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Abstract: Foot-and-mouth disease (FMD) and Coronavirus Disease 2019 (COVID-19) are 

transboundary diseases caused by single-stranded positive-sense RNA viruses with similarities in 

genome replication and viral protein synthesis. In FMD, asymptomatic infection leads to carrier status 

and persistently infected animals that threaten the animals vaccinated with a trivalent inactivated whole 

virus vaccine. Similar information on COVID-19 is not yet available. As COVID-19 vaccination is 

introduced in January 2021 (since 16 January 2021 in India), its outcome can be assessed by the year-

end; and while doing so, the experiences gained in the control of FMD in livestock worldwide can be 

applied, including monitoring of vaccination response, duration of immunity, level of herd immunity 

developed, and antigenic matching of the vaccine virus. Antigenic divergence of the virus is a major 

issue in FMD, and different geographical regions in the world use different virus strains in vaccine 

preparations to antigenically match circulating virus strains in respective regions for control of the 

disease. Non-synonymous mutations in the critical antigenic determinants of SARS-CoV-2 have been 

observed, and there is likely the existence/ development of antigenic variants. Therefore, during the 

post-COVID-19 vaccination regime, it will be essential to monitor the suitability of the in-use vaccine 

strain region-wise from time to time, as there could be an eruption of isolated outbreaks in a country 

arising due to antigenic variation and variants. In the context of the present scenario of COVID-19 

around the Globe and multiple ongoing efforts to develop suitable vaccine(s) to control the disease, it 

is a must to develop NSP-antibody (that differentiate infected from vaccinated) assays to differentiate 

infected from vaccinated individuals(DIVI; DIVA in veterinary epidemiology). The techniques used 

and experiences gained in ongoing FMD control programs in the endemic countries can be applied to 

COVID-19 control in a country; and finally, the Globe. After achieving the control of COVID-19, the 

aim would be to eradicate the virus, which will be tough even with vaccination, as the disease/ infection 

may become endemic during the time to come. To achieve this, applying the principles of Progressive 
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Control Pathway for Foot-and-Mouth Disease (PCP-FMD; FAO/OIE) to COVID-19 control will be 

beneficial in its control. The present review discusses the issue of control of COVID-19. 

Keywords: COVID-19; FMD; RNA virus; Progressive control pathway-FMD; NSP; Vaccine;  

DIVA/DIVI; One Health 
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1. Introduction 

FMD (Foot-and-mouth disease) dates back to a description of the disease by a monk, 

Hieronymous Fracastorius, who in 1546 described an epidemic that occurred in cattle near 

Verona, Italy [1]. In the late nineteenth century (1897-98), it was shown by Loeffler and Frosch 

[2] working in a German laboratory (Greisswald and Insel Rheims) that the agent causing the 

disease was a virus. This is the first virus of vertebrates to be discovered soon after the 

discovery of the tobacco mosaic virus of plants. In 1989, with a complete description of the 

three-dimensional structure of the virion [3], the FMD virus was classified as a species in the 

Aphthovirus genus of the family Picornaviridae.  Coronavirus (CoV) is known to exist earlier 

than Aphthovirus, and infection with bovine coronavirus (BCoV) has been recorded both in 

cattle and humans [4]. In the 1890s, human coronavirus OC43 diverged from bovine 

coronavirus after a cross-species spillover event. It is speculated that the flu pandemic of 1889-

1890 may have been caused by the BCoV spillover event and not by the influenza virus [5]. 

The present Coronavirus Disease 2019 (COVID-19) caused by the SARS-CoV-2 since 

December 2019 (first case of COVID-19 in India on 30 January 2020) is the third documented 

spillover of an animal coronavirus to humans (zoonoses) in two decades that has resulted in a 

major Global pandemic [6]. The substantial degree of genetic heterogeneity of 15% 

accumulated among human isolates of SARS-CoV-2 is not surprising for an RNA virus that 

has been evolving over a short time [7,8]. As a typical RNA virus, the average evolutionary 

rate of CoVs is about 10-4 nucleotide substitutions per site per year, with mutations arising 

during every replication cycle [9]. There is an urgent need to develop an appropriate monitoring 

system for undertaking molecular surveillance to elucidate the mutation and transmission 

capability of SARS-CoV-2 [7]. Both FMD and COVID-19 are transboundary diseases caused 

by single-stranded positive-sense RNA viruses with similarity in genome replication and viral 

protein synthesis; the former virus has no envelope, unlike the latter. RNA viruses are prone to 

replication error(s), leading to the generation of non-identical sequences, and competitive 

selection leading to the predominance of certain sequences [10]. Both the diseases have a short 

incubation period. Both viruses efficiently excrete as respiratory droplets/ mist, infect the 

host(s) primarily through the upper respiratory tract, and cause clinical and sub-clinical/ 

asymptomatic disease (Table 1). In FMD, asymptomatic infection leads to carrier status in 

animals that threaten to vaccinate (with a trivalent inactivated whole virus vaccine) animals as 

FMD vaccination does not protect from virus infection (superinfection). Similar information 

on COVID-19 is not yet available.  Once COVID-19 vaccination reaches year-end, the outcome 

can be assessed; and while doing so, the experiences gained in the control of FMD in livestock 

worldwide can be applied, including monitoring of vaccination response, duration of immunity, 

level of herd immunity developed, antigenic matching of the vaccine virus (with the outbreak/ 

field strains) from time to time to monitor the efficacy of the vaccine over natural mutations 

occurring in the circulating virus strains, and differentiation of vaccinated from infected 

humans. The duration and nature of immunity generated in response to SARS-CoV-2 infection 
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are unknown, and it is assumed that primary infection may protect humans from subsequent 

infection for some time [11]. However, such protection from the subsequent infection will be 

limited to antigenically similar virus strains and may not be against antigenic variants. 

Mutations in SARS-CoV-2 at important positions are being reported, which is mentioned later. 

Antigenic divergence of the virus is a major issue in FMD. Different geographical regions use 

different virus strains in the inactivated vaccine preparations to antigenically match circulating 

virus strains in respective regions. Non-synonymous mutations in the critical antigenic 

determinants of SARS-CoV-2 have been observed, and there is likely the existence of antigenic 

variants. Therefore, during post-COVID-19 vaccination, it will be essential to monitor the 

suitability of the in-use vaccine strain regionally, as there could be the eruption of isolated 

outbreaks in a country arising from antigenic variation in circulating virus strains. The 

techniques used and experiences gained in FMD control programs can be applied to COVID-

19 control in a country; finally, the Globe. Following control of COVID-19, the aim would be 

to eradicate the virus, which will be tough even with vaccination. To achieve this, applying the 

principles of Progressive Control Pathway for Foot-and-Mouth Disease (PCP-FMD; 

FAO/OIE) to COVID-19 control will be beneficial, as described later in the text.  

2. SARS-CoV-2 and COVID-19  

 The duration and nature of immunity generated in response to SARS-CoV-2 infection 

are unknown yet [11]. It is assumed that COVID-19 infection results in an immune response 

that protects individuals from future infections or illness for some amount of time. The duration 

of such protection is a critical determinant of the outcome of subsequent exposure to the virus. 

The presence or absence of protective immunity due to infection/ vaccination (when available) 

will impact virus transmission and disease severity. In the case of FMD, vaccinated animals 

are susceptible to superinfection as the current polyvalent vaccine does not impart sterile 

immunity; however, vaccinated animals are protected from clinical sickness and pose a barrier 

to virus transmission, thereby controlling the disease in a vaccinated herd. Protection from 

FMD is imparted by herd immunity and not by individual animal immunity. To impart herd 

immunity, a minimum of 80% of animals need to be vaccinated regularly at 6 months intervals. 

Further, immunity can be breached by antigenic variants to cause clinical disease. However, it 

is essential to look at the protective/ virus-neutralizing antibodies in the herd in case of clinical 

disease in the vaccinated population. Therefore, the vaccinated animal herds are regularly 

examined for the level of protective antibodies in serum and antibodies to non-structural 

protein(s) to monitor the possible circulation of the virus in vaccinated animals. It is always 

possible that some FMD vaccinated herds in spite of having protective vaccinal immunity, may 

also have anti-NSP antibodies arising mostly due to superinfection and sometimes due to 

impure vaccine formulation.  The situation could be the same in the case of COVID-19 once 

control by vaccination is taken up/ implemented. Applying NSP antibody assay(s) will be 

easier as the current Covid-19 vaccines are either subunit vaccines having Spike gene sequence 

or inactivated whole virus vaccine. The virus SARS-CoV-2 has about 29829 bases with 12 

coding regions (ORFs), viz., 1ab, S, 3, E, M, 7, 8, 9, 10b, N, 13, and 14 [9]. The four structural 

proteins are S (spike), E (envelope), M (membrane), and N (nucleoprotein). The remaining are 

non-structural proteins (NSPs). The polyprotein 1ab (pp1ab) is the largest protein of 

coronaviruses that, through proteolytic cleavage, is divided into 16 mature non-structural 

proteins (NSPs). There are 10 major NSPs coded by the ORF 1ab of SARS-CoV-2. There are 
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other NSPs and 9 accessory proteins coded by other ORFs.  The NSPs are involved in 

replicating and transcribing the viral genome and are responsible for the cleavage of the viral 

polyproteins. The NSPs are antigenic and elicit antibody responses against themselves, and 

detection of these antibodies (antibodies against NSPs) can differentiate infection/ 

superinfection from vaccination. There will be no detectable NSP antibodies in humans 

vaccinated with purified COVID-19 vaccine preparations lacking NSPs. The presence of 

antibodies to an NSP or more is indicative of virus infection. In the context of the present 

scenario of COVID-19 around the Globe, and vaccination drive to control the disease, it is 

necessary to develop NSP-antibody assays to differentiate immunity elicited by vaccination 

from that of virus infection. So also, NSP-antibody assays hold promise in understanding and 

estimating the spread of the virus/ infection. The selected NSPs of the SARS-CoV-2 viz., L 

protein, 3C like protease, RdRp, helicase, and single-strand RNA binding protein, etc. (virus 

infection associated antigens; VIA antigens) can be used to develop assays for detection of 

virus -infection associated (VIA) antibodies. This VIA approach is currently being extensively 

used to monitor the control of FMD; a disease of livestock caused by a positive-sense single-

stranded RNA virus known as Apthovirus in the family Picornaviridae through regular 

vaccination in FMD endemic countries in the world. Clearance of the virus from the animal 

population is indicated by the absence of antibodies to NSPs. This VIA approach will be helpful 

in not only monitoring the spread of the virus and also, but monitor clearance of the virus from 

COVID-19 also vaccinated areas. Antibodies against structural proteins (SP) alone cannot 

reveal the status/ stage of COVID control or the vaccine's efficacy in eliminating the virus from 

the population. Therefore, NSP-antibody assays must be in place as companion diagnostics to 

elucidate the rate of success of COVID-19 control by vaccination or otherwise and subsequent 

eradication. As mutations (synonymous and asynonymous/non-synonymous) occur during 

every replication cycle, there is every chance that antigenic mutants develop that can escape 

neutralization (neutralization escape mutants) by neutralizing antibodies elicited by a vaccine 

candidate. The information generated and available as of the date on non-synonymous 

mutations in the structural protein regions of the SARS-CoV-2 are many; some of these are 

mentioned in brief subsequently. Therefore, amino acid replacements observed in the Spike 

gene and elsewhere can alter the antigenic nature of the (SARS-CoV-2) virus as a whole; and 

while identifying/ selecting a virus isolate/ population for production of COVID-19 vaccine, 

two-way antigenic relationships between a set of selected virus isolates need to be done 

(employing serum antibodies/ polyclonal antibodies) in order to identify the most 

(antigenically) dominant virus isolate for development of an efficacious vaccine, as being done 

in case of FMD vaccine. To summarise, the experiences gained in the control and eradication 

of FMD in livestock and the technologies adapted therein with success, viz., (1) VIA antibody 

assay, (2) vaccine strain selection by two-way antigenic profiling, and (3) vaccine matching 

exercise from time to time need to be adapted to control COVID-19 in the shortest possible 

time. Further, as in FMD, the application of Camelid (Dromedary) nanobodies (nano 

antibodies) [12] holds promise in developing highly specific and sensitive serological assays 

for COVID-19 with negligible cross-reactions.  It is to add that, once two-way antigenic match 

and vaccine matching exercise is adapted, it is likely that (1) different virus strains would be 

required in different epidemiological areas/ ecology or (2) there could be the necessity of 

having multivalent (more than one virus antigen) preparations to control the COVID-19 and 

subsequent eradication of the virus. The details of FMD vaccine design, country/region-wise, 

and application of companion diagnostics may be obtained from the OIE (World Organisation 
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for Animal Health), Paris. Application of FMD control strategies to COVID-19 will be a new 

dimension of "One Health".   

2.1. Phylogenetic analysis and antigenicity of SARS-CoV-2.  

Phylogenetic analysis of SARS-CoV-2 strains revealed 3 major clades, including S, V, 

and G, and 2 subclades (G.1 and G.2). There were 767 types of synonymous and 1,352 types 

of non-synonymous mutation [13]. Mutations in ORF1a, ORF1b, S, and N genes were detected 

at high frequency, whereas ORF7b and E genes exhibited low frequency. The names S, G, and 

V clades are assigned by GISAID, according to amino acid substitutions found in Orf 8, S, and 

3a [14]. Direct genome sequencing of the SARS-CoV-2 genome from nasopharyngeal and 

oropharyngeal swab samples of infected individuals in Eastern India revealed the presence of 

A2a and B4 clades [15]. In Taiwan, genomes of 5 strains sequenced from clustered infections 

were classified into a new clade with ORF1ab-V378I mutation and 3 dominant clades ORF8-

L84S ORF3a-G251V and S-D614G [16]. Taiwanese viruses were classified into various 

clades, including a new ORF8-deletion mutant. Genome sequence analysis revealed that the 

cat SARS-CoV-2 belongs to the phylogenetic clade A2a-like most French isolates of human 

SARS-CoV-2 [17]. Analysis of complete genome sequences of 64 SARS-CoV-2 strains 

isolated from 30 December 2019 to 9 March 2020 in Europe, North and South America, and 

South East Asia revealed substitutions in different genome regions viz., 5'non coding region 

(5'NCR), 1a, 1b, S, 3a, M, 8 and N. The Clade 1 strain shared the same substitution C→T in 5' 

NCR, 1a, 1b, and S genes, the clade 2 strains shared the same substitutions in 1a and 8 genes, 

and clade 3 strains shared the same substitutions in 1a and 3a genes [14]. Analysis of 4,894 

SARS-CoV-2 complete genome sequences [18] identified 11 residues with high-frequency 

substitutions, including four of these having potential for positive selection. These fast-

evolving sites are in the non-structural proteins nsp2, nsp5 (3CL-protease), nsp6, nsp12 

(polymerase), and nsp13 (helicase), in accessory proteins (ORF3a, ORF8) and the structural 

proteins N and S. Structural analysis revealed that these mutations are located on the surface 

of the proteins that modulate biochemical properties.  

2.2. Spike protein. 

The spike protein (S; ORF2) mediates receptor binding and membrane fusion and is 

crucial for host tropism and virus transmission, and also acquired immune protection. It has 

been reported that the binding of the SARS-CoV RBD to the ACE2 receptor were variable in 

the SARS-CoV-2 RBD domain, including Asn439 and 501, Gln 493, Gly 485 and Phe 486 [9]. 

The Spike (S) gene of SARS-CoV-2 has two domains, S1 and S2. The S1 domain is involved 

in host cell receptor recognition and binding, whereas the S2 domain is involved in triggering 

viral fusion with the host cell membrane. Spike protein (D614G) has evolved and quickly 

eclipsed the original Wuhan strain in terms of prevalence [19]. This Spike variation is found in 

the most common clade (A2a) of SARS-CoV-2 genomes worldwide. Several researchers have 

argued that the delta and delta plus mutant variants confer greater transmissibility, resulting in 

a positive selection based on phylogenomic data. The delta and delta plus mutant mutations in 

the Spike protein boost human cell transduction [19]. There is a preponderance of G614 

variants. Distinct viral clades have a likely impact on COVID‐19 pathogenesis and spread.  

Sequence analysis from 2310 viral isolates revealed that residue at 614 of the viral spike protein 

is changed from a putative ancestral aspartic acid (D) to glycine (G) between two viral clades 
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in the USA [20]. The presence of A2a clade that is characterized by P323L in RNA-dependent 

RNA polymerase and delta and delta plus mutant in the SD domain of the Spike (S) glycoprotein 

has also been detected in India [15]. There were also novel subclones having a non-

synonymous mutation of G1124V in the S2 gene [15]. In the receptor-binding domain (RBD) 

of the S gene, 11 non-synonymous mutations were observed in the region adjacent to the 

angiotensin-converting enzyme 2 (ACE2) binding site [13]. The Mab HA001 identified A475 

and F486 in the SARS-CoV-2 RBD, representing new binding sites for neutralizing antibodies 

[21]. The latest significant S variants identified in the second wave in India and elsewhere are 

B.1.617 and its Kappa (κ), Delta (δ), and Delta plus (δ+; Lys to Asn at position 417) strains, in 

the order of appearance.   

2.3. Receptor Binding Domain (RBD) and Receptor Binding Motif (RBM) in Spike protein 

(S1). 

The receptor-binding motif (RBM) is the main functional region in RBD and is 

composed of two regions (region 1 and region 2) that form the interface between the S protein 

and human ACE2 receptor [21]. The region outside the RBM also plays an important role in 

maintaining the structural stability of the RBD. They demonstrated that SARS-CoV-2 has two 

types of amino acid residues to maintain its binding affinity with human ACE2 receptor; 

binding was enhanced by introducing amino acid changes at P499, Q493, F486, A475, and 

L455, and receptor binding was diminished by replacing residues N501, Q498, E484, T470, 

K452, and R439. Animal immunization studies revealed that the RBDs of SARS-CoV and 

SARS-CoV-2 are potential antigens that induce strong clade-specific neutralizing antibodies in 

mice with weaker cross-neutralizing activity. Six single-amino acid substitutions in RBD of 

SARS-CoV-2, viz. N501, Q498, E484, T470, K452, and R439, resulted in the loss of 

interactions with human ACE2 receptors. Five single amino acid substitutions, viz., P499, 

Q493, F486, A475, and L455 in SARS-CoV-2 RBD, enhanced hACE2 binding activity. Data 

indicated six asynonymous mutations in the RBD of SARS-CoV-2, viz., N439/R426, 

L452/K439, T470/N457, E484/ P470, Q498/Y484, and N501/T487, led to enhanced binding 

affinity of the virus to human ACE2 receptor. These natural mutations in the S protein help 

monitor the increased infectibility of the virus during transmission [21].  

2.4. Nucleoprotein gene (N). 

Novel subclones were having R203K, and G204R in the SR-rich region of the 

nucleoprotein(N) gene involved in the viral capsid formation have been reported in Indian 

isolates [15].  The SR-rich (serine-arginine-rich) region in the N gene is involved in viral capsid 

formation.  

2.5. Open Reading Frame 8 (ORF 8). 

A 382-nucleotides deletion in ORF8 (deletion mutant) was found in a Taiwanese strain 

isolated from a patient who had a travel history to Wuhan [16].  

2.6. Polyprotein 1ab (pp 1ab). 

The polyprotein 1ab (pp1ab) gene is located at the 5' end of the SARS-CoV-2 genome. 

It is a virulence factor that inhibits host gene expression [22].  Comparison of pp1ab proteins 
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of 144 isolates of SARS‐CoV‐2 from patients around the world revealed that the viral pp1ab 

has not changed in most isolates throughout the outbreak time; however, a deletion of 8 amino 

acids (32 to 39 aa; 32GDSVEEVL 39; GISAID database) in the virulence factor nsp 1 was 

found in a virus isolated from a Japanese patient without critical symptoms. Compared to other 

beta-coronaviruses, a 42 amino acid signature was found present only in SARS‐CoV‐2. The 

signature "DSQQTVGQQDGSEDNQTTTIQTIVEVQPQLEMELTPVVQTIE" is placed 

between the amino acids 983 and 1024 of pp1ab that corresponds to the N‐terminal of papain‐

like protease.  

2.7. RNA-dependent RNA polymerase (RdRp). 

Seven mutations in RdRp (RNA-dependent RNA polymerase enzyme) of Indian 

isolates of SARS-CoV-2 have been reported [23]. The secondary structure prediction analysis 

of these seven mutations showed that three of them cause alteration in the structure of RdRp 

and can potentially alter the stability of the RdRp protein. They have proposed that RdRp 

mutations in Indian SARS-CoV-2 isolates might have functional consequences that can 

interfere with RdRp targeting pharmacological agents. 

3. Foot-and-Mouth Disease and the FMD Virus 

Foot-and-mouth disease (FMD) is an infectious disease caused by the FMD virus that 

affects cloven-hoofed animals, including domestic and wild bovids, pigs, and elephants. The 

incubation period of FMD  ranges between one and 12 days [24]. The virus can be transmitted 

by close contact, long-distance aerosol spread, and fomites may aid in its spread. The same is 

applicable to COVID-19. 

The FMD virus (FMDV) assigned to the genus Apthovirus in the family Picornaviridae 

is a non-enveloped, positive-sense, single-stranded RNA virus of approximately 8.5 kb in 

length. The virus has an icosahedral symmetry with a capsid containing 60 copies of each of 

the structural proteins [VP4, VP2, VP3, and VP1] (Figure 1) [25, 26]. The VP1-3 protein is 

surface exposed, and VP4 is internal. Immunodominant epitopes are located on the surface-

exposed interconnecting loops. The Aphthovirus genus is comprised of viruses that primarily 

infect the upper respiratory tract. There are five antigenic sites, of which site 1(G-H loop) is 

linear and trypsin-sensitive, and the rest are conformational and trypsin-resistant [27]. There 

are seven serotypes of FMDV, viz., A, O, C, Asia 1, SAT 1-3, that is genetically and 

antigenically distinct with no cross-protection between the serotypes. The viral genome 

comprises 7250–8203 nt (5′-UTR: up to 1112 nt; ORF: 6657–7020 nt; 3′-UTR: 32–110 nt). 

There is a poly(C) tract close to the 5′-terminus of the genome and varies from 100 to more 

than 400 nt. There is a series of 3–4 pseudoknots in the poly(C) tract comprising of perfectly 

repeated sequences, each consisting of 21 bases. The genome organisation is: VPg-5′-UTRIRES-

II-[Lpro/1A-1B-1C-1D-2Anpgp/2B-2C/3A-3B1-(3B2-3B3)-3C-3D]-3′-UTR-poly(A).  

The deduced polyproteins range from 2,218–2,339 aa. Translation starts at two 

alternative in-frame initiation sites, resulting in two forms of the L protein (Lab and Lb). L is 

a papain-like cysteine proteinase that cleaves itself from the virus polyprotein. The 2A 

polypeptide is very short (chain length = 18 aa in FMDV), and is involved in NPGP-dependent 

polypeptide chain interruption at its C-terminus. The genome of FMDV encodes 3 species of 

VPg. FMD virus is highly antigenically variable, and several studies have reported such 

variations in all serotypes of FMDV. Serotype O virus is present in all parts of the world 
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wherever FMD is endemic [27]. Many vaccination programs are critical because of the 

antigenic diversity/variation of candidate viruses used in the vaccine formulations [28]. It is 

reported that antigenicity of serotype O virus during the serial passage changes significantly.  

The isolate showed a poor antigenic match (relationship value<0.3) initially with the 

serotype O vaccine strain, which got increased in relationship value after serial passages. 

Sequencing of capsid region of serotype O virus revealed substitution at four positions 

(VP3:K58→E and P158 →S, VP1:E83→K and R172→Q) acquired during the serial passage. 

Amino acid substitution at position VP3-58 that was identified earlier as crucial for antigenic 

site IV is critical in the observed antigenic variability [29]. Similar possibilities do exist for the 

COVID-19 virus. The evolution of the capsid coding region (P1 region) of FMD serotype A 

over some time has shown the dominance of VP359 deletion group.  A study showed 38 

established residues, 10  positions (VP2 80 and 132; VP3 136 and 195; VP1 145, 147,158, and 

199) were conserved in all the isolates analyzed. But, the three critical positions (145, 147, and 

158) in the highly variable VP1 βG–βH loop were found conserved in the data set used over 

three decades. Therefore, it can be argued that these 10 positions have not contributed 

significantly to the natural antigenic variation in the serotype A genotypes. Phylogenetic 

relationships suggest that genetically similar viruses (with less than 2 % nucleotide difference) 

belonging to clade 18a of the VP359-deletion group have circulated in certain parts of India 

[30]. With 5% nucleotide divergence cut off of the isolates of serotype Asia 1 collected from 

Asian countries during 2003-2007 were classified into six Groups (I-VI) [31]. Pakistan isolates 

collected during 2008-2009 were classified as Group VII [32]. Indian and Bhutan isolate 

collected during 2001-2004 and 2002 respectively formed Group III. Isolates collected after 

2005 from India, barring just three isolates, were grouped separately (within lineage C), and 

this novel group has been designated here as Group VIII. The global consensus length of VP1 

protein in serotype Asia1 is 211 amino acids. One codon deletion at the 44th position was 

observed in lineage B. The deletion is located in the bB strand of bB–bC loop, which is 

considered to be antigenically critical in other FMDV serotypes. The prototypic strain 

PAK1/54 also contains this deletion. In two strains, IND321/2001 and IND98/2003 (collected 

in 2002) of lineage C, one codon insertion at 140th positions in bG–bH loop was detected [33]. 

The process of cell attachment of FMDV is mediated by RGD triplet along with 

residues at +1 and +4, and to some extent at +2 downstream to RGD within bG–bH loop of 

VP1. Two different motifs were found in the majority of the Indian isolates, and a genotype-

specific conservation pattern was evident. The motif was found to be RGDLXAL in genotype 

I and RGDMXAL in genotype II. The residue at +3 position also demonstrated a genotype-

specific variation to a larger extent (V in genotype I and A in genotype II) [32]. 

3.1. Selection of candidate vaccine strains. 

The candidate vaccine strain selected from the field isolates/strains should have a broad 

range of protection against most of the field strains under circulation. The immunity induced 

by a vaccine prepared using a selected candidate strain depends on its potency, antigenic match 

with field strains, and vaccine schedule [34, 35]. Sometimes vaccine formulation is warranted 

to incorporate one or more strains that induce a broad range of protective immunity against 

multiple factors. 
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3.2. Principles of vaccine strain selection. 

Vaccines prepared from one virus that is antigenically related to field strains should 

provide strong immunity and match antigenically with circulating virus strains.  

3.3. Vaccine matching tests. 

Determination of the antigenic type of all field strains using specific serological 

reagents. Monoclonal antibodies and genetic typing can also be used. If there are many field 

strains, using statistical methods, representative samples can be selected and then compared. 

By comparing the nucleotide sequences of structural genes of vaccine strains and field isolates, 

vaccine matches can be predicted, provided amino acid differences are carefully matched. Once 

the candidate vaccine virus is characterized, in vitro serological methods can be used to 

compare it with serum obtained from vaccinated animals [35].  

Calculation of relationship values ('r' values) between FMD viruses using pools of 

antisera prepared in bovine against each vaccine strain to be matched S is the best method; the 

antigenic similarity between vaccines and field isolates is estimated from their comparative 

reactivity with the appropriate serum pool. If VNT is used [36], the neutralizing titers of the 

BVS against 100 TCID50 (tissue culture infecting dose) of the homologous vaccine strain and 

the same dose of a field isolate are compared determine how antigenically 'similar' the field 

virus is to the vaccine strain. In the neutralization test, one-way comparative values ('r1' values) 

greater than 0.3 indicate that the field isolate is sufficiently similar to the vaccine strain for the 

vaccine to be likely to confer protection against challenge with the field isolate [37]. Similar 

methodology may also be applicable to COVID-19.  

4. Conclusions 

 Both FMD virus and SARS-CoV-2 are transboundary agents with similarities in 

genome type and replication process. FMD is an infectious and sometimes fatal viral disease 

that affects cloven-hoofed animals, including domestic and wild bovids. In addition to severe 

clinical manifestations, both the diseases can be asymptomatic. Though carrier status and 

persistent infection occur in FMD vaccinated and convalescent animals, with no clinical 

symptoms that pose a threat to FMD control, a similar situation may arise once COVID-19 

vaccination is implemented in all countries. There is little information available on the 

possibility of carrier status and persistent infection in COVID-19 convalescent individuals. 

There is a necessity to have specific and sensitive anti-NSP antibody assay(s) to monitor virus 

persistence/ carrier status in such individuals. Antibody response to NSPs will help in 

differentiating healthy individuals from infected ones. Comparing the kinetics of antibody 

response to SPs and NSPs will help differentiate vaccinated individuals from those 

superinfected following vaccination. It is most likely that the antibodies to NSP(s) will be 

detectable for longer periods in the blood/ serum than antibodies against structural proteins in 

persistently infected humans, as in the case of FMD. Further, the continual presence of anti-

NSP antibodies without clinical sickness will certainly indicate persistent virus infection/ 

carrier status/ asymptomatic infection, which may occur in both COVID-19 vaccinated and 

convalescent humans. However, anti-NSP assays will be highly essential in monitoring virus 

spread and elimination. Application of the principles of Progressive Control Pathway for Foot-

and-Mouth Disease (PCP-FMD) to COVID-19 control will be beneficial. The PCP-FMD 

developed jointly by the FAO and The European Commission for the Control of Foot-and-
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Mouth Disease (EuFMD) and endorsed by the world organization for animal health (OIE), 

guides endemic countries through a series of incremental steps (Steps 0 to 5) to better manage 

FMD risks aiming at control and eradication of the disease. Maybe we lack the quality 

standards of the laboratory results of COVID-19, as right now, we do not have any "proficiency 

testing" platform to develop and ascertain comparable proficiency in conducting laboratory 

analyses at different places and laboratories in the world. The PCP recognizes that there are 

differences in the risk of infection between different countries. Looking at the global presence 

of the COVID-19, we may need to adapt strategy similar to PCP-FMD to control COVID-19, 

that requires following competency/ data and information, viz., (1) information on 

epidemiology including geographical distribution of the disease within and between countries, 

(2) availability of suitable laboratory diagnostic tests, (3) antigenic nature of the circulating 

virus strains, (4) availability of suitable vaccine doses with appropriate vaccine strains 

antigenically matching >80% of the field outbreak strains, (5) basal antibody status of the target 

population, (6) identification of population to be vaccinated and frequency of re-vaccination, 

(7) post-vaccination sero-monitoring, (8) companion diagnostics including anti-NSP antibody 

assays for active and passive surveillance of the disease in vaccinated and unvaccinated 

populations, as well as to differentiate antibody response elicited by virus infection from 

vaccination and identify carrier status, and (9)vaccine matching of outbreak strains to ensure 

antigenic coverage of the vaccine in use. Looking at the current upward rising in the number 

of COVID-19 positive humans (by RT-PCR and antigen tests) in India (as of 27 July 2020) 

and being at number 3 in the world, following the USA and Brazil, indicates the possibility of 

the establishment of persistent infection and endemicity in the near future. Once the SARS-

CoV-2 becomes endemic, there will be a tough time controlling the disease and transmission 

of the causative virus by vaccination. Much more time will be needed to clear the virus from 

the human population in any epidemiological way setting. 
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