synthesis of the designed VP2
protein, and then the protein will be used as a coating antigen
in an indirect ELISA approach for type-independent detection of
anti-FMDYV antibody.

CONCLUSIONS

The study has validated that the VP2 protein of FMDV is
significantly conserved among three FMDV serotypes (O, A, and
Asial) and other hierarchical subgroups in comparison with VP1.
The study also reported four previously undescribed, surface-
exposed, inter-serotypically conserved antigenic sites in VP2.
Based on these findings, the study reported a designed consensus
VP2 protein that carries promise to be used in the development of
a serotype-independent diagnostic tool, which will be applicable
to the whole Asian region. This is the first report showing the
overall diversity of VP2 protein where we validated the credibility
of VP2 in serotype-independent detection of FMDV.
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