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Article history: Despite widespread vaccination against foot-and-mouth disease, many outbreaks still occur
in endemic areas. We attempted to determine the genetic and antigenic properties of the
0/PanAsia-2/QOM-15 foot-and-mouth disease virus new vaccine strain. Thus, whole-genome
sequencing was used to identify vulnerable pinpoint sites across the genome. The VP1 sequence
(1D gene) of the O/PanAsia-2/QOM-15 viral genome was then compared to the VP1 sequences

of two previously used vaccine strains, O/PanAsia (JQ321837) and O/PanAsia-2 (JN676146).
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Keywords: The antigenic relationship of these three viruses was calculated by the two dimensional-virus

neutralization test. At the nucleotide level, 47 single variants were identified, of which 19.00%
FMDV serotype O were in the 5' untranslated region (UTR), 79.00% in the polyprotein region, and 2.00% in the 3'
RNA-Seq UTR region. Approximately half of the single nucleotide polymorphisms that have occurred in
SNP discovery 1D gene resulted in amino acid (AA) substitutions in the VP1 structure. The single nucleotide

VP1 polymorphisms also caused AA substitutions in other structural proteins, including VP2 and

Whole-genome sequencing VP3, and some non-structural proteins (Lrro, 2C, and 3A). The O/PanAsia-2/QOM-15 shared
higher sequence similarity with O/PanAsia-2 (91.00%) compared to O/PanAsia (87.30%).
Evaluating r-value showed that the antigenic relationship of O/PanAsia-2/QOM-15 with
O/PanAsia-2 (29.00%) was greater than that of the O/PanAsia (24.00%); however, all three
viruses were immunologically distinct. After 10 years, the alteration of virus antigenicity and
the lack of detectable adaptive pressure on VP1 sequence suggest that studying genetic dynamics
beyond the VP1 regionis necessary to evaluate FMDV pathogenicity and vaccine failure.
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Introduction

Foot-and-mouth disease (FMD) is a contagious viral
disease of livestock caused by the foot-and-mouth disease
virus (FMDV) belonging to the genus Aphthovirus, a
member of the family Picornaviridae.! Despite worldwide
attempts to eliminate FMDV, FMD continues to be a major
concern for animal health in many countries, having a
negative impact on economics.2?3 The FMDV genome
consists of an 8.40-kb single-stranded RNA encoding a
single open reading frame divided into three sections,
known as P1, P2, and P3. Viral proteases cleave P1 to form
four capsid proteins (VP1-VP4), while P2 and P3 are
cleaved to form 10 non-structural proteins. The protein-
coding sequences are located between two untranslated
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regions (UTRs): a large 5'UTR (1,300 nucleotide [nt]) and
a short 3'UTR (90 nt) that have important roles in the
initiation and regulation of RNA replication.# Among all
capsid-encoding sequences, the 1D region encoding VP1
with 213 amino acid (AA) is of major importance.> Binding
the G-H loop of VP1 to the integrin receptor on the cell
surface is essential for the FMDV to infect the host, which
is attributed to the conserved tripeptide motif (Arg, Gly,
and Asp) located on the loop.® There are seven established
FMDV serotypes: O, A, C, Asial, and South African
Territories "SAT 1, 2, and 3"; each diverges into genetically
different strains, lineages, and specific geographical
topotypes.® Infection or vaccination with one serotype
does not provide cross-protection against other serotypes.
Moreover, it does not provide complete immunity against
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different subtypes or strains within a serotype.2? Thus,
precise antigenicity knowledge of circulating FMDV
serotypes which could be predicted by amino acid (AA)
changes resulting from single nucleotide polymorphism
(SNP) in specific antigenic regions of the virus is critical for
effective control strategies and vaccine development.
Conventional approaches are either based on the VP1-
encoding site or restricted to a limited number of
sequences in the capsid-encoding region (P1).78 Emerging
whole genome sequencing (WGS) provides us with
opportunities to study high-resolution genomics
characterization not only of the P1 region, but also of SNP
patterns in FMDV whole-genome sequences caused by
evolutionary forces via mutations or recombination.’

The FMD is endemic in Iran, and outbreaks of two
serotypes of FMDV have been frequently reported in this
region.’0 In 2010, a large epidemic caused by the strain
O/PanAsia-2 occurred in Iran, which was detected
simultaneously in other Asian countries, such as China,
Japan, South Korea, Thailand, Turkey, and the United Arab
Emirates. From 2010 to 2016, O/PanAsia-2 (JN676146)
antigenically covered the field isolated FMDV type O
viruses. As a result, it was designated a vaccine strain and
included in the vaccine. Despite widespread immunization
against O/PanAsia-2, an epidemic of FMD type O was
identified in 2016 in the Qom province and progressively
spread to other areas. The outbreak was successfully
stopped with the substitution of the new emerging strain
0/PanAsia-2/Q0OM-15 into the vaccine.

In the present study, we attempted to sequence and
characterize the whole genome of the vaccine strain FMDV
0/PanAsia-2/QOM-15 and compare the VP1 sequence of
this emerging virus to the previously used vaccine strains
O/PanAsia (JQ321837) and O/PanAsia-2 (JN676146).

Materials and Methods

Sample collection. The O/PanAsia-2/QOM-15 virus
was retrieved from the FMDV master stock at the FMDV
Reference Laboratory in 2021. This virus had been
collected from the FMDV outbreak in 2016 in the Qom
province, located in the central part of Iran.

RNA extraction. The working viral stock of
0/PanAsia-2/QOM-15 was prepared by inoculating the
IBRS-2 cell line. Based on the manufacturer's instructions,
the supernatant of infected IBRS-2 cells was used for total
RNA extraction using TRIzol® (Invitrogen, Friendswood,
USA). The extracted viral RNA was quantified by a
NanoDrop spectrophotometer (NanoDrop® ND-1000,
Thermo Fisher Scientific Inc. Wilmington, USA) at
wavelengths of 230, 260, and 280 nm. The extracted RNA
was mixed with 20.00 pL sodium acetate 3.00 M (Merck
KGaA, Darmstadt, Germany) plus 440 pL of pure ethanol
and transferred for whole transcriptome sequencing
(Macrogen Co., Seoul, South Korea).

Reverse transcription polymerase chain reaction
(RT-PCR) verification. The O/PanAsia-2/QOM-15 viral
RNA was reverse-transcribed into cDNA using supplied
random hexamers (F. Hoffmann-La Roche Ltd., Basel,
Switzerland) and oligo (dT) by the Prime RT Premix 2x kit
(Genet Bio, Daejeon, South Korea), according to the
manufacturer’s protocol. In the next step, the cDNA was
subjected to polymerase chain reaction (PCR) for the 1D
gene amplification. The primer sets used during reverse-
transcription and PCR were 0-1C564F: AATTACACATGGC
AAGGCCGACGG and NK72R: GAAGGGCCCAGGGTTGGACTC,
which were previously published by Knowles and
Samuel.!! The forward primer (1C564F) targeted the 1C
gene at position 564 and the reverse primer (NK72R)
targeted the 2A gene at region 34-48. The size of the
expected amplicons after PCR was 800 bp. The PCR
program included 5 min incubation at 95.00 °C followed by
35 cycles of 94.00 °C for 45 sec, 56.00 °C for 45 sec, and
72.00 °C extension time for 45 sec. The amplified DNA
fragments were visualized by agarose gel electrophoresis
1.50% (Bio-Rad Laboratories Inc., Hercules, USA) and
purified by the PCR product purification kit (AccuPrep®
Gel Purification Kit; Bioneer, Daejeon, South Korea).
Finally, PCR amplicons were subjected to sequencing
(Macrogen). The final consensus of the 1D gene sequence
was compared to any relevant sequence using the
Nucleotide Biological Local Alignment Tool (BLAST)
available in NCBI database.

Library construction and RNA-Seq analysis. The
RNA purity and RNA integrity numbers were measured
using the Tape Station System (Macrogen). Ribosomal
RNA was depleted from the whole RNA and the remaining
RNA was then used to construct cDNA libraries using the
TruSeq Stranded Total RNA LT Sample Prep Kit with Ribo-
Zero (Illumina Inc, San Diego, USA). Quality control of the
cDNA libraries was performed using a DNA 1,000 chip on
an Agilent Technologies 2,100 Bioanalyzer, and library
concentrations were estimated using the Qubit standard
quantification solution and calculator. Eligible libraries
(with concentration greater than 10.00 nM) were
sequenced using the Illumina NovaSeq instrument
(Ilumina), resulting in the generation of almost 30.00
million paired-end reads with an average length of 101 bp.
CLC Genomics Workbench Software (version 20.0; Qiagen,
Venlo, The Netherlands) was used to adapter and quality
trim the reads using default parameters: (i) removal of
short reads (15 nt cutoff), and (ii) max. ambiguities: 2. The
CLC is a user-friendly bioinformatics tool that supports
comprehensive analysis of next-generation sequencing
(NGS) data, including de novo assembly of whole
genomes.1213 The clean reads were mapped to the reference
genome O/IRN/9/2016 (accession No. MT944981) and
the mapped read collections were assembled using the
de novo assembly option with a minimum contig length of
200 and a word size of 20 (Table 1).
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Table 1. The O/PanAsia-2/QOM15 contig sequence (8185 nucleotide in length). The sequence was generated using CLC Genomics

Workbench Software (version 20.0; Qiagen, Venlo, The Netherlands).

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081

cgctagggte
cacgtgcact
accgcgtgge
cggttagtac
gttgggggtc
gcctegtgeg
ccceeceeee
tgaaaccgtc
cgttaaaagg
tcagttttge
aggcagactt
ttgaaacccc
ccacgctcgg
tggcegtggg
ggacccatcg
acactgatac
ggtaacacgc
ttaaaaagct
ccagacttat
aagcgctttt
aaaagacctt
agctgtttag
ttactcttca
gaccacccge
cctcgegace
atgctggtat
ggtggtacge
tggtttttgt
aacgactcaa
acactggaag
aacttggtga
cccacacaac
gcggecetttt
accgcatcct
ttacctacgg
agaccagggt
gtgacccgtt
gcagcctgac
tgggaaatca
tcaacaagag
cgaacatgac
aggtacacaa
aaggtgctcc
gtgagttccc
ttgtgactac
gcaacatgtt
ttctgcactt
tctcteagtt
ttgcccagta
ccactgacgce
agacacccga
aatttacatt
ctgctgagac
ccgatggtga
cagttgacgc
ctgttgaaaa
tcgtgetgga
tgcaaaccce
cagatttaga
ctgagacggc
gacttgcact
gcaagtatgg
aggcggcecag
ctgaactgct
ttcagccgag
acttcgacct
ccgacgtgag
tgtcaacaaa

ctggagtgaa

tcacccctag
cgcgggaatc
cattttagct
tcttaccacc
gtccaacget
agttggtcgt
cccecacget
ttgtctgacg
gatgtaacca
ccgttttcat
gcacaaacac
gcctggtett
tccactggeg
acttcccect
tgtgtgcaac
tggtactcaa
gacactcggg
tctatgectg
gaatacaact
ccgtacacga
ctactctagg
gtatgtcgat
agcaattagg
tctegteate
tagtgaggtg
cttcctgaaa
gattgatgac
cccgtacgat
aggcgecggyg
cattattaac
caacgctatt
caacacacag
cggcgetett
caccacccgt
gtacgcaaca
tatgcaagca
cggacgatgc
tgactcttat
gtttaacgga
agagctgtac
ggcacacatt
accttggacc
acagatcaag
ttccaaggaa
tgacccaaag
gccggggagy
tgaaggcgac
tgacttgtct
ctacacacag
gaaagcgcgt
ggcagccget
ctcaatccct
cacaaacgtg
cgcacttgte
tcgecacgcag
ctacggtggce
cagatttgtg
cgcccacact
ggtggcagty
gttgggcaac
gcectacacg
cgagagccge
aacgctgcct
ttaccgcatg
tgaagcgaga
gctcaagttg
gtcgaacttc
acacggaccc

agctattagg

catgccaccg
gatggactgt
ggattgtgcg
ttcegectac
ccacgatctc
ctggtgtgct
taccgtegtt
ttaacgggct
caagctatac
gagaaacggg
gactcacgca
tccaggtcta
ggtactagta
tggtaacaag
cccagcacgg
ccactggtga
atctgagaag
aataggcgac
gactgcttta
acacaaggaa
cccaacaacc
gaaccattct
caattagagg
tggaacatca
tgtgtggttg
ggacaagagc
gaggacttct
caagagccac
caatccagce
aactactaca
agcggagget
aacaacgact
cttgccgaca
aacggacaca
gccgaggatt
gagcggttet
cacctactgg
gcttacatga
ggatgcctgt
cagctcacgc
accgtgccecct
ctcgtggtca
gtttatgcca
gggatcttcc
acggctgacc
ttcaccaatt
gtaccatacg
ttggcagcga
tacagtggca
tacatgattg
cattgcattc
tacctttcgg
cagggatggg
gttctggcta
accacctcca
gagacacagg
gaagtgacac
ttggtaggceg
aaacacgaag
accaccaatc
gcaccacacc
gcaaccaacg
acctccttceca
aagagggctg
cacaaacaaa
gcaggggacg
tccaaactgg
gactttaacc

actggtctcg

gcacctcctg
tgttcaccca
gacgaacacc
ttggtcgtta
cccegtgtga
ttggctgtca
cccgacgtta
gtaaccacac
cttcgecegg
acgtctgcge
agtttccaca
gaggggcgac
acaggactgt
gacccacggg
taactttact
caggctaagg
gggactggga
cggaggcegg
tcgctectact
acatggaatt
acgacaactg
tcgactgggt
aactcaccgg
aacatctgct
acggtacgga
atgctgtgtt
acccctggac
tcaacgggga
cggcgactgg
tgcaacagta
ccaacgaagg
ggttttcaaa
aaaagaccga
cgacctcgac
ttgtgagcgg
ttaaaaccca
aacttccgac
gaaacggttg
tggtggccat
tctteeccca
ttgttggcgt
tggtegtgge
acatcgcccc
ctgtggcatg
ccgectacgg
tcecttgacgt
tggtcacaaa
agcacatgtc
ccattaacct
catatgcccce
atgcggagtg
cagctgatta
tttgcctgtt
gcgceggtaa
caggtgagtc
tccagagacg
cacgagatca
cgctecteeg
ggaaccttac
caacggccta
gtgtcttgge
tgagaggtga
actacggtgc
aaacatactg
agatagtggc
ttgagtccaa
tagacaccat
ggctggtgtc
acgaggccaa

cgttgcactc
cctacagctg
gcttgcgcat
gcgctgtett
cggactacgg
ctcgaagccc
aagggatgaa
gcttgtaccg
aagtaaaacg
acgaaacgcg
accgacacac
actttgtact
tgtttcgtag
gccaaaagcc
gtgaaaacta
atgcccttca
cttctttaaa
cgccttttece
gcacgctctt
tacactctac
ttggttgaac
ctatgattca
ccttgaactg
ccacaccgga
catgtgtttg
cgcctgegte
gccggacceg
atggcagaca
gtcacagaac
ccagaactct
gtccacggac
gctggccagt
ggagaccacc
aacccagtcg
accaaacaca
cttgttcgac
tgaccacaaa
ggatgtcgag
ggtgccagaa
ccagttcatc
caatcgctac
cccgetgact
taccagcgtg
tagcgttggt
gaaagttttc
ggctgaggcg
gacggattcg
aaacaccttc
gcacttcatg
acctggcatg
ggacactggg
cgcgtacact
tcaaatcaca
ggacttcgag
agccgaccee
ccagcacacg
aattaatgtg
caccgccace
ctgggtaccc
ccgcaaggcg
taccgtctac
cctacaagtg
cattaaagcc
ccecceggeet
acctgtgaaa
ccctgggecec
caaccagatg
cgcgtttgag

accctggtac

cacacttacg
gactcacggc
ctcgcgtgac
gggcactcct
tgatggggce
acctttcacc
accacaagct
cctttceegg
gcaactacac
ccgtegeteg
aacgtgcaac
gtgattgact
cggagcacga
acgtccaaac
ctttaaggtg
ggtaccccga
agtgcccagt
ttaactaata
agagagatta
aacggtgaga
accatccttc
cctgaaaacc
cacgaaggcg
atcggcaccg
gctgatttcc
acatccgatg
tccgacgtte
aaggttcaga
cagtcaggca
atggacacac
accacttcca
tcegetttta
cttctcgagg
agtgttggag
tceggecttg
tgggtcacca
ggtgtctacg
gtcactgcag
ctttgctcca
aacccccgga
gaccagtaca
gtcaacaatg
cacgtcgcgg
tacggcggtt
aaccccecte
tgtcctacgt
gacaggatgc
ctggegggte
ttcactggac
gagccgccta
ttgaattcaa
gcgtctgaca
cacgggaagyg
ctgcggttac
gtgactgcca
gacgtttcgt
ctggacctga
tactatttcg
aatggagcgc
ccactcaccc
aacggggact
ttggcacaga
accagggtga
cttttggcca
caacttttga
ttcttettet
caggaggaca
gaattggcca

aagctcatca

4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441
7501
7561
7621
7681
7741
7801
7861
7921
7981
8041
8101
8161

aactcctgag
ttgtggccat
agaagatctc
gagccccgat
ccgaagacct
ccattcttaa
aagcatggat
ttgaaaaaca
acaacgcgcg
tggtcgccece
agtccggcca
tcacgggcag
acaaccagca
tcaagtactt
aggacaaagg
gcttcaccce
ttgatgtgag
ttgaagacac
gcatggcegt
agaacgtgta
cgagccatce
tcattgagaa
ccatcaagga
agcgcctgaa
taatcatgat
acattgagaa
ctctggagac
aggcgagtga
aaggacccta
cacagcagga
caaaagccce
tgaaagtgaa
aaaagatggt
ccatctgctg
cagagaagta
tgtttgagtt
tgcttcaccg
tgaagaaagg
tctetggtga
ctggcctcett
caaaggacgg
gatactgctc
aaccacacca
tgcgcaaaac
ccgetgectt
tcttctecaa
gctgtgctge
tgagcattta
cgceceggtet
acggcacggt
agtttgcttg
gcaagactcg
ttggcagatt
gttgtaaccc
tgtgggatgt
tgtttgagga
agactctcgt
tgccatctgg
tctacgccect
atggagacga
actttaaatc
ttggtcactc
ctgggtttta
gccgtgggac
ctgacgagta
gatcacttta
acaattggca
ttttceccget

ccgectgtea
tatgctagct
cgactcgctce
tctgttggee
tgagagagca
gaacggcgag
tgcctcagaa
gcgggaccte
ccaggcgtge
ggcacccage
gggtaagagt
aaccgattca
gaccgttgtt
cgcccagatg
taaacctttc
gagaaccatg
tgccaaggac
ccacaccaac
tgagatgaag
tcaactggtt
gatcttcaag
aggtcagcat
ggagctccga
ggaaaatttt
ccgcgagact
agctaacatc
tagcggtgee
tgacgtgaac
cgcegggeca
ggggccctac
ggtcgttaag
agcaaagaac
catgggcaac
tgctactgga
tgacaagatc
tgagattaaa
tgggaaccgc
cacccecegte
ggctcttace
tgcctacaaa
agccgagact
atgcgtttce
cgaggggttg
caagcttgcg
gtccaacaag
acacaaaggg
tgactacgcg
cgaggcaatc
cccetgggee
cggacccgaa
ccagaccttc
cattgtcgat
ctgtgctcaa
tgatgttgat
ggactattcg
ggtgtttcge
gaacacggaa
ctgttcegea
gcgtagacac
tatcgtggtt
tcttggtcaa
catcaccgat
taaacctgtg
catacaggag
ccggcgtcete
cctgcgttgg
gaaagactct

tcctaattca

tgcatggccg
gacaccggtc
tccagtctet
gggttggtca
gagaaacagc
tggctggtca
gagaagtttg
aacgacccaa
ttgaagagcg
aagtcgaggc
ttcctagega
gtttggtact
gtgatggatg
gtttcgacca
aacagcaaag
gtgtgccceg
gggtacaaaa
ccagtggcaa
agaatgcaac
caggaggtga
cagatctcaa
gaagctgcaa
cctctcatte
gagattgtcg
cgcaagagac
accacggacg
agcaccgttg
tccgageccg
ctcgagcegte
gctggceecga
gaaggacctt
ttgattgtca
acaaagcctg
gtgtttggta
atgttggacg
gtaaaaggac
gtgcgtgaca
gttggtgtga
tacaaagaca
gccgecacca
ttcatcgtcg
aggtccatge
attgttgaca
cccaccgtag
gacccgegge
gacacaaaga
tcacgcctge
aaaggtgttg
ctccagggaa
gttgcagctg
ctgaaggacg
gttttgceccg
atgcactcaa
tggcaaagat
gcctttgatg
acggaattcg
cacgcctatg
acaagcatca
tatgagggag
gcaagtgatt
accatcactc
gtcactttcec
atggcctcaa
aagttgatct
tttgagccct
gtgaacgccg
ggggcgagcea
aaaaa

ctgtagcagc
tcgagattct
ttcacgtgec
aagtcgccte
tcaaagcacg
agctgatcct
tcaccatgac
gtaagtacaa
ggaacgtcca
ccgaacctgt
acgtgctcge
gcccgectga
atctgggcca
cggggtttat
tcatcattgce
atgcactgaa
ttaacaataa
tgttccagta
aggacatgtt
ttgaacgggt
ttcetteeca
ttgaattctt
aacagacatc
ccctgtgttt
aacagatggt
acaagactct
gctttagaga
ccaaacctgc
agaaacctct
tggagagaca
acgagggacc
ctgagagtgg
ttgagctcat
ctgcctacct
gcagagccat
aggacatgct
tcacgaaaca
tcaacaacgc
ttgtggtgtg
aggctggtta
gcacccactc
ttcttaaaat
ccagagatgt
cgcacggtgt
tgaacgaagg
tgacagagga
actccgtgtt
atggactcga
agcgeegtgg
ccttagagct
agattcgcee
tcgaacacat
acaacggacc
ttggcaccca
ccaaccactg
gtttccaccc
agaacaaacg
tcaacacaat
ttgagctgga
acgatttgga
cagctgacaa
ttaaaagaca
agacccttga
ccgtggcagg
tccagggtcet
tgtgcggcga
gcgecgtagg

acggtcaaag
ggacagcacc
ggccccegte
gagtttctte
tgacatcaat
tgctatccge
agacttggtg
ggaagccaag
cattgctaac
agtcgtttgce
acaagcaatc
ccctgaccac
gaaccccgac
cccgeccatg
caccaccaac
ccgaaggttt
attggacatt
tgattgtgcc
caagcctcaa
tgagctccac
aaaatctgtg
tgaggggatg
atttgtgaag
gaccctcttg
ggatgatgca
tgacgaggcg
gagaactctt
aggagaacaa
gaaagtgcge
gaaaccgctg
ggtgaagaag
tgccccaccg
cctegacggg
cgtgcctegt
gacagacagt
ctcagacgcce
cttccgtgat
tgacgttggg
catggatggt
ctgtggaggg
tgcaggaggce
gaaggcacac
ggaagaacgc
gttcaaccct
tgttgtecte
agacaagaag
gggtacggca
cgccatggaa
cgcectgate
catggagaaa
gatggagaaa
tctttacace
gcaaattggc
ttttgctcag
cagtgacgca
gaacgcagag
catcactgtt
tctgaacaac
cacttacacc
cttcgaggcet
aagcgacaaa
cttccacatg
ggctatcctc
actcgecegte
ctttgagatt
cgcataatcc

agtgaaaagt

gacccagtcc
tttgttgtga
ttcagttteg
cggtctacac
gacattttcg
gactggatta
cctggcatce
gagtggctceg
ctctgcaaag
ttcecgtggea
tccacccact
ttcgacggtt
ggcaaggact
gcttcgcteg
ctgtactcgg
cactttgata
atcaaagctc
cttctcaacg
ccgccectec
gagaaagtgt
ctgtacttcc
gtgcacgact
cgcgetttea
gcaaacatag
gtgaatgagt
gaaaagaacc
ccaggacaaa
ccacaagctg
gccaagctge
aaggtaaaag
cctgtecgett
accgacttge
aagacagtag
catcttttcg
gactacagag
gcgctcatgg
gttgcaaaga
agactgattt
gacaccatgc
gccgttcteg
aatggagttg
attgaccctg
gtccacgtga
gactttggcc
gatgaagtca
ctgttccgge
aatgccccat
ccagacaccg
gacttcgaga
agagagtaca
gtgcgtgeeg
aggatgatga
teggeggteg
tacagaaacg
atgaacatca
tggatcctga
gagggcggga
atctatgtge
atgatctcct
ctcaagccte
ggttttgttc
gattatggaa
tcetttgecac
cactctggac
ccaagctaca
ctcagatgtc

ccgaaaggge
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The consensus sequence of 0/PanAsia-2/QOM-15
virus was generated and then registered in GenBank
under the accession No. 0K019689. Annotation of the
genome was carried out using the virus reference genome
(accession No. MT944981), and the final sequence of the
0/PanAsia-2/QOM-15 was BLASTed against the NCBI
database with an expected value threshold of 0.0001.

SNP discovery of the O/PanAsia-2/QOM-15. The
whole-genome sequence of O/PanAsia-2/QOM-15 was
mapped to the corresponding reference sequence
0/IRN/9/2016 (accession No. MT944981), and SNPs were
identified using the "Basic Variant Detection" tool
implemented in the CLC Genomics Workbench Software.
Table 2 presents the SNPs that caused AA substitutions
and all variant frequencies detected in this study. The
quality filter for SNP discovery was set to meet the
following criteria: (i) neighborhood radius 5; (ii) min.
central quality 20; (iii) min. neighborhood quality 15; and
(iv) min. frequency of 5.00%.

1D gene sequencing. The evolution of the 1D gene
sequence of serotype O, which was utilized as a vaccine
strain for 10 years (2006 - 2016), was analyzed in this
work. To address it, the 1D gene sequences of the two
older vaccine strains, O/PanAsia (JQ321837) and
O/PanAsia-2  (JN676146), were compared with
0/PanAsia-2/QOM-15 as a new vaccine strain candidate.
The parent viral seeds of O/PanAsia (JQ321837) and
0O/PanAsia-2 (JN676146) that were preserved in the
archive of the virus seed bank were used for RNA
extraction using a high-purification viral extraction kit
(Roche). The amplification of the 1D gene was performed
using the previously described protocol. The size of the
expected amplicons after PCR was 800 bp.

Phylogenetic and variation analysis based on VP1-
encoding region. The 1D gene sequences of O/PanAsia-
2/QOM-15, O/PanAsia-2 (JN676146), and O/PanAsia
(JQ321837) were aligned using the ClustalW approach
implemented in Geneious Prime 2019 (Biomatters,
Auckland, New Zealand). In the next step, aligned
sequences (639 bp) were imported into the MEGA
Software (version 7.0; Biodesign Institute, Tempe, USA)
package to evaluate the 1D gene variability among the
strains.* The evolutionary distance between the 1D gene
sequences and the transition/transversion ratio bias (R)
were determined using the maximum likelihood (ML)
technique and the Kimura two-parameter model
algorithm, respectively.1s

Preparation of reference antiserum. A reference
antiserum against the O/PanAsia-2/QOM-15 virus was
acquired using a 10-month-old male calf. Based on the
producer’'s recommendation, the calf was immunized with
two doses of the commercial polyvalent vaccine (containing
0/PanAsia-2/QOM-15, AO5SIR, and Asial). Two doses of
vaccine were injected 21 days apart, and 28 days after
receiving the second dose, the calf blood anti body titer

was measured by the seroneutralization test according to
World Organisation for Animal Health (OIE) protocol.2

Antigenic characterization of the O/PanAsia-
2/QOM-15 virus. To determine the antigenic similarity
between O/PanAsia-2/QOM-15, O/PanAsia (JQ321837)
and O/PanAsia-2 (JN676146), a two-dimensional virus
neutralization test was carried out based on OIE
instruction.? The antibody titers were calculated using the
regression test, with the logl0 of reciprocal antibody
dilution required to produce 50.00% neutralization of 100
tissue culture viral infectious wunits (log10SN50%,
100TCID50 per mL).The antigenic relationship (r-value)
was estimated using the following equation in Minitab
Software (version 16.0; Minitab Inc., Pennsylvania, USA):
(reciprocal neutralizing titer of reference antiserum
against the O/PanAsia-2 or O/PanAsia) / (reciprocal
neutralizing titer of the reference antiserum against the
0/PanAsia-2/QOM-15). If the r-value between two viruses
is calculated to be greater than or equal to 30.00%, the
viruses have an antigenic relationship; otherwise, they are
antigenically distinct.

Results

0/PanAsia-2/QOM-15 virus verification. The
genomic RNA of O/PanAsia-2/QOM-15 virus was
extracted from the supernatant of infected IBRS-2 cells.
The concentration and purity (Aze0/ Azsoratio) of viral RNA
were determined to be 304 ng pL-! and 2.10, respectively.
A RT-PCR test was used to validate the O/PanAsia-2/QOM-
15 strain by amplifying the 1D gene. By sequencing and
blasting the wvirus's 1D gene in the GenBank,
O/IRN/9/2016 (MT944981) was found to be a
homologous virus, since the 1D gene sequences of these
two viruses had 99.00% identity. This finding confirmed
the virus for WGS and further analysis.

Whole-genome sequencing of the O/PanAsia-
2/QOM-15. The whole-genome sequence of O/PanAsia-
2/QOM-15 with an RNA integrity number of 8.30 was
generated by RNA-Seq technology, and the clean reads
were mapped to the reference genome O/IRN/9/2016
(accession No. MT944981). Among the total 30,371,798
reads, 1.06% belonged to the virus, and the unmapped
reads (i.e., IBRS-2 cell) were discarded. The O/PanAsia-
2/QOM-15 whole-genome sequence is available in
GenBank under the accession No. 0K019689.

SNP discovery of the O/PanAsia-2/QOM-15. The
comparative analysis of the complete genome of
0/PanAsia-2/QOM-15 and O/IRN/9/2016 showed
99.00% nucleotide identity with some SNPs (Table 2). We
found 47 single variants in the O/PanAsia-2/QOM-15
genome sequence at the nucleotide level, including 9
(19.00%) in the 5'UTR region, 37 (79.00%) in the
polyprotein region, and one (2.00%) in the 3'UTR area of
the viral genome (Table 2).



M. Gadir et al. Veterinary Research Forum. 2023; 14 (11) 615 - 623 619

Most variants were in the polyprotein region of the
virus, with the largest share (44.00%) in the 1D gene
region. Changes in the AA sequences of both structural
and non-structural proteins were produced by 16
variations at the AA level (Table 2). There were no AA
substitutions in the 5" and 3"UTRs as well as in the non-
structural regions including: P2, P3, 3B, 3C, and 3D
(Table 2). In this article, the number of AA positions

within the relevant viral proteins rather were used than
the polyprotein. Three-dimensional homology-based
modeling of O/PanAsia-2/QOM-15 VP1 with marked
SNPs is shown in Figure 1. As shown, eight nucleotide
substitutions result in five AA replacements in the VP1
structure including: I35M/V, K41E/N, D99G, H108R, and
K171T, none of which are located exactly in three
antigenic positions.

Table 2. Predicted SNPs in the whole genome of O/PanAsia-2/QOM-15 in comparison to O/IRN/9/2016 (MT944981) as a reference
genome. The SNP discovery was performed using CLC Genomics Workbench Software.

No. Reference position Type Reference Allele Frequency (%) Overlapping annotations AA change Relevant viral protein

1 37 SNP G A 99.497
2 67 SNP C T 98.863
3 503 SNP C T 99.457
4 609 SNP T C 99.749
5 622 SNP T C 99.793
6 698 SNP C T 30.514
7 867 SNP T C 99.798
8 881 SNP C T 99.508
9 974 SNP A G 11.676
10 1153 SNP T G 99.875
11 1474 SNP A G 84.337
12 1779 SNP T C 99.844
13 1800 SNP C T 99.744
14 1953 SNP C T 99.860
15 1980 SNP T C 99.251
16 2025 SNP A C 99.556
17 2122 SNP G A 99.749
18 2354 SNP G A 99.882
19 2376 SNP T C 99.838
20 2636 SNP A T 99.586
21 2650 SNP C T 93.870
22 3147 SNP T C 99.771
23 3294 SNP T C 99.725
24 3373 SNP A G 99.778
25 3375 SNP A G 65.956
26 3391 SNP A G 64.643
27 3393 SNP A T 9.595
28 3566 SNP A G 94.370
29 3593 SNP A G 99.670
30 3600 SNP A G 99.413
31 3776 SNP A C 7.540
32 4080 SNP A G 99.823
33 4776 SNP T A 99.839
34 5143 SNP A G 46.200
35 5162 SNP C T 99.428
36 5211 SNP C T 99.785
37 5559 SNP T C 99.839
38 5592 SNP G A 99.795
39 5810 SNP T C 99.894
40 6480 SNP A T 99.613
41 6627 SNP C T 99.834
42 6900 SNP A G 99.779
43 7008 SNP T C 99.939
44 7335 SNP C T 99.885
45 7734 SNP T C 99.773
46 7740 SNP C T 99.635
47 8132 SNP A G 99.767

5'UTR: 5'UTR - -
5'UTR: 5'UTR - -
5'UTR: 5'UTR - -
5'UTR: 5'UTR - -
5'UTR: 5'UTR - -
5'UTR: 5'UTR - -
5'UTR: 5'UTR - -
5'UTR: 5'UTR - -
5'UTR: 5'UTR - -
CDS: polyprotein Ser19Ala Lpro
CDS: polyprotein Met126Val Lpro
CDS: polyprotein - -
CDS: polyprotein - -
CDS: polyprotein - -
CDS: polyprotein - -
CDS: polyprotein
CDS: polyprotein
CDS: polyprotein
CDS: polyprotein - -
CDS: polyprotein Asp9Val VP3
CDS: polyprotein Leul4Phe VP3
CDS: polyprotein - -
CDS: polyprotein
CDS: polyprotein
CDS: polyprotein
CDS: polyprotein
CDS: polyprotein
CDS: polyprotein
CDS: polyprotein
CDS: polyprotein -
CDS: polyprotein Lys171Thr VP1
CDS: polyprotein - -
CDS: polyprotein -
CDS: polyprotein Asn248Asp 2C
CDS: polyprotein Thr254lle 2C
CDS: polyprotein - -
CDS: polyprotein - -
CDS: polyprotein - -
CDS: polyprotein Val146Ala 3A
CDS: polyprotein - -
CDS: polyprotein - -
CDS: polyprotein - -
CDS: polyprotein - -
CDS: polyprotein - -
CDS: polyprotein - -
CDS: polyprotein - -
3'UTR: 3'UTR - -

Val56Met VP2
Ser133Asn VP2

lle35Val VP1
lle35Met VP1
Lys41Glu VP1
Lys41Asn VP1
Asp99Gly VP1
His108Arg VP1

The amino acid (AA) position has shown by number within relevant viral protein rather than the polyprotein.
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D99G

HI08R

K41E/N
Fig. 1. Cartoon diagram of the O/PanAsia-2/QOM-15 VP1 based
on homology modeling. Predicted SNPs resulting in AA
substitutions are marked on the protein surface (VP1) in a sphere
shape with different colors, while residues that participate in
three antigenic sites are shown in red.

Genetic variability of the 1D gene and antigenic
characterization of the O/PanAsia-2/QOM-15 virus.
Evolutionary distance analyses were conducted using the
MEGA7 package among three sequences of O/PanAsia-
2/QOM-15, O/PanAsia-2, and O/PanAsia based on the
VP1l-encoding sequence with 639 positions. The
transition/transversion ratio bias (R) was 3.83, and the
maximum rate of different substitutions belonged to
transversions A/G—C (30.41%). There was no significant
evolutionary pressure on the VP1-encoding regions since
dN/dS was interpreted as neutral. There were 59 nt
variations in the O/PanAsia-2/QOM-15 1D gene compared
to O/PanAsia-2 (JN676146), 81 nt in O/PanAsia-2/QOM-
15 compared to O/PanAsia (JQ321837), and 65 nt in
0/PanAsia-2 compared to O/PanAsia. The genetic distance
between 0O/PanAsia-2/QOM-15 and O/PanAsia-2 and
0/PanAsia was 0.10 and 0.14, respectively. O/PanAsia-
2/QOM-15 shared more homology with O/PanAsia-2 than
with O/PanAsia (91.00% vs. 87.30%). Similarly,
O/PanAsia-2 had higher homology with O/PanAsia-
2/QOM-15 (91.00%) than O/PanAsia (89.80%). The
evolutionary distance between O/PanAsia-2 and
0/PanAsia was also estimated 0.11. As shown in Table 3,
the O/PanAsia-2/QOM-15 virus had a significant antigenic
difference (r-value < 30.00%) with both strains. The
antigenic identity of O/PanAsia-2/QOM-15 virus with
O/PanAsia-2 (29.00%) was higher than that of the
0/PanAsia-2/QOM-15 virus against O/PanAsia (24.00%).

Discussion

When FMDV is circulating in the field, mutations and
consequent changes in the virus's antigenic characteristics
are critical adaptive strategies. Moreover, in the course of
FMD vaccine preparation, repeated passages in cell culture
subject the viral genome to "adaptive hot-spot" mutations.
These mutations enable the virus to evolve and propagate
more efficiently in vitro816 The emergence of new
variations is significant, particularly when they occur in
the sequences of structural proteins, since structural
protein modifications can result in the introduction of
pathogenic mutants that evade the host's immune
system.l” Major mutations comprise SNPs. However, the
significant accumulation of these mutations, mainly in the
antigenic sites, can impact considerably on virus
antigenicity and vaccine efficiency. Evaluating SNPs in the
O/PanAsia-2/QOM-15 sequence showed that mutations
did not arise uniformly throughout the genome;
approximately 80.00% of SNPs appeared in the
polyprotein region, and half of them occurred in VP1
(Table 2). This finding is predictable since the highest
variable residues (74.00%) in the structural protein VP1
play a significant role in developing escape mutants.181° As
shown in Figure 1, none of five the AA replacements in the
VP1 structure (I35M/V, K41E/N, D99G, H108R, and
K171T) are exactly in three antigenic positions. Previous
studies have revealed five putative neutralizing antigenic
sites in FMDV serotype O. Three of them (1, 3, and 5) were
found on VP1, which included residues VP1-144, VP1-148,
VP1-150, and VP1-208 in the C-terminal end of VP1, the
critical residue VP1-149 in the G-H loop, and residues VP1-
43,VP1-44, VP1-45, and VP1-48 in the B-C loop.817.20 Many
researchers have suggested that antigenic epitopes in
FMDV genome are beyond those detected by monoclonal
antibodies, and mutations in the residues near the
antigenic regions can affect the binding of neutralizing
antibodies.20-23 For example, Sarangi et al. found that the
VP1-41 near the B-C Loop antigenic region was
substituted following immune selection in vitro.2

The Glu/Asn were previously replaced by Lys in the
O/PanAsia-2/QOM-15 VP1-41 region, thus converting the
VP1-41 positive AA to a negatively or neutrally charged
residue as for a means of evading host antibody-mediated
immunity (Table 2). As shown in Figure 1, another
alteration detected in VP1 was at position 108 (His—Arg),

Table 3. The antigenic relationship (r-value) of three FMDV vaccine strains. The r-value was obtained from the two dimensional-virus

neutralization test.

Taxonomy 0/PanAsia-2/Q0M-15 0/PanAsia-2 (JN676146) Local name 02010 0/PanAsia (JQ321837)
Serotype 0 0 0

Topotype Middle East-South Asia Middle East-South Asia Middle East-South Asia
Lineage PanAsia-2 PanAsia-2 PanAsia

Sub lineage QOM-15 FAR-09 -
0/PanAsia-2/QOM-15 100% 29.00% 24.00%
0/PanAsia-2 (JN676146) - - 26.00%

Anr-value < 30.00% indicates a significant antigenic difference between two relative viruses.
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which increases the positive charge of the protein in the
fivefold axis of the capsid for virus adaptation to cell
culture if accompanied by the substitution at position
142818 However, our analysis did not detect any AA
substitution at VP1-142, nor any change in AA net charge,
since the positive charge AA arginine substituted the same
charge histidine.

Table 2 also revealed, another detected AA alteration at
VP2-133 (Ser—Asn) in antigenic site 2. At this site, there is
a pocket made up of VP2 130-134 whose mutations affect
the binding of G-H loop of VP1 to neutralizing antibodies.2*
Besides, substitution in VP2 may affect receptor tropism
by altering the heparan sulfate binding site.825 Since
substitution at VP2-133 replaces the AA serine with the AA
asparagine, both of which have the potential to form
hydrogen bonds with the sugar moiety of heparan sulfate,
this substitution does not appear to affect the overall
binding process of the virus to its receptor.

Recently, a phylogenetic study based on VP2 sequence
showed that in some FMDV serotypes (O, A, and Asial),
the VP2 sequence is less divergent among the three
exposed capsid proteins (VP1-3).26 There were four inter-
serotypically conserved sites with high antigenicity values
within the VP2 sequence: VP2 (1 - 14), VP2 (24 - 36), VP2
(48 - 55), and VP2 (114 - 124). Researchers have proposed
these VP2 sequences as good candidates for developing
serotype-independent diagnostic methods.26 This finding
is consistent with our study, as there are two AA
substitutions within the VP2 sequence: VP2 - 133
(Ser—Asn) and VP2 - 56 (Val->Met), none of which were
found in the four conserved fragments (Table 2).

Due to the great degree of conservation across capsid-
encoding areas, mutations in VP4 are exceedingly
uncommon.?’ Although two SNPs were identified in the
VP4 sequence, none of these alterations resulted in an AA
change (Table 2). This may be due to the internal location
of this protein in the capsid, as mutation of this protein
provides no beneficial advantages for the virus either in
escaping the host immune system or selecting a cell
surface receptor for viral entry.28

There were two AA substitutions in the Lre region:
Lpre-19 (Ser—Ala) and Lrro-126 (Met—Val), (Table 2). Both
substitutions appear to be important, as a polar residue
(serine) capable of forming a hydrogen bond has been
substituted with a non-polar residue (alanine), and
methionine has been substituted with a more hydrophobic
residue (valine). There is also a single AA substitution in
non-structural protein 3A-146 (Val—Ala). Certain
evidence implies that non-structural protein sequences
have variable sections; consequently, mutations in these
regions may change host tropism or the severity of FMD in
a particular host.l” For example, it was shown that non-
structural protein 3A, which is required for viral
replication, is a genetic determinant of altered host
tropism in a Taiwanese foot-and-mouth disease virus.

Similarly, truncating 3A reduced the severity of FMD in
cattle.?? Pierce et al. studied polyprotein processing of
FMDV and demonstrated that different precursors were
produced due to a single mutation at the 3B3-3C junction.30
Another study conducted by Yang et al. identified 70-
nuceotide deletions in the S fragment and a single leucine
insertion in LPr-10 as novel determinants of restricted
FMDV growth in bovine host cells.3! They suggested that
synergistic mutations in the S fragment and Lrr lead to
host specificity of the FMDV serotype O strains.3!

Three times changes in the vaccine strain over the ten-
years period from 2006 to 2016 resulted in 59 nucleotide
variations in the O/PanAsia-2/QOM-15 1D gene compared
to O/PanAsia-2 (JN676146), 81 nucleotide variations in
0/PanAsia-2/QOM-15 compared to O/PanAsia (JQ321837),
and 65 nucleotide variations in O/PanAsia-2 compared to
O/PanAsia. This result is unexpected, given that the
0/PanAsia-2/QOM-15 had an extra 6 years to accrue point
mutations. This result is corroborated by the r-value
determined during the serological examination. As shown
in Table 3, the antigenic identity of O/PanAsia-2/Q0OM-15
virus with O/PanAsia-2 was higher than that of the
0/PanAsia-2/QOM-15 virus against O/PanAsia. Since the
r-value of O/PanAsia-2/QOM-15 with O/PanAsia-2 and
0/PanAsia was less than 30.00%, it was concluded that the
O/PanAsia-2/QOM-15 virus had a significant antigenic
difference with both strains (Table 3).

In conclusion, the fact that half of the SNPs are located
outside the VP1-encoding region suggests that additional
encoding sites contribute to altering the virus's antigenic
characteristics. However, further study is required to
ascertain the effect of variant sequences other than VP1 on
FMDV pathogenicity.
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