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Summary

Phylogenetic studies on foot-and-mouth disease viruses (FMDVs) circulating in the West Eurasian 

region have largely focused on the genomic sequences encoding the structural proteins that determine 

the serotype. The present study has compared near complete genome sequences of FMDVs 

representative of the viruses that circulate in this region.   The near complete genome sequences (ca. 

7600nt) were generated from multiple overlapping RT-PCR products. These amplicons were from 

FMDVs belonging to serotypes O, A and Asia-1, including members of the O-PanAsia-II and the A-

Iran05 lineages, and of Group-II and Group-VII (Sindh-08) within serotype Asia-1, which are 

currently predominant and widespread in West Eurasia. These new sequences were analysed together 

with other sequences obtained from GenBank. Comparison of different regions of the FMDVs 

genomes revealed evidence for multiple, inter-serotypic, recombination events between FMDVs 

belonging to the serotypes O, A and Asia-1. It is concluded from the present study that dramatic 

changes in virus sequences can occur in the field through recombination between different FMDV 

genomes. These analyses provide information about the ancestry of the serotype O, A and Asia-1 

FMDVs that are currently circulating within the West Eurasian region. 
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Introduction

Foot-and-mouth disease virus (FMDV), the prototypic member of the genus Aphthovirus within the 

family Picornaviridae, is the causative agent of foot-and-mouth disease (FMD), an infectious and 

highly contagious disease of cloven-hoofed animals (Jamal and Belsham, 2013; Jamal and Belsham, 

2018). FMDV particles consist of a single stranded positive-sense RNA, about 8.4 kb in length, 

surrounded by a protein shell or capsid (Acharya et al., 1989). 

 The FMDV genome contains a single, large, open reading frame (ORF) flanked by highly structured 

5'- and 3'-untranslated regions (termed the 5'-UTR and 3'-UTR, respectively). The 5'-UTR is about 

1300 nt in length and comprises, from its 5'- terminus, a short (S) fragment, a poly(C) tract, 3-4 

tandemly repeated pseudoknots, a cis-acting replication element (cre) and the internal ribosomal entry 

site (IRES) (Martinez-Salas and Belsham, 2017). The 3'-UTR (about 90 nt long) is much shorter than 

the 5'-UTR; this heteropolymeric sequence is followed by a poly(A) tract of variable length (Agol et 

al.  1999). 

The ORF, about 7000 nt in length, is the major portion of the viral genome and encodes a large 

polyprotein which is processed, during and after synthesis, to generate 15 different mature proteins 

plus multiple precursors (Martinez-Salas and Belsham, 2017). Early processing products include the 

Leader proteinase (Lpro), the P1-2A capsid precursor plus P2 and P3. The Lpro is made in two different 

forms, Lab and Lb, due to the use of two separate initiation codons that are usually 84 nt apart (see 

Belsham, 2013; Sanger et al., 1977). The P1-2A precursor is processed by the 3C protease (3Cpro) to 

VP0, VP3 and VP1 plus 2A. The P2 yields the non-structural proteins 2B and 2C while the P3 

precursor is processed to 3A, the 3 distinct copies of the genome linked viral protein (VPg, also 

termed 3B), the 3C protease (3Cpro) and the RNA dependent RNA polymerase (3Dpol).  

There are seven distinct serotypes of FMDV, i.e. O, A, C, Asia 1, SAT 1, SAT 2 and SAT 3, that do 

not induce cross-protection against each other, after either infection or vaccination (Bachrach, 1968; 

Domingo et al., 2003). Within these serotypes, multiple lineages (or sub-lineages) can be identified 

that sometimes fail to induce efficient cross-protection against other viruses from within the same 

serotype (see Jamal and Belsham, 2013; Jamal et al., 2011a,b; Bachanek-Bankowska et al., 2019). In 

addition, the control of the disease is constantly challenged by the emergence of new strains (e.g. see A
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review by Jamal and Belsham, 2018). Serotypes O, A, C and Asia-1 FMDVs have been divided into 

genotypes, lineages and sub-lineages based on <15%, <7.5% and <5% differences in the VP1 coding 

sequences, respectively (Knowles and Samuel, 2003; Hemadri et al., 2002). Genetic heterogeneity 

within FMDVs may arise as a result of continuous genetic drift Dopazo et al., 1988), due to selection 

pressure (Haydon et al., 2001; Tully and Fares, 2008) or as a result of recombination between 

different FMDV genomes (Carrillo et al., 2005; Jamal et al., 2011b).  The detection of recombination 

requires simultaneous infection of cells with two distinguishable strains of virus, which is clearly 

facilitated in the field by co-circulation of different serotypes/lineages of FMDV.  

West Eurasia is considered to maintain an independent pool, termed Pool 3, of FMDVs including 

serotypes O, A and Asia 1, with only occasional incursions of FMDVs from other virus pools (Paton 

et al., 2009; Jamal and Belsham, 2013). Epidemics emerging within this region frequently involve 

multiple, neighbouring, countries. In recent years, the boundaries of the epidemics due to strains of  

O-PanAsia (Brito et al., 2017; Brito et al., 2013; Jamal et al., 2011c), A-Iran05 (Jamal et al., 2011a; 

Knowles et al., 2009) and Asia-1 (a new lineage designated as Group-VII (Sindh-08), Jamal et al., 

2011b), have been seen to extend from Pakistan/Afghanistan/Iran through to Turkey. In addition, 

there have been occasional short incursions of these viruses into Central Asia and the Middle-East, 

including Israel. Epidemics due to serotype O-PanAsia strains and viruses of the A-Iran05 lineage 

have been recorded in North Africa while O-PanAsia-IIANT-10 viruses have been found to be 

responsible for the outbreak in Bulgaria in 2011, a previously disease-free European country 

(Valdazo-Gonzalez et al., 2012; Brito et al., 2013). 

Previous phylogenetic studies on FMDVs circulating in the West Eurasian region have largely 

focused on genome regions encoding the structural proteins which determine the virus serotype (Brito 

et al., 2013; Jamal et al., 2011a,b,c; Knowles et al., 2009; Waheed et al., 2011). In contrast, the 

present study has compared near complete genome sequences of FMDVs representative of the three 

serotypes that each circulate in this region and this analysis has provided evidence for multiple inter-

serotypic recombination events.   

Materials and Methods:A
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Samples

Oral swab and epithelial samples were collected from apparently healthy animals and also from 

suspected clinical cases of FMD in Pakistan and Afghanistan under an Italian-funded FAO Regional 

Project (GTFS/INT/907/ITA), as described previously (Jamal et al., 2011a, b,c; Jamal et al., 2012). In 

addition, samples from suspected cases of FMD were collected in Iran and Turkey. Samples from 

Pakistan, Afghanistan and Iran were transported to the National Veterinary Institute, Technical 

University of Denmark (DTU Vet), Lindholm, Denmark, whereas, samples from Turkey were 

analysed at the Foot-and-mouth disease Institute, Ankara, Turkey. A list of samples and sequences 

analysed for this study is presented in Table 1. 

RNA extraction, RT-PCR and sequencing

. Sample preparation, RNA extraction from the oral swabs and epithelial samples and RT-PCR were 

carried out as described previously (Jamal et al., 2011a,b,c). The nucleotide sequences encoding all 

the capsid proteins (within P1) together with the Leader protease (Lpro) were obtained by generating 4 

separate overlapping amplicons by RT-PCR, which were then sequenced in both directions using 

primers described in Jamal et al. (2011a). Sequencing reactions were performed using Big Dye-

Terminator v3.1 Cycle Sequencing Reaction Kit on an ABI 3730 DNA Analyzer (Applied 

Biosystems) following the manufacturer’s instructions.  Sequences were assembled, proof-read and 

edited using SeqMan Pro (DNASTAR). Near complete genome sequences (ca. 7600nt) (that include 

the complete coding sequence) were generated from representative samples by generating 15 separate 

overlapping RT-PCR products using primers described previously (Jamal et al., 2011b). The 

sequences determined in this study have been submitted to the EMBL/GenBank/DDBJ databases; 

accession numbers are listed in Table 1. Nucleotide sequence data, encoding the 4 capsid proteins 

(within P1) and complete genome sequences of FMDVs circulating in the West Eurasian region and 

other representative viruses, were obtained from public databases (www.ncbi.nlm.nih.gov) and 

included in the analyses.

Phylogenetic analyses
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The sequences were aligned and selected regions of the genome, as indicated, were analysed 

separately. Phylogenetic trees were constructed from each region using the Maximum Likelihood 

method based on the Tamura-Nei model (Tamura and Nei, 1993) within MEGA version 7 as 

described (Kumar et al., 2016). A discrete Gamma distribution was used to model evolutionary rate 

differences among sites. The tree was drawn with branch lengths in proportion to the number of 

substitutions per site. The robustness of the tree topology for each dataset was assessed with 1000 

bootstrap replicates (Felsenstein, 1985) and a bootstrap value of ≥70% was considered significant. 

Recombination analysis

In order to assess the possibility of recombination events between different viruses, multiple regions 

of the FMDV genome sequences (e.g. encoding individual proteins or their precursors) from different 

serotypes were compared using BLAST. Further analyses for recombination were performed using 

SimPlot 3.5.1 software (Lole et al., 1999). Briefly, the near complete genome nucleotide sequences, 

either generated in this study or determined previously and submitted to databases, were aligned using 

ClustalW implemented in MEGA version 6. Pair-wise genetic similarities were plotted between the 

query sequences and a set of reference sequences using a window size of 200 nucleotides moving in 

steps of 20 nucleotides along the alignment. The pair-wise identity values were plotted at the midpoint 

of each window.

Results

The nucleotide sequences encoding all the capsid proteins of two viruses plus 10 near complete 

genome sequences from different FMDVs belonging to serotypes O and A that have been circulating 

recently in Pakistan, Afghanistan, Iran and Turkey were generated in this study (accession numbers of 

the sequences generated in this study are listed in Table 1). These sequences were analysed together 

with other FMDV sequences obtained from GenBank. In total, 86 nucleotide sequences were 

compared and analysed (Table 1). The selected regions of the genome analysed included part of the 

5'-UTR (ca. 500 nt) and the complete coding sequences for Lpro, all the capsid proteins together (i.e. 

P1), P2, 3A and the rest of P3 (3BCD), plus the near complete genome sequences of FMDV. This A
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collection of FMDV sequences contained representative viruses of serotypes O, A and Asia-1 

including the O-PanAsia strains, members of the A-Iran05 lineage plus viruses belonging to Group-II 

and Group-VII (Sindh-08) within the Asia-1 serotype. These viruses are currently predominant and 

widespread in West Eurasia. 

From these sequence comparisons, an insertion of a single nucleotide (T) was found in a rescued virus 

(O/KAB/AFG/LI-709/2009) at position 64 of the Labpro coding region, which is between the two 

functional initiation codons.  The insertion of this single nucleotide results in a shift in the reading 

frame for products initiated at the Lab start site, however, translation products initiated from the 

frequently used Lb start site are not expected to be affected by this change. The original virus sample 

(O/KAB/AFG/L2826/2009), whose RNA was used for virus rescue (Belsham et al., 2011) did not 

have this insertion.  

Phylogenetic analyses

Phylogenetic analyses were performed for separate parts of the near full-length FMDV genome 

sequences derived from the three serotypes of the virus that are circulating within West Eurasia. 

 

a)  Capsid protein coding sequences

 Viruses belonging to serotype Asia-1 have a capsid protein (P1) coding region of 2193 nucleotides 

except for one virus (PAK/1/54) in which a deletion of one codon, at position 1717-1719 (encoding 

residue 47 in VP1), was observed. This region of the serotype O viruses has a length of 2202 

nucleotides. Serotype A FMDVs have a P1 coding region of 2205 nucleotides except for one serotype 

A virus (A/SAU/1/2015; accession No. KU127247) which has a deletion of one codon at position 

1087-1089. Alignment of nucleotides in the P1 coding region for the serotype Asia-1 viruses showed 

the deletion of three nucleotides at positions 1087-1089 (resulting in loss of residue 57 from VP3 

(D/E) and six nucleotides at positions 1993-1998 (removing residues 143 (N/R/T/G) and 144 (V) 

from VP1). Insertion of two codons, one at position 1309-1311 (encoding residue 131 (T/A) in VP3) 

and the second at position 2164-2166 (encoding residue 196 (V) in VP1) were observed in all of the 

serotype A FMDVs studied here. One FMDV (A/PAK/3/2006), belonging to the A-Iran05 lineage, 

differed from the rest of the FMDVs belonging to this serotype. It has an insertion of six nucleotides 

at position 724-729 (encoding residues P157 and H158 in VP2) and deletion of two codons, at A
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positions 157-159 (encoding a normally invariant residue D53 in VP4) and 760-762 (encoding 

another usually invariant residue R169 in VP2), respectively. 

The serotypes of FMDVs are sub-divided into genotypes, lineages and sub-lineages based on 

differences in the VP1 coding sequences, thus phylogenetic analyses were performed using these 

sequences (Figure 1a). Phylogenetic trees based on the VP1 coding region clustered all the FMDVs 

studied here into groups following a serotype-specific branching pattern, as expected. The viruses 

were further divided into different lineages and sub-lineages within the individual serotypes. The 

same branching pattern was also observed when phylogenetic trees were constructed using the VP2 

and VP3 coding sequences (data not shown). However, the branching pattern in the phylogenetic tree 

obtained using the less variable VP4 coding sequences was different (Figure 1b). Notably, the VP4 

sequences of viruses belonging to the Group-VII (Sindh-08) of serotype Asia-1 

(As/SIN/PAK/L5/2008 and As/TUR/13/2013) diverged from the rest of the serotype Asia-1 FMDVs 

and clustered with O-PanAsia viruses. However, the VP4 coding region of As/SIN/PAK/L2812/2009, 

another member of Group-VII (Sindh-08) of serotype Asia-1 FMDV, showed closest identity to 

viruses belonging to the A-Iran05 lineage; this virus has been reported as being recombinant 

previously (Jamal et al., 2011b). The branching pattern within the phylogenetic tree constructed using 

the entire structural protein coding region (P1) was, however, the same as for the coding sequences of 

VP1 alone (Figure 2a).

b) Partial 5'-UTR sequences

About 510 nucleotides of the 5'-UTR from the region adjacent to the coding sequence (including the 

entire IRES) were aligned and compared (Figure 2b). The clustering of these sequences did not follow 

the serotype-specific grouping pattern observed, in Figure 1a, for the capsid protein coding sequences. 

The 5'-UTRs from the serotype O-PanAsia viruses studied here were mainly found to be present in 

two separate groups, one formed by the O-PanAsia-I viruses and the other by the O-PanAsia-II. 

Viruses belonging to the O-PanAsia-IIANT-10 strain formed one cluster that was distinct from the rest 

of the O-PanAsia-II viruses. For this region, many of the viruses belonging to the O-PanAsia-IIPUN-05, 

O-PanAsia-IIPUN-10, O-PanAsia-IIFAR-09, O-PanAsia-IIBAL-09 and O-PanAsia-IITER-08 sub-lineages 

clustered together and formed a distinct group. However, the 5'-UTRs of some of the viruses A
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belonging to the O-PanAsia-IIPUN-05 sub-lineage did not fit into a single group, hence this sub-lineage 

could be divided into two separate sub-groups. Almost all of the 5'-UTR sequences, within the viruses 

belonging to the A-Iran05 lineage, clustered together except for two viruses, A/TUR/11/2013 and 

A/SIN/PAK/L4/2008, which showed closest identity to the O-PanAsia-IIPUN-05 viruses and 

As/SIN/PAK/L2810/2009, respectively. The 5'-UTR of A22/Iraq/64 sequence did not cluster with the 

A-Iran05 viruses (see Figure 2b), rather it showed closer identity with O/Nari/UVAS-Pak/2005, a 

virus belonging to the serotype O Pak-98 lineage (see Figure 1a). The A/TUR/004/2003 (accession 

No. JF749848) 5'-UTR sequence also did not cluster with the A-Iran05 viruses but showed closer 

identity with As/Ind/82-96 virus. The 5'-UTR sequences of the serotype Asia-1 viruses did not form a 

single group either; thus, as for the other virus serotypes, these were distributed among the different 

serotype O and A FMDVs studied here. Thus, the 5´-UTR behaves as an independent unit that is 

separable from its adjacent coding sequences.

c) Leader protease (Lpro) coding sequences

FMDVs belonging to serotypes O, A and Asia-1 each had an Lpro coding region of 603 nt except for 

eight out of 11 serotype A-Iran05 viruses in which it was found to be 609 nt in length due to insertion 

of 6 nt at position 85-90. Insertion of these additional nucleotides in this lineage has been reported 

previously (Klein et al., 2007). 

Unlike the serotype-specific branching pattern of the VP1 coding sequences alone and the capsid 

coding sequences (Figure 1a and 2a), the Lpro coding sequences did not follow serotype-specific 

clustering (Figure 2c). This clustering pattern was also different from that of the 5'-UTR (see Figure 

2b). The serotype O viruses, that were analysed here, formed two distinct groups. Viruses belonging 

to the O-PanAsia-I and O-PanAsia-IIANT-10 sub-lineages clustered together to form one group, 

whereas viruses belonging to the rest of the O-PanAsia-II lineage clustered to form a second group. 

Serotype Asia-1 viruses also showed divergence within this region of the genome. As is evident from 

Figure 2c, the Lpro coding sequences from As/SIN/PAK/L5/2008 (accession No. JN006719) and 

As/TUR/134/2013 (accession No. KM268898), both belonging to Group-VII (Sindh-08) of serotype 

Asia-1, showed closest identity to viruses belonging to the O-PanAsia-IIANT-10 sub-lineage while the 

Lpro sequence from As/SIN/PAK/2810/2009 (accession No. JN006720) (another member of Group-A
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VII) showed highest similarity to A/SIN/PAK/L4/2008 (accession No. JN0006722). The 

As/SIN/PAK/2810/2009 sequence has previously been reported to be derived from a recombinant 

virus (Jamal et al., 2011b), the coding regions for VP2, VP3 and VP1  show close identity to 

As/SIN/PAK/L5/2008 (accession No. JN006719), whereas, the remaining portions of its genome 

show closest identity to A/SIN/PAK/L4/2008. Similarly, the Lpro sequences from viruses belonging to 

Group-II of serotype Asia-1 clustered with the O-PanAsia-I viruses. The Lpro coding sequences from 

viruses belonging to serotype A FMDVs also did not form a single group except for the A-Iran05 

lineage. These mainly formed a separate cluster, except for 3 viruses (A/SIN/PAK/L4/2008, 

A/PAK/76/2009 and A/TUR/11/2013) that showed divergence from this group and clustered 

predominantly with the O-PanAsia-II viruses. Surprisingly, the Lpro sequence from A22/IRQ/24/64 

and A/TUR/004/2003 showed closer similarity to As/PAK/1/54 than to the other serotype A viruses 

(Figure 2c).

d) P2 coding region

All the viruses analysed here have a P2 coding region of 1416 nucleotides. The P2 coding sequences 

did not cluster into a serotype-specific pattern either, in fact their grouping pattern (Figure 2d) was 

almost the same as for the Lpro coding sequences (Figure 2c). However, two viruses, belonging to the 

A-Iran05 lineage (i.e. A/TUR/11/2013 and A/SIN/PAK/4/2008) that had diverged  from other viruses 

in this lineage within the Lpro coding sequences,  converged into one group for the P2 sequences.   In 

contrast, another virus (A/BAD/AFG/L2813/2009) was separate from this group and showed closer 

identity to the P2 region of As/PAK/1/54 than to other serotype A viruses. Furthermore, the P2 region 

of As/BAM/AFG/L590/2009 (accession No. HQ113233) diverged from other Asia-1 viruses in Group-

II and clustered with viruses belonging to the O-PanAsia-II lineage. As with the Lpro coding sequences, 

two viruses belonging to the Group-VII (Sindh-08) of serotype Asia-1 (i.e. As/SIN/PAK/L5/2008 and 

As/TUR/13/2013), showed closest identity with the O-PanAsia-IIANT-10 viruses in the P2 coding 

region. 

e) P3 coding region A
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All the viruses analysed had P3 coding sequences of 2724 nt except for one serotype Asia-1 virus 

(As/PAK/30/2002, accession No. JF749849), in which deletion of three nucleotides at nt position 523-

525 has occurred, and one serotype A virus (A/PAK/3/2006) that had an insertion of three nucleotides 

at nt position 1228-1230.

The P3 coding sequences also did not follow the serotype-specific branching pattern. Furthermore, the 

grouping of the serotype O viruses for this part of the genome was also different from that observed 

for the Lpro and P2 coding regions. Phylogenetic trees constructed using the whole P3 coding 

sequences or the 3BCD regions alone had very similar branching patterns (not shown). However, 

differences were apparent when phylogenetic trees were constructed using the 3BCD and 3A regions 

separately. The O-PanAsia-IIANT-10 viruses diverged into two sub-groups in the 3BCD coding 

sequences unlike their grouping pattern in the 5'-UTR and the Lpro, P1-2A, and P2 coding sequences 

(compare Figure 2f, 2a, 2b, 2c and 2d). Serotype A viruses did not form a single cluster for the 3BCD 

coding sequences either, although the parental A-Iran05 viruses grouped together. The 

A/TUR/11/2013, belonging to the A-Iran05SIS-10 sub-lineage, showed closer identity in the 3BCD 

region with viruses belonging to the O-PanAsia-IIANT-10 sub-lineage than to the other A-Iran05 viruses. 

Similarly, A/BAD/AFG/L2813/2009 (in the A-Iran05BAD-09 sub-lineage), A/SIN/PAK/L4/2008 (in the 

A-Iran05AFG-07 sub-lineage) and A/SIN/PAK/L639/2009 (in the A-Iran05BAR-08 sub-lineage) clustered 

with the O-PanAsia-II viruses for this region (Figure 2e). The 3BCD sequence of A/SAU/1/2015, a 

pool 2 virus, showed close identity with serotype Asia-1 viruses from the same virus pool. Serotype 

Asia-1 viruses did not form a discrete group but were found dispersed among all the viruses in this 

tree (Figure 2f).

Some differences were also noted in the grouping pattern of particular viruses based on the 3BCD 

coding region compared to the 3A coding region. For example, the grouping pattern of 

As/SIN/PAK/L5/2008 and As/SIN/PAK/L2810/2009, both belonging to the Group-VII (Sind-08) 

within serotype Asia-1, were different for the 3BCD coding region compared to that obtained for the 

3A coding region (compare Figure 2e and Figure 2f). Furthermore, the As/SIN/PAK/L5/2008, while 

showing closest identity with the O-PanAsia-IIANT-10 viruses in the 3BCD coding region, showed 

closer identity with viruses belonging to the O-PanAsia-I lineage within 3A. Viruses belonging to the A
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O-PanAsia-IIPUN-05 sub-lineage formed two sub-groups in the 3A tree (one sub-group consisting of  

O/ISL/PAK/L1573, O/PUN/PAK/L1358/2008 and O/ISL/PAK/L1412/2009 showed closest identity 

with parental A-Iran05 viruses), while these viruses all formed just one group in the 3BCD tree. 

Recombination analysis

As indicated above, the phylogenetic comparisons for different regions of the FMDV genomes 

showed different grouping patterns and clearly showed that for some viruses (e.g. O/BUL/1/2010 

(accession No. JX040485), A/TUR/11/2013 (accession No. KM268896), As/BAM/AFG/L590/2009 

(accession No. HQ113233) and As/PAK/30/2002 (accession No. JF749849)), particular regions of the 

genome were most closely related to sequences from other serotypes (see Figures 1 and 2). These 

results suggested inter-serotypic recombination between viruses had produced chimeric genomes.  In 

order to analyse this further, defined regions of the genome of the FMDV serotypes O, A and Asia-1 

circulating in West Eurasia were aligned and compared. The level of nt identity for the different 

regions of the FMDV genomes between the putative recombinant viruses and other selected viruses 

were calculated (see Supplementary Tables 1-5). In addition, recombination analyses were performed 

by plotting pair-wise genetic identity values between the putative recombinant viruses and other 

selected viruses circulating in West Eurasia using SimPlot. 

It is evident from Supplementary Table 1 and the SimPlot analysis (Figure 3A), that the Lpro and P3 

coding regions of O/BUL/1/2010 show the closest similarity to viruses belonging to the Group-VII 

(Sindh-08) strain of serotype Asia-1 FMDVs (e.g. As/SIN/PAK/L5/2008). The partial 5'- UTR of this 

serotype O virus, however, has the highest nt sequence identity to viruses belonging to the A-Iran05 

lineage (apart from other putative recombinants), whereas, the VP4, VP2, VP3 and VP1 coding 

sequences each show closest identities with that of other serotype O viruses, which is consistent with 

the serotype designation. 

Similarly, the A/TUR/11/2013 sequence shows a high level of identity in the partial 5'-UTR and Lpro 

coding region to serotype O FMDVs belonging to the O-PanAsia-IIPUN-05 sub-lineage (e.g. 

O/PAK/45/2008) (see Supplementary Table 2 and Figure 3B). However, the P3 coding sequences and 

3´-UTR of this virus have the closest identity to viruses belonging to the O-PanAsia-IIANT-10 sub-

lineage (as shown for O/KHO/IRN/L1/2010). The capsid coding region of this virus, however, shows A
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closest identity with viruses belonging to the A-Iran05 lineage (Supplementary Table 2 and Figure 

3B), as expected. 

As seen in Supplementary Table 3 and the SimPlot in Figure 4A, the Lpro and capsid coding region of 

the Asia -1/BAM/AFG/L590/2009 virus shows closest identity to As/HNK/CHA/1/2005 (accession 

number EF149010), which belongs to the Group-II of Asia-1 FMDVs. However, the P3 coding region 

and 3'- UTR of this virus show closest identity to the O-PanAsia-II viruses (particularly to the 

parental O-PanAsia-II virus, O/NWF/PAK/L1370/2009 and those belonging to the O-PanAsia-IIPUN-10 

(e.g. O/NWF/PAK/L1417/2009 and O-PanAsia-IITER-08 (e.g. O/Israel/2007; accession No. FJ175666) 

sub-lineages. These data clearly indicate a chimeric nature for this genome consistent with 

recombination.

The Lpro, P2, P3 coding sequences and the 3´-UTR of Asia-1/PAK/30/2002 (within the Group-II of 

serotype Asia-1 FMDV) show the closest identity to O/IRN/73/2001 and O/UKG/35/2001, both 

within the O-PanAsia-1 lineage. In contrast, the capsid coding region of this virus shows closest 

identity to viruses belonging to the Group-II of serotype Asia-1 FMDV (e.g. Asia/HNK/CHA/05 

(accession No. EF149010) and As/BAM/AFG/L590/2009) (see Supplementary Table 4 and Figure 

4B). Thus, this virus also appears to have a recombinant genome.

Finally, as is evident from Supplementary Table 5, the Lpro coding sequence of As/SIN/PAK/L5/2008 

(belonging to the Group-VII (Sindh-08) of serotype Asia-1 FMDV) shows closest identity to the O-

PanAsia-1 viruses. Moreover, the VP4 coding sequences of this virus shows closer identity to 

serotype O viruses than serotype Asia-1 viruses, showing that this virus is also recombinant. The 

recombination event appears to have taken place somewhere around nt 150 from the 5' end of the VP2 

coding sequences (data not shown). The 3A coding region of As/SIN/PAK/L5/2008 shows close 

identity with the O-PanAsia-1 viruses, whereas, its 3BCD coding sequences (like its P2 coding region, 

see above) shows closest identity with viruses belonging to the O-PanAsia-IIANT-10 sub-lineage. 

   

Discussion

Analysis of full genome sequences of FMDVs has significantly improved understanding of the virus 

biology (e.g. see Carrillo et al., 2005). It has allowed analysis of variability and sequence conservation 

between FMDV strains. In addition, full genome sequences of FMDVs have been used for identifying A
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the initial and intermediate sources of viruses responsible for the 2007 FMD outbreak in England 

(Cottam et al., 2008) and for tracing the virus spread during the outbreak in Bulgaria in 2011 

(Valdazo-Gonzalez et al., 2012), which was not possible using partial genome sequence data. 

Furthermore, phylogenetic studies of FMDVs using full genome sequence data have revealed much 

more complex epidemiological relationships between different FMDV isolates than is apparent from 

analysis of short regions (e.g. encoding VP1 alone). Near full-length genome sequences of serotype O, 

A and Asia-1 FMDVs circulating in West Eurasia were generated in the present study and different 

regions of the genome were analysed and compared with other sequences available from public 

databases. The branching patterns of different parts of FMDV genome were different from each other. 

A serotype-specific branching pattern was only observed for the sequences coding for the whole 

structural protein precursor (P1-2A) and for the VP1 alone. Differences in branching patterns for 

different regions of the FMDV genomes revealed evidence for multiple, inter-serotypic, 

recombination events within FMDVs belonging to serotypes O, A and Asia-1. 

It is well established that recombination between the RNA genomes of picornaviruses occurs.  It has 

been observed within cells infected with two different strains of virus (e.g. McCahon et al., 1977; 

Agol et al., 1985). It has been demonstrated to occur by a “copy-choice” mechanism; basically, during 

the process of RNA replication, the RNA-dependent RNA polymerase switches from one positive–

sense template to another (Kirkegaard and Baltimore, 1986). Recombination can occur between very 

closely related viral RNAs (when it can be difficult to detect unless specific markers are included) but 

also between viruses of different serotypes. The detection of recombination requires that cells are 

simultaneously infected with two distinguishable strains of virus. Clearly, for the recombinant 

genomes to be maintained then they have to be infectious. This, undoubtedly, imposes constraints on 

the identification of locations at which such recombination events occur within the genome. 

Recombination is normally observed at low frequency within the capsid protein-coding region; one 

explanation for this is that chimeric capsids may frequently not be functional. It is clear that 

recombination between picornaviruses does occur in the field (Oberste et al., 2004; Heath et al., 2006; 

Simmonds et al., 2006; Huang et al., 2009; McIntyre et al., 2010; Chieochansin et al., 2011; Ferretti et 

al., 2018).A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Replication of the FMDV RNA genome is highly error-prone due to the absence of proof-reading 

activity of the viral RNA polymerase.  Accumulation of genetic heterogeneity in FMDVs results from 

the selection of variants as a result of various different pressures (Tully and Fares, 2008; Lewis-

Rogers et al., 2008; Cookes and Westover, 2008; Balinda et al., 2010; Sangula et al., 2010; Yoon et 

al., 2011; Jamal et al., 2011c). Nucleotide substitutions within the VP1 coding region, at rates ranging 

from 1.4 × 10-3 to 7.8 × 10-3 substitutions/nt/yr, have been described for a range of different FMDVs 

(Villaverde et al., 1991; Martinez et al., 1992; Hemadri et al., 2002; Bastos et al., 2003; Tully et al., 

2008; Balinda et al., 2010; Sangula et al., 2010; Jamal et al., 2011c; Yoon et al., 2011). This 

evolutionary rate (ca. 0.5-1% of the genome per year) suggests that new sub-lineages (with >5% 

sequence difference) within these viruses can arise within a 5-10 year period. However, the higher 

evolutionary rate of about 1.2 ×10-2 substitutions/nt/yr, calculated for the A-Iran05 lineage, suggests 

that new sub-lineages will evolve within a period of about three years (Jamal et al. 2011a). This is 

indeed consistent with the existence of multiple sub-lineages for the A-Iran05 lineage (Jamal and 

Belsham, 2018).   

The present study reveals further examples of the dramatic changes in virus sequence that occur as a 

result of recombination between different FMDV genomes. The generation of recombinant FMDVs 

during passage in cell culture and mice, and in the field has been reported previously (Jackson et al., 

2007). Such events have frequently been reported between different viruses of the same serotype.   

These have occurred within the coding region for the non-structural proteins (NSPs), within the 3′ 

portion of the genome (Giraudo et al., 1987; Krebs and Marquardt, 1992; Li et al., 2007; Lee et al., 

2009), in the 5′ end (Mohapatra et al., 2008), by exchange of the capsid coding region (Bachanek-

Bankowska et al., 2018) and even within the capsid coding region (Haydon et al., 2004; 

Nagendrakumar et al., 2009). This usually occurs within highly conserved sequences (King, 1988) 

and, therefore, recombination that swaps VP4 sequences is expected to occur (and yield viable 

genomes) since the nucleotide sequences for this region of the genome are much more highly 

conserved among different FMDV serotypes than the rest of the capsid coding region. Viability 

constraints are most likely to operate within the VP2-VP3-VP1 coding region. There is some evidence A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

for inter-serotypic recombination between FMDV strains in the field (Balinda et al., 2010; Jamal et al., 

2011b). The current study provides additional evidence for recombination between different serotypes 

of FMDV, involving different regions of the FMDV genome encoding both the structural and non-

structural proteins, that has occurred between strains of the virus that are currently circulating in West 

Eurasia. 

Earlier analyses of complete genome sequences of FMDVs belonging to the O-PanAsia-I lineage 

revealed a remarkable conservation with no intra- or inter-serotypic recombination (Mason et al., 

2003). However, the present study identified viruses belonging to the O-PanAsia-IIANT-10 sub-lineage 

as being recombinant with the Lpro, 3B, 3C and 3D coding regions acquired from viruses belonging to 

the Group-VII (Sindh-08) of serotype Asia-1 FMDV and the 5´-UTR from viruses belonging to the 

A-Iran05 lineage (see Table 2). This recombinant FMDV O-PanAsia-IIANT-10 sub-lineage was first 

detected in Pakistan in early 2009 (Brito et al., 2013) and has spread widely throughout West Eurasia 

and continues to be responsible for major FMD outbreaks in the region. It has also crossed its usual 

geographic boundaries and has caused outbreaks in Libya in 2010 and in the previously disease-free 

European country, Bulgaria, in 2011 (see Valdazo-Gonzalez, 2012; Jamal and Belsham, 2018). 

Recombination may play a role in the success of this sub-lineage in terms of its degree of 

infectiousness by combining different determinants of virulence. The commonly used vaccine strains 

in West Eurasia (O 3039, O Manisa and O Tur 5/09) are effective in containing spread of viruses 

belonging to the O-PanAsia-IIANT-10 sub-lineage. However, the r1 values for two of the three viruses 

belonging to this sub-lineage (i.e. PAK/10/2016 and PAK/4/2017), that formed a distinct subgroup on 

the basis of the  3A and 3BCD coding sequences, using antisera raised against these three vaccine 

strains, ranged between 0-0.1 (Bachanek-Bankowska et al., 2019) and thus do not match well.   

Achieving recombination requires that an animal is co-infected with two different strains of FMDV 

simultaneously. Indeed, the same cells within the host need to be infected at the same time so that the 

viral RNA polymerase can switch between the two different FMDV RNA templates. When an animal 

is infected with FMDV, there is usually a fairly short, acute phase of infection (Paton et al., 2018). A A
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high level of viremia is apparent for a few days and lesions, with high levels of virus, occur around 

the mouth and on the feet. After this phase, the infection subsides and the vesicles heal. However, 

many cattle (ca. 50%) do not completely clear the infection and maintain a low level of infectious 

virus within the oropharynx for months or years. These animals are referred to as “carriers” (Salt, 

1993; Sutmoller et al., 1968; Woodbury, 1995). It is not clear whether recombination between 

FMDVs occurs when the parental viruses both cause an acute infection in an animal simultaneously 

or if the infection of a “carrier” animal with a different virus is capable of allowing co-infection of 

cells with the two different strains of virus. The high level of virus present within an acutely infected 

animal may make it easier for individual cells within the host to be co-infected but, clearly, this 

imposes a fairly narrow time window for the co-infection of the animal to occur. On the other hand, 

re-infection of a “carrier” animal with a different strain of virus could occur after a time interval of 

weeks, months or even years. Appropriate experimental studies should permit differentiation between 

these alternative scenarios.
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Figure legends

Figure 1. Maximum likelihood phylogenetic trees constructed using  (a) VP1 coding nucleotide 

sequences and (b) VP4 coding sequences. Serotypes O, A and Asia-1 FMDVs have been indicated 

with black, turquoise and green lines, respectively. The locations of three FMDVs belonging to 

Group-VII (Sindh-08) of serotype Asia-1 in the trees are shown with filled green circles. Only 

bootstrap values ≥70% are shown.

Figure 2.   Maximum  likelihood phylogenetic trees constructed using (a) capsid coding region (P1), 

(b) partial 5´-UTR sequences, (c) Leader protease (Lpro) coding region, (d) P2 coding region,  (e) 3A 

and (f) 3BCD coding sequences of serotypes O (shown with black lines), A (shown with turquoise 

lines) and Asia-1 (shown with green lines) FMDVs. Only bootstrap values ≥70% are shown.

Figure 3. Recombination analysis of O/BUL/1/2010 and A/TUR/11/2013. Panel A shows the mosaic 

structure of O/BUL/1/2010, whereas, panel B shows the chimeric genome of A/TUR/11/2013. 

Figure 4. Recombination analysis of serotype Asia-1 FMDVs. Panel (A) shows that  

As/BAM/AFG/L590/2009 is a recombinant virus. Panel (B) shows the mosaic structure of 

As/PAK/30/2002. 
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Table 1. Details of the foot-and-mouth disease viruses used in the present study 

Serotype Country of 

origin 

Name Genomic 

region* 

Accession 

number 

Reference 

O Afghanistan As/BAM/AFG/L590/2009 Near CG HQ113233 Belsham et al., 2011 

O Afghanistan O/KAB/AFG/LI-709/2009 Near CG MN062578 This study 

O Afghanistan O/AFG/16/2003 5'-UTR 

+L+P1 

HQ268526 Xu et al., 2013 

O Bulgaria O/BUL/1/2010 CG JX040485 Valdazo-Gonzalez et al., 2012 

O Bulgaria 12LPN1 CG JX066664 Valdazo-Gonzalez et al., 2012 

O Bulgaria 12LPN3 CG JX066665 Valdazo-Gonzalez et al., 2012 

O Bulgaria BUL/11/2011 CG JX040486 Valdazo-Gonzalez et al., 2012 

O Bulgaria O/BUL/20/2011 CG JX040487 Valdazo-Gonzalez et al., 2012 

O Bulgaria O/BUL/26/2011 CG JX040488 Valdazo-Gonzalez et al., 2012 

O Bulgaria O/BUL/30/2011 CG JX040489 Valdazo-Gonzalez et al., 2012 

O Bulgaria O/BUL/32/2011 CG JX040490 Valdazo-Gonzalez et al., 2012 

O China O/CHA/1/99_(Tibet) CG AF506822 Zhang et al., 2004 

O Iran O/IRN_073/2001  CG JF749851 Xu et al., 2013 

O Iran O/KHO/IRN/L1/2010 Near CG MN062579 This study 

O Iran O/KHO/IRN/L5/2010 Near CG MN062580 This study 

O Iran O/IRAN/1/2010 P1 

3A-3B 

HQ663879 

JN652665 

Unpublished 

O Israel O/ISR/2/2011 CG JX040501 Valdazo-Gonzalez et al., 2012 

O Israel O/Israel/2007  CG FJ175661 Xu et al. (unpublished) 

O Israel O/Israel/2007 CG FJ175666 Xu et al. (unpublished) 

O Japan O/JPN/2000 Near CG AB079061 Kanno et al., 2002 

O Pakistan O/PAK/10/2016 CG MH784403 Bachanek-Bankowska et al., 2019 

O Pakistan O/PAK/4/2017 CG MH784404 Bachanek-Bankowska et al., 2019 

O Pakistan O/PAK/14/2017 CG MH784405 Bachanek-Bankowska et al., 2019 

O Pakistan O/Nari/UVAS-Pak/2005 CG KT003716 Shabbir and Munir, 2015 

O Pakistan O/PAK/45/2008 CG GU384683 Xu et al., 2013 

O Pakistan O/ISL/PAK/L1573/2009 Near CG HQ113232 Belsham et al., 2011 

O Pakistan O/PAK/44/2008 CG GU384682 Xu et al., 2013 

O Pakistan O/PUN/PAK/L1358/2008 Near CG  MN062581 This study 

O Pakistan O/PUN/PAK/L1370/2009 Near CG MN062582 This study 

O Pakistan O/ISL/PAK/L1412/2009 Near CG MN062583 This study 

O Pakistan O/NWF/PAK/L1417/2009 Near CG MN062584 This study 

O Pakistan O/PAK/10/2005 L-P1 JF749855 Xu et al., 2013 

O Pakistan O/PAK/29/2008 L-P1 GU384684 Xu et al., 2013 

O Pakistan O/PAK/70/2008 L-P1 JF749846 Xu et al., 2013 

O Saudi Arabia O/SAU/4/2005 L-P1 JF749856 Xu et al., 2013 
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O Taiwan O/TAW/2/99 (BOV) CG AJ539137 Mason et al., 2003 

O Turkey O1/Manisa/iso87_ CG AY593823 Carrillo et al., 2005 

O Turkey O/TUR/12/2013 CG KM268895 Logan et al., 2014 

O Turkey O/TUR/18/2010 CG JX040491 Valdazo-Gonzalez et al., 2012 

O Turkey O/TUR/840/2010 CG JX040493 Valdazo-Gonzalez et al., 2012 

O Turkey O/TUR/868/2010 CG JX040494 Valdazo-Gonzalez et al., 2012 

O Turkey O/TUR/883/2010 CG JX040495 Valdazo-Gonzalez et al., 2012 

O Turkey O/TUR/926/2010 CG JX040496 Valdazo-Gonzalez et al., 2012 

O Turkey O/TUR/1003/2010 CG JX040497 Valdazo-Gonzalez et al., 2012 

O Turkey O/TUR/36/2010 CG JX040492 Valdazo-Gonzalez et al., 2012 

O Turkey O/TUR/1086/2010 CG JX040498 Valdazo-Gonzalez et al., 2012 

O Turkey O/TUR/8/2011 CG JX040499 Valdazo-Gonzalez et al., 2012 

O Turkey O/TUR/27/2011 CG JX040500 Valdazo-Gonzalez et al., 2012 

O Turkey O/TUR/1112/2010 CG MN062585 This study 

O Turkey O/TUR/164/2009 P1 MN056182 This study 

O Turkey O/TUR/290/2008 P1 MN062577 This study 

O United 

Kingdom 

O/UKG/35/2001 CG AJ539141 Mason et al., 2003 

A Afghanistan A/BAD/AFG/L2813/2009 Near CG MN062586 This study 

A Afghanistan A/AFG/1120/2005 L-P1 JF749844 Xu et al., 2013 

A Afghanistan A/KUN/AFG/L1495/2009 P1 JF721440 Jamal et al., 2011a 

A Iran A/IRN/2005 Near CG EF494486 Klein et al. (unpublished) 

A Iraq A22/IRQ/24/64 CG AY593763 Carrillo et al., 2005 

A Pakistan A/Hafizabad/QOL-UVAS-

Pak/2005 

CG KY446902 Unpublished 

A Pakistan A/PAK/1/2006 Near CG EF494487 Klein et al. (unpublished) 

A Pakistan A/PAK/3/2006 Near CG EF117837 Klein et al (unpublished) 

A Pakistan A/PAK/5/2006 Near CG EF494488 Klein et al (unpublished) 

A Pakistan A/SIN/PAK/L4/2008 

 

Near CG JN006722  

 

Jamal et al., 2011a 

A Pakistan A/SIN/PAK/L693/2009 Near CG MN062587 This study 

A Pakistan A/PAK/76/2009 L-P1 GU384686 Xu et al., 2013 

A Saudi Arabia A/SAU/1/2015 CG KU127247 Bachanek-Bankowska et al., 2016 

A Turkey A/TUR_004/2003  JF749848 Xu et al., 2013 

A Turkey A/A28/TUR/iso44 (1972) CG AY593772 Carrillo et al., 2005 

A Turkey A/TUR/11/2013 CG KM268896 Logan et al., 2014 

A Turkey A/TUR/2006 Near CG JF749841 Xu et al., 2013 

Asia-1 Afghanistan As/BAM/AFG/L590/2009 Near CG HQ113233 Belsham et al., 2011 

Asia-1 Bangladesh As/BAN/TA/Ma-167/2013 CG MF782478 Unpublished 

Asia-1 China As/HKN/CHA/05 CG EF149010 Li et al., 2007 A
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Asia-1 India As/IND/82-96 CG DQ989309 Mohapatra et al., 2008 

Asia-1 India As/IND/148/01 CG DQ989317 Mohapatra et al., 2008 

Asia-1 Iran As/IRN/31/2004 L-P1 HQ268516 Xu et al., 2013 

Asia-1 Israel As/ISRL/3/63 CG AY593796 Carrillo et al., 2005 

Asia-1 Lebanon As/Leb/1/83 CG AY593799 Carrillo et al., 2005 

Asia-1 Pakistan As/Mazbi/QOL-UVAS-

Pak/2006 

CG KY446901 Shabbir (unpublished) 

Asia-1 Pakistan As/PAK_030/2002 Near CG JF749849 Xu et al., 2013 

Asia-1 Pakistan As/PAK/1/2004 L+P1 HQ268513 Xu et al., 2013 

Asia-1 Pakistan As/PAK/1/54 CG AY593795 Carrillo et al., 2005 

Asia-1 Pakistan As/SIN/PAK/L5/2008 Near CG JN006719 Jamal et al., 2011b 

Asia-1 Pakistan As/SIN/PAK/L2810/2009 Near CG JN006720 Jamal et al., 2011b 

Asia-1 Pakistan As/Pak/69/2003 L+P1 HQ268514 Xu et al., 2013 

Asia-1 Turkey As/TUR/13/2013 CG KM268898 Logan et al., 2014 

Asia-1 Turkey As/Shamir/89 CG JF739177 Lee et al., unpublished 

*  CG= complete genome 
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