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Foot-and-mouth disease (FMD) in cloven-hoofed animals is considered an economically devastating disease in endemic countries
like Bangladesh, where the livestock sector contributes to a greater portion of the nation’s economy. The causative agent of the
disease, foot-and-mouth disease virus (FMDV), equipped with higher mutational frequency challenges the efficacy of the existing
vaccine and control measures. This study, including 32 districts and 71 outbreaks to reveal epidemiological patterns and muta-
tional trends of FMDV over the past 10 years (2012–2021), reported a 54.7% prevalence of FMD, with the majority of outbreaks
occurring during the rainy season. Different risk factors such as age, gender, farming system, and vaccination status demonstrated a
significant association with FMD cases which was confirmed by the χ2 test (p<0:05). VP1 sequence analyses reported the
predominance of serotype O (85%) over serotype A (11%) and serotype Asia 1 (4%). Bangladesh has foreseen the emergence of
several novel FMDV strains during this decade. Novel sublineages, Ind-2001BD1 (Ind-2001e) and Ind-2001BD2, were reported
under serotype O, the G-IX lineage of serotype Asia 1 emerged in 2018, and most recently in 2021, a new genotype named
MYMBD21 under the lineage SA-2018 was detected for the first time in Bangladesh. Until now, Ind-2001e (Ind-2001BD1)
sublineage under serotype O became the predominant sublineage in Bangladesh. From the mutational trend analysis, highly
variable sites were observed at positions 138 and 140 within the G-H loop for serotype O. For serotype A and Asia 1, 45th and 44th
residues within the B-C loop showed the highest amino acid variations, respectively. A changing mutational pattern among the
2019–2021 FMDV O and A isolates was also observed. The findings of the study would be crucial to understand the FMD situation
and designing necessary preventive steps according to the progressive control pathway for FMD control in Bangladesh.

1. Introduction

Foot-and-mouth disease (FMD) contributes to huge eco-
nomic losses each year in Bangladesh as well as many other
endemic countries. The causative agent is an antigenically
diverse RNA virus, foot-and-mouth disease virus (FMDV)
which possesses a rapid transmission rate affecting cloven-
hoofed animals such as cattle, buffalo, sheep, goats, and pigs,
etc. [1, 2]. The mortality rate of FMD is relatively low and the

morbidity rate can reach up to 100% [3, 4]. The occurrence
of FMD is affected by different risk factors such as viral, host,
and environmental factors [5].

FMDV is a member of the genus Aphthovirus and the
family Picornaviridae [6–8]. The genome is about 8.5 kb and
is surrounded by an icosahedral capsid [9]. Four structural
proteins form the capsid, of which VP1, VP2, and VP3 are
exposed outside, and VP4 is completely internal [4]. VP1 is
the most variable among the other structural proteins
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consisting of three major antigenic sites: sites 1, 3, and 5
[10, 11]. The G-H loop, B-C loop and carboxy-terminus of
VP1 conform these three major antigenic sites [12, 13].

The FMDV exists as seven immunologically distinct ser-
otypes, namely A, O, C, Asia 1, and the Southern African
Territories (SAT)-1, SAT-2, and SAT-3. Each serotype fur-
ther contains multiple genotypes that are usually related to
the geographical region of the disease occurrence [4, 7].
FMDV serotypes O, A, and Asia 1 are circulating in Bangla-
desh. Among them, serotype O was responsible for 82% of the
outbreaks in Bangladesh [14]. Serotype C was not reported
after 1990. Serotype A viruses were also reported in Bangla-
desh simultaneously with serotype O [14–16]. Circulation of
FMDV Asia 1 serotype in Bangladesh is not consistent but
sporadic [17].

A large FMD-susceptible livestock population of 24.7
million cattle, 26.7 million goats, 3.7 million sheep, and 1.5
million buffaloes exists in Bangladesh [18], and the occur-
rence of several outbreaks each year brings huge losses to the
economy of Bangladesh. A study predicted that financial loss
due to the FMD outbreak would be Tk. 188.57 billion or US$
2.22 billion per year in Bangladesh [19].

The replication of the virus is erroneous and its polymer-
ase lacks proofreading activity contributing to a wide variety
of subpopulations [4, 7]. Previous infection or vaccination
with one FMDV serotype does not confer cross-protective
immunity to another. A high level of antigenic variation
leads to the frequent emergence of novel FMDV strains
within a serotype in Bangladesh that may reduce the efficacy
of existing vaccines. In Bangladesh, the majority of FMDV
vaccination program depends on imported vaccines, and the
use of imported vaccines of heterologous virus strains often
leads to incomplete protection or complete vaccine failure
against local strains in Bangladesh. Moreover, this vaccine
provides only short-time protection (∼6 months) [20, 21].
Under this circumstance, it becomes necessary to formulate
FMD vaccines using circulating indigenous FMDV strains
that would provide increased protection against the local
virus. Again, the inadequate monitoring system, unrestricted
transboundary movement of animals, and unplanned vacci-
nation programs complicate the FMD situation in Bangla-
desh. All these facts necessitate constant epidemiological
studies to keep track of the local strains and whether there
is any emergence of newer genotypes of the virus which
would be crucial to design a well-planned control strategy
to prevent the disease realistically.

The current study was planned to conduct comprehen-
sive surveillance to monitor the epidemiological situation of
FMD in Bangladesh during a ten-year period from 2012 to
2021 to decipher the pattern of recent outbreaks and the
effect of risk factors on the prevalence of FMD cases. The
mutational trend in the VP1 sequence of circulating strains
was also reported in this study. The study represents knowl-
edge on currently circulating predominant strains as well as
newly emerged FMDV strains in Bangladesh which would
facilitate the selection of more appropriate FMD vaccine
strains for developing more effective vaccines. This study
also identified groups that are more susceptible to infection

based on some risk factors such as age, gender, breed, farm-
ing system, and vaccination status of the animal, and the
result would help the authorities to select which group
should be prioritized more during the vaccination and con-
trol program. Therefore, the findings of the study would be
valuable to design an effective control plan better suited for
Bangladesh based on the prevailing FMDV situation in the
country.

2. Materials and Methods

2.1. Sample Collection. From 2012 to 2021, a total of 481
tongue or foot epithelial tissue samples were collected from
the infected lesion of FMD-suspected cattle, buffalo, and pigs
covering 32 different districts of Bangladesh based on the
notification of the clinical history from farmers and clinical
findings within the animals. All the samples were collected
by registered veterinary doctors without the use of anesthe-
sia, following quite a safe and painless process. Sample col-
lection was carried out following the protocol approved by
the Animal Experimentation Ethical Review Committee,
Faculty of Biological Sciences, University of Dhaka, with
the permission of the herd owner. The ethical approval num-
ber for the study protocol is Ref: 66/Biol. Sci./2018-19; Date:
November 14, 2018. A questionnaire was prepared (Supple-
mentary 1) and filled during the collection of samples which
describes the history of the patients. Samples were trans-
ported from the collection site to the laboratory at 4°C within
20 hr and stored at −80°C until processing and testing. All
the samples were handled and processed in biosafety level 2
laboratory facilities.

2.2. RNA Extraction and cDNA Synthesis. The homogeniza-
tion of tissue samples and total RNA extraction from tissue
were performed in an automated Maxwell 16 system (Pro-
mega, USA) using the Maxwell 16 total RNA purification kit
(Promega, USA) according to the manufacturer’s instruc-
tions. Following extraction, the RNA was reverse transcribed
into complementary DNA (cDNA) using the ImProm-IITM
reverse transcription system (Promega, USA).

2.3. Polymerase Chain Reaction (PCR)-Based Amplification
of VP1 and Sequencing of VP1. VP1-based PCR diagnostic
assay was employed for the detection of FMDV-positive tis-
sue samples. VP1 region of cDNA amplification was carried
out using two sets of primers (VP1UF/NK61, 16F/NK61).
The PCR reaction was performed using GoTaq 2× Hot Start
Colorless Master Mix (Promega, USA) with either forward
primer VP1UF (5′GTACTACRCSCAGTAC-3′) [22] or 16 F
(5′-GAGAACTACGGWGGWGAGAC-3′) [16] and the reverse
primer NK61 (5′-GACATGTCCTCCTGCATCTG-3′) [23].
The PCR products were run on 1.0% agarose gel with a
1 kb-DNA ladder (Promega, USA) for the visualization and
detection of FMD-positive amplicons. Following detection,
the FMDV-positive amplified PCR products were purified
using the Wizard SV Gel and PCR Clean-Up System (Pro-
mega, USA) and were subjected to an automated cycle
sequencing reaction using BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, USA) according to
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manufacturer’s instructions with the same primers used in the
PCR reaction. The VP1 coding sequence quality was analyzed in
ABI Genetic Analyzer (Applied Biosystems, USA). Both forward
and reverse sequences were assembled into a single contig using
SeqMan version 7.0 (DNASTAR, Inc., Madison, WI, USA). The
assembled sequences were compared with other sequences from
GenBank using the basic local alignment search tool, BLAST
[24], to reveal the identity of the isolated virus as well as their
serotypes.

2.4. Epidemiological Analyses. The investigation of outbreaks
in this study was based on the sample collected during
2012–2021 in the Microbial Genetics and Bioinformatics
Laboratory, University of Dhaka [14, 25, 26]. We have fol-
lowed a research-based data collection, and samples were
collected upon communicating with outbreak information
from the farmers as Bangladesh lacks systematic surveillance
of FMD outbreaks. It is possible that not all outbreak infor-
mation could be collected during the specified period of time.
There could be a lack of samples from each and every inci-
dence of outbreak cases. It should also be noted that the
collection of the sample and reporting of the outbreak were
interrupted by the pandemic situation of COVID-19 in Ban-
gladesh during 2020–2021. Morbidity, mortality, and case
fatality rates were calculated based on the population size
(n= 3,580) included in this study. The influence of various
risk factors such as season, age, gender, breed, and farming
system on the occurrence of FMD cases was investigated and
statistically verified by the chi-square (χ2) test at a 5% signif-
icance level using Statistical Package for Social Science, SPSS
26.0 for Windows (SPSS Inc., Chicago, IL, USA). The results
of χ2 test were presented in Supplementary 2.

2.5. Phylogenetic Analysis. A total of 122 representative VP1-
specific PCR products covering 71 outbreaks were sequenced
from our laboratory from 2012 to 2021 and submitted into the
NCBI database (https://www.ncbi.nlm.nih.gov/genbank/)
[14, 16, 22, 25, 27–29].

Representative VP1 sequences of Bangladeshi isolates
from 2012 to 2021 from our laboratory and also from
reported sequences by other researchers in Bangladesh
were included in the phylogenetic study to determine the
genotype based on the clade formation in MEGA11 [30].
VP1 sequences of Bangladeshi isolates included in this
study are listed in Supplementary 2.

The consensus VP1 coding sequences (complete 1D
region) of local FMDV isolates were aligned using the ClustalW
program [31] with the related gene sequences from GenBank.
Phylogenetic Neighbor-Joining [32] trees were constructed
(bootstrap replicates 1,000) based on the Kimura-2 parameter
model [33]. A discrete Gamma distribution of a value of 1 was
used to model evolutionary rate differences among sites. Fewer
than 5% alignment gaps, missing data, and ambiguous bases
were allowed at any position, as all the sequences were not
completely aligned on the full range.

2.6. Analysis of VP1 Amino Acid Variations. The VP1 coding
sequences of FMDV isolates reported in Bangladesh were
used to analyze the overall variations among all FMDV

serotype O, A, and Asia 1 viruses. The amino acid was trans-
lated based on the standard genetic code after codon-based
alignment with MEGA11 software [30]. In the mutational pat-
tern analysis, sequences under Ind-2001BD2 sublineage and
also from MYMBD21 sublineage were excluded because
sequences reported under both of these two sublineages had
no amino acid variations.

3. Results

3.1. Epidemiological Investigation. Between 2012 and 2021, a
total of 481 epithelial tissue samples representing 3,580 animal
populations were collected from 32 districts which included 71
outbreaks (Figure 1), of which 230 samples were detected as
FMDV positive in VP1-based PCR assay representing 1,960
population. These animal populations were included in the
epidemiological studies. Decline in outbreaks in 2014, 2017,
and 2018 might be due to a lack of systematic surveillance of
FMD in Bangladesh and inability to include all outbreak infor-
mation during the specified period of time. In the total popu-
lation of animals (3,580), morbidity, mortality, and case fatality
rates of FMDwere 54.7% (1,960/3,580), 10.4% (372/3,580), and
19% (372/1,960), respectively (Figure 2).

3.1.1. Risk Factor Analysis. The occurrence of FMD out-
breaks varied in different seasons. It was found that 51%
(36/71) of the outbreaks occurred during the rainy season
(July–October), followed by 28% (20/71) outbreaks during
winter (November–February) and 21% (15/71) during sum-
mer (March–June) (Figure 3). In the χ2 test at 5% significance
level, significant seasonal influence on the occurrence of the
FMD outbreaks was observed where p<0:001 was detected
(Supplementary 2).

Various risk factors (age, gender, breed, farming system,
and vaccination status) were considered in this study to
observe the effect of these factors on the FMDmorbidity rate.

Among them, in young cattle (>1 year before breeding)
out of 1,365, morbidity, mortality, and case fatality rates were
51.9% (709), 8.4% (114), and 16.1%, respectively, while in
adult population (1,728), the rates were 64.2% (1,109/1,728),
11.1% (192/1,728), and 17.3% (192/1,109), respectively. In
other age groups (calves up to 1 year) out of 487, the mor-
bidity rate was 29.2% (142), the mortality rate was 13.6%
(66), and the case fatality rate was 46.5% (Figure 4). Morbid-
ity was higher in adult populations, whereas mortality and
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FIGURE 1: Distribution of FMD outbreaks from 2012 to 2021.
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fatality were higher in calves. P value was less than 0.05
(p<0:001) in the χ2 test confirming a significant association
of age and FMD prevalence (Supplementary 2).

The morbidity rate of FMD was higher in male animals,
59.4% (970/1,632), than in females, 50.8% (990/1,948), where
the p-value was <0.001 in the χ2 test (Supplementary 2).
Local breed cattle showed 55.7% (1,267/2,273) morbidity
and cross-breed cattle were 53% (693/1,307) susceptible to
infection. The breed of animal did not have a significant
association with the FMD cases, as p-value was greater
than 0.05 in the χ2 test (Supplementary 2). The susceptibility
rate of cattle reared under an intensive farming system was
50.9% (288/566) which is lower than that of animals under a
semi-intensive farming system at 55.5% (1,672/3,014). p-
Value less than 0.05 showing a significant association of
the farming system with FMD cases (Supplementary 2).
FMD was recorded in 43.9% (457/1,041) of the vaccinated
cattle and 59.2% (1,503/2,539) in nonvaccinated cattle
(Figure 5). Vaccination reduced the FMD cases by 1.3 times
significantly, as confirmed by the χ2 test (p<0:001) (Supple-
mentary 2).

3.1.2. Distribution of FMD Serotypes over Years (2012–2021).
Among the 71 outbreaks, 85% (60 out of 71) of the outbreaks
were caused by serotype O, which was the prevalent serotype,
whereas serotype A and Asia 1 were responsible for 11%
(8 out of 71) and 4% (4 out of 71) of the outbreaks, respectively.

From FMDV VP1 coding sequences reported in Bangla-
desh, it was revealed that serotype O, A, and Asia 1 was
circulating during 2021–2021. Serotype O was detected
each year from 2012 to 2021 [14, 26]. Serotype A was also
present in the past 10 years but was not in circulation in
2015, 2018, and 2021 [16, 29]. Asia 1 was reported from
2012 to 2013 and then in 2018 [17, 22, 34]. No serotype C
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case was detected in Bangladesh (Figure 6) during the
timespan.

3.2. Phylogenetic Analysis of FMDV Serotypes.Only represen-
tative FMDV VP1 sequences were considered in the phyloge-
netic study for the ease of data presentation from sequences
reported from our laboratory [14, 16, 25, 27–29, 22] as well as
from other researchers of Bangladesh [34, 35].

3.2.1. FMDV Serotype O. Phylogenetic analysis demonstrated
that from 2012 to 2021, two different lineages, Ind-2001 and
SA-2018 lineages under serotype O, were reported to circu-
late in Bangladesh (Figure 7). Under the Ind-2001 lineage,
Ind-2001d, Ind-2001BD1 (Ind-2001e), and Ind-2001BD2 sub-
lineages were detected, among which only the Ind-2001BD1
sublineage was found in the last 5 years. Ind-2001BD1 was
designated as Ind-2001e by the World Reference Laboratory
for Foot-and-MouthDisease,WRLFMD [36, 37]. The SA-2018
lineage was reported first in 2021 as a novel sublineage,
MYMBD21 in Bangladesh [26]. In the phylogenetic tree,
these isolates (OP320455.1-OP320458.1) called MYMBD21
showed a distinct clade with possible emergence from Indian
SA-2018 isolates (Figure 7).

3.2.2. FMDV Serotype A. All the isolates under serotype A
clustered within the ASIA topotype during 2012–2020.
Among the lineages under this topotype, only the G-VII
lineage was present in circulation (Figure 8).

3.2.3. FMDV Serotype Asia 1. Phylogenetic reconstruction
revealed that the G-VIII lineage was circulating during
2012–2013, and Asia 1 reemerged as a novel lineage G-IX
(BD-18) in Bangladesh in 2018 [17] (Figure 9). No Asia 1
serotype was found since 2018. Sporadic circulation pattern
of the Asia 1 serotype in Bangladesh was also observed in
previous studies [17, 22].

During 2012–2021, a few novel strains were introduced
in FMDV circulation of Bangladesh, which is illustrated in
Figure 10.

3.3. Analysis of VP1 Amino Acid Substitutions during
2012–2021. In Table 1, amino acid substitutions that
occurred in the highly variable antigenic regions (B-C loop,
G-H loop, and C-terminal) of FMDV VP1 during 2012–2021
timeline were listed. A list of all the mutations found in the

VP1 from 2012 to 2021 was included in Supplementary 2.
Only a few sequences of Ind-2001BD2 (3) and SA-2018/
MYMBD21 (4) sublineages of serotype O were available
that circulated only in a particular year. Hence, these lineages
were excluded from the mutational study.

Mutations at the 52nd residue of the B-C loop, positions
135, 138, 139, 140, 155, 156, 158 of the G-H loop, and in the
C-terminal 197, 200, 201, 204, 207, 212 positions were found
only for the serotype O sequences. Unique mutations for sero-
type A were detected at positions 134, 143, 148, 190, 194, 196,
and 209. In the case of Asia 1, N47S, T50V,M146L, andM211L
were unique. Mutations at the 43rd and 48th residues were
common to all three serotypes O, A, and Asia 1.

Table 2 represents the mutational pattern for serotypes
O, A, and Asia 1 observed from 2012 to 2021. Here colored
boxes (yellow for serotype O, blue for serotype A and black
for serotype Asia 1) indicated the presence of a particular
mutation in a given year, and white box represented the
absence of the particular mutation.

Among serotype O isolates, more than two amino acid
substitutions were found in positions: 43, 138, 140, 142, 197,
198, 201, and 204, among which 140th residues were more
variable. Sublineage Ind-2001e (or Ind-2001BD1) sequences
under serotype O had three mutations that persisted in the
sequences from 2013 to 2021. These amino acid substitutions
are—Q45K, N46D, and D197E. Those mutations might have
become stable within the Ind-2001e sublineage. Sequences
from Ind-2001e (or Ind-2001BD1) under serotype O varied
mostly in C-termini and B-C loop from 2012 to 2018. In
2019, several unique substitutions: K41I, D52K, A140T,
T142A, K204R, and L213F were detected. K135R occurred
in 2020–2021 isolates of Ind-2001e. Ind-2001d was highly
variable in 2013, with C-termini having the highest fre-
quency of mutation. Ind-2001d showed diverse mutations
throughout the years.

Serotype A showed mutations mostly in the B-C loop
and G-H loop from 2012 to 2017. The frequency of mutation
increased in the recent 2019–2020 samples, which had more
mutations in the C-terminal region. Serotype A viruses from
2019 to 2020 retained some of the mutations from the viruses
of 2012–2014. Sequences of 2019 retained I42L, V45T; 2020
sequences retained M190L, and S196L. V143T was seen in
both the 2019 and 2020 viral sequences. Sequences from
2019 to 2020 had numerous unique mutations (N44D,
V45L, S46N, N134S, R142H, E194K, Q198R) that were not
found earlier. More than two amino acid exchanges were
observed in residue-45, 46, 143, and 194.

Among serotype Asia 1 isolates, only the 44th residue
had three amino acid substitutions. Within the Asia 1 sero-
type, A44T, E202K, V210M were specific for the G-VIII
lineage. Several unique mutations were observed within the
sequences of the G-IX lineage of serotype Asia 1: T43N,
A44E, N47S, T50V, M146L, and M211L.

4. Discussion

In Bangladesh, FMD is endemic and considered a significant
threat to the cattle industry. The time period of 2012–2021

Years
FMDV
serotype

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

FMDV-O

FMDV-A

FMDV-C

FMDV-Asia1

FMDV-O detected FMDV-Asia1 detected
FMDV-A detected

FIGURE 6: Occurrence of FMDV serotypes in Bangladesh
(2012–2021).
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 KY077628.1 BAN/TA/Dh-301/2016
 OP320415.1 BAN/RAJ/Pa-329/2019
 KY077627.1 BAN/TA/Dh-299/2016
 KY077611.1 BAN/NL/Lo-245/2015
 KX712091.1 BAN/GO/Ka-236(Pig)/2015
 KY077625.1 BAN/MG/Sa-287/2016
 KY077626.1 BAN/MG/Sa-294/2016
 KY077614.1 BAN/NO/Be-250/2015
 KY077603.1 BAN/GA/Kk-192/2013
 KY077622.1 BAN/MA/Ku-269/2015
 KY077615.1 BAN/NO/Be-251/2015
 KY077623.1 BAN/LA/Ad-278/2016
 KY077624.1 BAN/KU/Fu-283/2016
 KY077612.1 BAN/LK/Sa-248/2015
 KY077610.1 BAN/SI/Sh-234/2015
 KY077613.1 BAN/LK/Sa-249/2015
 KY077621.1 BAN/TG/Ba-268/2015
 KY077618.1 BAN/PG/At-262/2015
 KY077620.1 BAN/TG/Ba-265/2015
 KY077616.1: BAN/DI/Sa-252/2015
 KY077617.1 BAN/DI/Sa-254/2015
 KY077619.1 BAN/PG/At-264/2015
 OP320423.1 BAN/PA/At-350/2019
 OP320426.1 BAN/RAJ/Ka-357/2019
 OP320418.1 BAN/RAJ/Pa-335/2019
 OP320434.1 BAN/DH/Dh-377/2020
 OP320431.1 BAN/MA/Ma-365/2019
 OP320433.1 BAN/MA/Si-369/2019
 OP320416.1 BAN/RAJ/Pa-332/2019
 OP320417.1 BAN/RAJ/Ka-333/2019
 OP320427.1 BAN/DH/Dh-359/2019
 OP320430.1 BAN/DH/Dh-363/2019
 OP320432.1 BAN/MA/Ma-366/2019
 OP320424.1 BAN/PA/At-352/2019
 OP320425.1 BAN/PA/At-355/2019
 OP320420.1 BAN/MA/Sa-343/2019
 OP320419.1 BAN/MA/Sh-341/2019
 OP320421.1 BAN/PA/At-347/2019
 OP320422.1 BAN/PA/At-348/2019
 OP320453.1 BAN/JH/Ka-461/2021
 OP320454.1 BAN/JH/Ka-464/2021
 OP320446.1 BAN/SA/Sa-431/2021
 OP320447.1 BAN/SA/Sa-432/2021
 OP320445.1 BAN/SA/Sa-426/2021
 OP320444.1 BAN/SA/Sa-423/2021
 OP320448.1 BAN/SA/Sa-433/2021
 OP320452.1 BAN/JH/Jh-457/2021
 OP320450.1 BAN/JH/Jh-454/2021
 OP320438.1 BAN/DH/Ke-393/2020
 OP320451.1 BAN/JH/Jh-455/2021
 OP271696.1 BAN/TA/Mi-396/2020
 OP271697.1 BAN/DH/Dh-410/2021
 OP320443.1 BAN/DH/Dh-418/2021
 OP320439.1 BAN/DH/Ke-395/2020
 OP320449.1 BAN/SA/Sa-440/2021
 OP320440.1 BAN/DH/Sa-400/2020
 OP320441.1 BAN/DH/Dh-416/2021
 OP320442.1 BAN/DH/Dh-417/2021
 KJ175179.1 BAN FA Do-12 2012
 MT316589.1 O/BAN/BLRI/450.3/2018
 KJ175178.1 BAN FA Do-11 2012
 KC795958.1 BAN PA Sa-12 2012
 KC795959.1 BAN PA Kg-16 2012
 KJ175180.1 BAN PA Kg-20 2012
 KC795957.1 BAN PA Ra-05 2012
 KC795956.1 BAN FA Ka-01 2012
 KC795947.1 BAN FA Kh-05 2012

Ind-2001e (Ind-2001BD1)

 KF985189.1 BAN/NA/Ha-156/2013 Ind-2001d
 KT037120.1 BD SI 6 2013 Ind-2001d
 KJ175181.1 BAN LA Du-135 2013 Ind-2001d
 KY077609.1 BAN/PA/Ch-228/2015 Ind-2001d
 KJ175184.1 BAN TA Dh-184 2013 Ind-2001d
 KJ175176.1 BAN TA Dh-185 2013 Ind-2001d
 KJ175177.1 BAN RA Sa-189 2013 Ind-2001d
 KJ175185.1 BAN TA Dh-186 2013 Ind-2001d
 KY077602.1 BAN/GA/Kk-191/2013 Ind-2001d
 KY077607.1 BAN/GA/Ka-215/2015 Ind-2001d
 KY077604.1 BAN/TA/Ma-200/2014 Ind-2001d
 KT037119.1 BD Gh 2 2013 Ind-2001d
 KJ175183.1 BAN JA Ma-180 2013 Ind-2001d
 KY077605.1 BAN/GA/Ka-212/2014 Ind-2001d
 KY077606.1 BAN/GA/Ka-213/2014 Ind-2001d

Ind-2001d

 KJ175182.1 BAN LA Sa-137 2013 Ind-2001BD2
 MK071699.1 BAN/BO/Na-161/2013 Ind-2001BD2
 KY077601.1 BAN/BO/Na-162/2013 Ind-2001BD2

Ind-2001BD2

Ind-2001c
Ind-2001a
Ind-2001b
PanAsia
 KC506553.1 O/IND182/2011 Ind-2011
 KC506549.1 O/IND91/2012 Ind-2011
 MT919004.1 PD295/2018 (O/ME-SA/SA-2018)
 MT918997.1 PD45/2018 (O/ME-SA/SA-2018)
 MT918995.1 PD42/2018 (O/ME-SA/SA-2018)
 MT918999.1 PD57/2018 (O/ME-SA/SA-2018)
 MT919005.1 PD325/2018 (O/ME-SA/SA-2018)
 MT936110.1 IC202/2018 (O/ME-SA/SA-2018)
 MT936115.1 IC231/2018 (O/ME-SA/SA-2018)
 MT936111.1 IC207/2018 (O/ME-SA/SA-2018)
 MT936113.1 IC218/2018 (O/ME-SA/SA-2018)

 OP320455.1 BAN/MY/My-466/2021 (O/ME-SA/SA-2018/MYMBD21)
 OP320456.1 BAN/MY/My-469/2021 (O/ME-SA/SA-2018/MYMBD21)
 OP320457.1 BAN/MY/My-478/2021 (O/ME-SA/SA-2018/MYMBD21)
 OP320458.1 BAN/MY/My-480/2021 (O/ME-SA/SA-2018/MYMBD21)

MYMBD21

SA-2018

 KT037118.1 BD SI 5 2013
 KT960948.1 BD BAU ML1 2013
 KT982203.1 BD BAU ML2 2013
 MT316587.1 O/BAN/BLRI/450.2/2018

PanAsia-2
 KF561679.1 TAN/2/2004 O/EA-2
 HM211080.1 CAR/16/2000 O/WA
 AJ296327.1 UGA/5/96 O/EA-1
 FJ798143.1 ETH/60/2005 O/EA-4
 KR261670.1 O/Fayoum/EGY/2014 O/EA-3
 KR261668.1 O/Qaliubia/EGY/2013 O/EA-3
 JF968193.1 O/HongKong/P424/2011 O/SEA
 JF968186.1 O/HongKong/P404/2010 O/SEA
 AJ294926.1 O/PHI/7/96 O/CATHAY
 AJ294919.1 O/HKN/6/83 O/CATHAY
 DQ834727.1 O/Corrientes/Arg/06 O/EURO-SA
 DQ834712.1 O/Chuquisaca/Bol/03 O/EURO-SA
 AJ303503.1 ISA/8/83 O/ISA-1
 AJ303509.1 JAV/5/72 O/ISA-2
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FIGURE 7: Phylogenetic reconstruction based on neighbor-joining method and Kimura-2 parameter model in MEGA11 showing subtypes of
circulating serotype O in Bangladesh during 2012–2021. The isolates reported in Bangladesh are indicated with dot symbols, and unnamed
isolates with square symbols. Some branches are compressed for better visualization.
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was epidemiologically critical, showing changes in the circu-
lation pattern of FMDV in Bangladesh with the emergence of
multiple FMDV variants. The FMD cases included in the
study were 19% fatal, with 10.4% mortality (Figure 2).

Occurrence of the highest percentage (51%) of FMD out-
breaks during the rainy season might be due to relatively
higher humidity and lower temperature that facilitated the
survival of the virus, while higher temperature during sum-
mer might be responsible for the lower number of outbreaks.
The effect of climate was also found in a previous study by
Rahman et al. [41].

The morbidity rate was higher in the adult population
than in calves and young cattle because older animals are
more frequently get exposed to the multiple serotypes of
FMDV over time at common grazing fields or markets via
more contact with animals of other herds [42]. On the other

hand, calves and young animals are mostly kept in home
settings resulting in less contact with other animals. The
relatively lower prevalence in younger animal groups (<2
years) might be due to the low frequency of contact with
other herds as well as the presence of passive maternal
immunity [42–45]. But mortality and fatality rates were
higher in calves which might be due to the lack of immunity
against multiple serotypes among calves, whereas adults
become immune to multiple serotypes via frequent exposure
(Figure 4). The reason behind more susceptibility in male
animals (59.4%) than females (50.8%) might be due to more
exposure of male cattle in the field settings for agricultural
purposes compared to females. Working in the field increases
the possibility of skin injury, and thus these cattle might easily
become susceptible to infection whenever they come into
close contact with other infected cattle [46, 47]. The higher

 KY077629.1 BAN/CH/Sa-302/2016 (ASIA/G-VII)
 MN596870.1 BAN/DH/Sa-307/2016 (ASIA/G-VII)
 KY077630.2 BAN/CH/Sa-304/2016 (ASIA/G-VII)

 KY982279.1 ARM/1/2015 (ASIA/G-VII)
 OP320428.1 BAN/DH/Dh-360/2019 (ASIA/G-VII)
 OP320429.1 BAN/MA/Ma-362/2019 (ASIA/G-VII)
 KJ754939.1 BAN GA Sa-197 2013 (ASIA/G-VII)
 KC795948.1 BAN GA To-02 2012 (ASIA/G-VII)
 KY421678.1 BD AH 10 2012 (ASIA/G-VII)
 KU684494.1 BD SI 35 2013 (ASIA/G-VII)
 KR869773.1 BD SI 16 2013 (ASIA/G-VII)

 AF390643.1 A/IND/38/2000 (ASIA/G-VII)
 AF390646.1 A/IND/40/2000 (ASIA/G-VII)
 AF390600.1 A/IND/128/2000 (ASIA/G-VII)

 OP320437.1 BAN/DH/Ke-391/2020 (ASIA/G-VII)
 OP320435.1 BAN/CH/Ch-381/2020 (ASIA/G-VII)
 OP320436.1 BAN/CH/Ch-386/2020 (ASIA/G-VII)

A/ASIA/G-VII 

 EF208771.1 A/IRN/1/96 (ASIA/Iran-96)
 EEF208772.1 A/IRN/22/99 (ASIA/Iran-99)
 EF208770.1 A/IRN/2/87 (ASIA/Iran-87)
 EF208778.1 A/TAI/2/97 VP1 (ASIA/Sea-97)
 EF208777.1 A/TAI/118/87 (ASIA/Thai-87)
 KY091296.1 IRN/125/2010 (ASIA/Iran-05/SIS-10)
 KY091293.1 AFG/10/2010 (ASIA/Iran-05/HER-10)
 KY091297.1 IRN/15/2012 (ASIA/Iran-05/SIS-12)
 FJ755007.1 A/AFG/6/2007 (ASIA/Iran-05/ AFG-07)
 EF208769.1 A/IRN/1/2005 (ASIA/Iran-05)
 AJ306222.1 A Castellanos/Arg/87 EURO-SA
 AJ308699.1 A/Rivadavia/Arg/91 EURO-SA
 EF208756.1 A A/EGY/1/72 (AFRICA/G-II)
 KF561698.1 A GHA/16/73 (AFRICA/G-VI)
 KF561705.1 A UGA/13/66 (AFRICA/G-VII)
 GU566064.1 A SUD/3/77 (AFRICA/G-IV)
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FIGURE 8: Phylogenetic reconstruction based on neighbor-joining method and Kimura-2 parameter model in MEGA11 showing topotype and
lineage of FMDV serotype A circulating during 2012–2021. The sequences reported in Bangladesh are marked with black dots.
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 KJ175172.1 BAN JE Mf-03 2012
 KJ175173.1 BAN JE Mf-04 2012
 MF782478.1 BAN/TA/Ma-167/2013
 KJ175170.1 BAN JE Mf-01 2012
 KJ175171.1 BAN JE Mf-02 2012
 KJ175174.1 BAN JE Mf-05 2012
 KJ175175.1 BAN JE Mf-06 2012

 KU159763.1 BD BAU ML5 2013 (Asia 1/ASIA/G-VIII)
 KU159762.1 BD BAU ML6 2013 (Asia 1/ASIA/G-VIII)

 KJ175186.1 BAN GA Sr-187 2013
 MG603266.1 MYA/3/2017 (Asia 1/ASIA/G-VIII)
 KR869774.1 BD SI 2 2013 (Asia 1/ASIA/G-VIII)
 KF570658.1 IND205/2010 (Asia 1/ASIA/G-VIII)
 KT153326.1 IND65(140)/2010 (Asia 1/ASIA/G-VIII)
 KT153332.1 IND148(330)/2011 (Asia 1/ASIA/G-VIII)
 HQ224555.1 IND 227/07 (Asia 1/ASIA/G-VIII)
 HQ224558.1 IND 95/08 (Asia 1/ASIA/G-VIII)
 KT153321.1 IND175/2007 (Asia 1/ASIA/G-VIII)

Asia 1/ASIA/G-VIII

 MN447114.1 BAN/DH/Sh-323/2018
 MH457186.1 BAN/DH/Sa-318/2018
 MH457187.1 BAN/DH/Sa-319/2018
 MN447113.1 BAN/BR/Sa-321/2018

Asia 1/ASIA/G-IX

 DQ121121.1 IRN/31/2004 (Asia 1/ASIA/G-VIb)
 DQ121119.1 IRN/10/2004 (Asia 1/ASIA/G-VIb)
 FJ785246.1 IRN/30/2004 (Asia 1/ASIA/G-VIb)
 DQ121131.1 TUR/10/99 (Asia 1/ASIA/G-VIa)
 EU553916.1 Asia1/TUR/6/2000 (Asia 1/ASIA/G-VIa)
 FJ785263.1 PAK/34/2002 (Asia 1/ASIA/G-VIc)
 DQ121125.1 PAK/31/2002 (Asia 1/ASIA/G-VIc)
 FJ785262.1 PAK/33/2002 (Asia 1/ASIA/G-VIc)
 DQ121124.1 PAK/30/2002 (Asia 1/ASIA/G-VIc)
 EF457990.1 As/AFG/33/2003 (Asia 1/ASIA/G-II)
 EF457994.1 As/AFG/138/2004 (Asia 1/ASIA/G-II)
 FJ785264.1 PAK/2/2004 (Asia 1/ASIA/G-II)
 FJ785235.1 HKN/3/2005 (Asia 1/ASIA/G-II)
 FJ785236.1 HKN/4/2005 (Asia 1/ASIA/G-II)
 FJ785275.1 TAJ/5/2004 (ARRIAH) (Asia 1/ASIA/G-II)
 FJ785248.1 KRG/1/2004 (ARRIAH) (Asia 1/ASIA/G-II)
 FJ785292.1 IND 763/2003 (PD-FMD) (Asia 1/ASIA/G-III)
 DQ989317.1 IND 148-01 (Asia 1/ASIA/G-III)
 FJ785303.1 IND 328/2004 (PD-FMD) (Asia 1/ASIA/G-III)
 DQ101242.1 IND139-02 (Asia 1/ASIA/G-III)
 DQ121112.1 BHU/34/2002 (Asia 1/ASIA/G-III)
 DQ121117.1 IND/15/81 (Asia 1/ASIA/G-V)
 EU091348.1 AS1/BR/Myanmar/007/2006 (Asia 1/ASIA/G-V)
 FJ785242.1 IND/16/76 (Asia 1/ASIA/G-V)
 MF140441.1 NIAB/PUN/PAK/181/2016 (Asia 1/ASIA/G-VII)
 MF140444.1 NIAB/PUN/PAK/209/2017 (Asia 1/ASIA/G-VII)
 DQ121120.1 IRN/25/2004 (Asia 1/ASIA/G-I)
 DQ121118.1 IRN/4/2001 (Asia 1/ASIA/G-I)
 FJ785226.1 AFG/2/2001 (Asia 1/ASIA/G-I)
 DQ121110.1 AFG/4/2001 (Asia 1/ASIA/G-I)
 FJ785244.1 IRN/25/2001 (Asia 1/ASIA/G-I)
 FJ785243.1 IRN/11/2001 (Asia 1/ASIA/G-I)
 FJ785245.1 IRN/63/2001 (Asia 1/ASIA/G-I)
 FJ785229.1 CAM/5/97 (Asia 1/ASIA/G-IV)
 FJ785257.1 MYA 1/05 (TRRL) (Asia 1/ASIA/G-IV)
 FJ785284.1 VIT 1/06 (TRRL) (Asia 1/ASIA/G-IV)
 EU091344.1 AS1/BR/Myanmar/003/2006 (Asia 1/ASIA/G-IV)100

100

60

87

100

97
100

92

99

97

63
100

60

51
83

100

99

100

74
81

85
83

99

91

93

99

55
98

52

98

99

76

93

92

95

88
71

99

57
75

97

92

98

100

53

FIGURE 9: Phylogenetic reconstruction based on neighbor-joining method and Kimura-2 parameter model in MEGA11 showing lineages of
serotype Asia 1 circulating in Bangladesh during 2012–2021. The sequences reported in Bangladesh are marked with black dots. Some
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TABLE 1: Amino acid substitutions at major antigenic regions of VP1 of FMDV serotypes during 2012–2021. Amino acid exchanges in
different serotypes are separated with commas. Multiple exchanges for a single position are separated with forward slashes.

Region FMDV serotype Amino acid substitutions Unique substitutions

B-C Loop (43–59) [14, 38]

O, A, Asia 1 T43A/I, G43V, T43N
A, Asia 1 N44D, A44T/E A44E for Asia 1 (G-IX lineage)
O, A (Q45K; K45Q), V45A/T/L K45Q for Ind-2001d sublineage
O, A N46D, S46G/N
Asia 1 N47S For G-IX lineage

O, A, Asia 1 I48V, T48I, I48T I48T for Asia 1 (G-IX lineage)
Asia 1 T50V For Asia 1 (G-IX lineage)
O D52K

G-H Loop (130–160) [14, 39]

A N134S
O K135R
O E138G/A/K
O S139G For Ind-2001d sublineage
O (N140G/A/D; A140T) N140G/A/D for Ind-2001d sublineage

O, A (P142T/A; T142A), R142H P142T/A for Ind-2001d sublineage
A V143T/A

Asia 1 M146L For Asia 1 (G-IX lineage)
A G148E
O A155V
O A156T
O P158T For Ind-2001d sublineage

C-Terminal (190–213) [14, 40]

A M190L
A E194K/D
A S196L
O D197E/G/S For Ind-2001BD1 sublineage

O, A E198Q/D, Q198R E198Q/D for Ind-2001d sublineage
O R200T
O H201P/R

O, Asia 1 K202Q, E202K E202K for Asia 1 (G-IX lineage)
O K204R/N
O A207P
A A209T

O, Asia 1 K210N, V210M
Asia 1 M211L Asia 1 (G-IX lineage)
O L212F

O, A L213F, L213P

2012:
Emergence of

Ind-2001e
(Ind-2001BD1)

sublineage of
serotype O   

2013:
Emergence of
Ind-2001BD2
sublineage of
serotype O

2018:
Emergence of G-IX

lineage of Asia 1
serotype

2021:
Emergence of
MYMBD21

sublineage of SA
2018 lineage

FIGURE 10: Emergence of novel strains of FMDV over the period of 10 years (2012–2021).
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TABLE 2: Year-wise distribution of amino acid substitutions in VP1 antigenic regions of serotype O (yellow box), serotype A (blue box), and
serotype Asia 1 (black box).

Antigenic
region

Amino acid
substitutions

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

B-C loop

K41I (O/Ind-2001e)

I42L (A/G-VII)

G43V (A/G-VII)

T43I (O/Ind-2001e)

T43A
(O/Ind-2001d)

T43N (Asia 1/G-IX)

N44D (A/G-VII)

A44T
(Asia 1/G-VIII)

A44E (Asia 1/G-IX)

K45Q
(O/Ind-2001d)

V45A (A/G-VII)

V45L (A/G-VII)

V45T (A/G-VII)

Q45K
(O/Ind-2001e)

N46D
(O/Ind-2001e)

S46G (A/G-VII)

S46N (A/G-VII)

N47S (Asia 1/G
G-IX)
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TABLE 2: Continued.

Antigenic
region

Amino acid
substitutions

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

I48V
(O/Ind-2001d)

T50V
(Asia 1/G G-IX)

D52K
(O/Ind-2001e)

G-H loop

N134S (A/G-VII)

K135R
(O/Ind-2001e)

K135R
(O/Ind-2001d)

E138A
(O/Ind-2001e)

E138K
(O/Ind-2001e)

E138G
(O/Ind-2001d)

S139G
(O/Ind-2001d)

A140T
(O/Ind-2001e)

N140G
(O/Ind-2001d)

N140A
(O/Ind-2001d)

N140D
(O/Ind-2001d)

T142A
(O/Ind-2001e)

P142T
(O/Ind-2001d)

R142H (A/G-VII)

V143T (A/G-VII)
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TABLE 2: Continued.

Antigenic
region

Amino acid
substitutions

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

V143A (A/G-VII)

G148E (A/G-VII)

M146L (Asia 1/G
G-IX)

A155V
(O/Ind-2001d)

A156T (Ind-2001e)

A156T (Ind-2001d)

P158T (Ind-2001d)

C-terminal

M190L (A/G-VII)

E194D (A/G-VII)

E194K (A/G-VII)

S196L (A/G-VII)

D197E
(O/Ind-2001e)

D197G
(O/Ind-2001e)

E198Q
(O/Ind-2001d)

E198D
(O/Ind-2001d)

Q198R (A/G-VII)

R200T
(O/Ind-2001d)

H201R
(O/Ind-2001e)

12 Transboundary and Emerging Diseases



susceptibility of cases was observed among local or indige-
nous breeds (55.7%) than that of crossbred cattle (53%) as in
Bangladesh cross breed cattle are reared followingmore safety
measures and regular vaccination in commercial farms for
meat and milk production, whereas indigenous ones are
kept in local households and extensively used for cultivation
with no regular vaccination provided by the local farmers
[46–48]. Under the intensive farming system, animals are
kept in closed settings following proper animal health

guidelines, whereas in semi-intensive farming, animals are
allowed to graze on the field sometimes, which might have
resulted in the higher prevalence of FMD in semi-intensive
farms [46–49]. From the χ2 test at a 5% significance level, it
was confirmed that season, age, gender, and farming system
were significant factors for the occurrence of FMD (p<0:05).
But the association of breed with FMD cases was not found
significant in the statistical (χ2) test (p>0:05). Another
important factor confirmed by the χ2 test was the vaccination

TABLE 2: Continued.

Antigenic
region

Amino acid
substitutions

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

H201P
(O/Ind-2001d)

K202Q
(O/Ind-2001d)

E202K (Asia 1/G
G-VIII)

K204R
(O/Ind-2001e)

K204R
(O/Ind-2001d)

K204N
(O/Ind-2001d)

A207P
(O/Ind-2001d)

A209T (A/G-VII)

V210M (Asia 1/G
G-VIII)

K210N
(O/Ind-2001d)

M211L (Asia 1/G
G-IX)

L212F (Ind-2001d)

L213F (O/Ind-
2001e)

L213P (A/G-VII)
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status of the animal (p<0:05). Vaccinated cattle had a lower
risk of infection than nonvaccinated cattle.

The emergence of novel strains of FMDV within the time
span of 10 years (2012–2021) is an epidemiologically significant
event (Figure 10). In 2012, Ind-2001d was prevalent, but Ind-
2001BD1 or Ind-2001e sublineage emerged in the same year
[14], which replaced the Ind-2001d sublineage and later, in
2016, became the predominant FMDV sublineage in Bangla-
desh. Circulation of Ind-2001d was not detected after 2015. In
the last few years (2016–2021), Ind-2001e (Ind-2001BD1)
became the only circulating sublineage under the Ind-2001
lineage of FMDV in Bangladesh. Higher mutational frequency
was detected within the VP1 of Ind-2001d viruses compared to
the Ind-2001e sublineage in a previous study [14], which could
be the possible reason for the disappearance of the Ind-2001d
viruses from the field during the evolutionary selection process.
On the other hand, less genetic diversity led to the selection of
Ind-2001e over Ind-2001d as a dominant and single-circulating
sublineage under the Ind-2001 lineage in circulation. The dom-
inance of Ind-2001e over Ind-2001d and the gradual disappear-
ance of the Ind-2001d lineage from circulation were supported
by previous studies [14, 36, 50]. In 2013, another novel Ind-
2001BD2 sublineage was detected, but its circulation did not
continue in the subsequent years [14]. Under serotype Asia 1,
G-VIII lineage was circulating during 2012–2013 after 1996,
and then in 2018, Asia 1 serotype emerged as a novel lineage,
G-IX (BD-18) in Bangladesh (Figure 9) [17]. Since 2018, no
other cases of Asia 1 serotype were reported confirming the
sporadic circulation pattern of this serotype. In 2021, a new
lineage SA-2018 intruded in Bangladesh and was first reported
from our Microbial Genetics and Bioinformatics Laboratory at
the Department of Microbiology of the University of Dhaka
[26]. This lineage was first reported from India in 2018 [51]. In
VP1-based phylogeny, the isolates under SA-2018 lineage
(OP320455.1-OP320458.1) formed a separate clade emerging
from the Indian isolates indicating an evolutionary relationship
with those Indian isolates (Figure 7), whichmight have resulted
from unrestricted cattle movement or international trade at
borders with India [21, 50]. The association of unregulated
animal movement with the virus transmission across the coun-
try or among neighboring countries and the emergence of exotic
FMDV strains were evident in previous studies [50–52]. In
our previous study, these isolates were confirmed as a novel
sublineage, MYMBD21, under SA-2018, lineage showing
a 5%–6% nucleotide distance from the Indian isolates [26].
In the case of serotype A, only one lineage G-VII under ASIA
topotype was detected in Bangladesh (Figure 8). Some isolates
under serotype O were uncharacterized (BD_BAU_ML1_2013,
BD_BAU_ML2_2013, BD_SI_5_2013, O/BAN/BLRI/450.2/
2018), which require detailed VP1-based analyses (Figure 7)
[35].

From the amino acid substitution analyses, it was evident
that most of the changes occurred in the antigenic sites, the G-
H loop, B-C loop, and C-terminal loop. The RGD motif con-
taining Arg-Gly-Asp was found to be conserved in all sero-
types as it is an important recognition element in integrin-
dependent cell adhesion processes [4, 39, 53].

Many single amino acid substitutions were observed in
the VP1 sequences of FMDV. Amino acid residues at 43–46,
48, 142, 198, 202, and 210 positions were variable in more
than one serotype (Table 1). Amino acid substitutions K45Q,
T142A of serotype O, E194K of serotype A, and E202K of
serotype Asia 1 sequences were also apparent in previously
conducted studies [54, 55–57]. Frequently reported exchanges
were reported in amino acid residues—142, 194, and 210 in a
previous study [4], and substitutions were also detected in
those positions for Bangladeshi isolates included in this study
(Table 1). Amino acid residue 142 is located within the immu-
nodominant epitope, G-H loop adjacent to RGD motif, and
substitutions at this site can alter the structural conformation
of the G-H loop of VP1 depending on the type of amino acid
exchange [58]. Again, amino acid variations at positions—
134, 143, and 158 within G-H loop; positions—196, 198, 210,
and 213 within C-terminal were detected in other studies
[54, 55, 57, 59, 60–62, 63, 64], and these positions were also
variable among Bangladeshi isolates in this study (Table 1).
Substitutions at the 210th amino acid residue detected in
serotype O and Asia 1 can cause failure in the VP1-2A prod-
uct [4, 63, 65].

Amino acid exchanges in which a negatively charged
amino acid was replaced by a positively charged amino
acid had occurred in amino acid residues 52, 138, 194, 202.
In residue 52, negatively charged aspartic acid (D) was
substituted by positively charged lysine (K). Residues 138,
194, and 202 had common amino acid substitutions—
negatively charged glutamic acid (E) was substituted by pos-
itively charged lysine (K). Another common case of amino
acid exchange occurred in amino acid residue—44, 46, 140,
where uncharged, polar asparagine (N) was substituted by
polar, negatively charged aspartic acid (D) (Table 1). Posi-
tion 194 was found as a variable site which is very close to
195–197 residues that form one of the walls of the heparan
sulfate (HS) binding site. Introduction of positive charge by
E194K mutation in serotype A can affect the HS receptor
binding to the virus [4, 66].

Within the serotype O, Ind-2001d contains more geneti-
cally diverse viruses than the other type O sublineages found
in Bangladesh [14]. Significant mutations S139G, N140A,
P142T, and P158T were found between Ind-2001d and
Ind-2001e sublineages which were significant for the G-H
loop displacement between these two sublineages [14]. In
Table 2, Ind-2001e isolates collected from 2019 to 2021
showed more variations in the G-H loop, whereas isolates
from 2012 to 2018 mostly varied within B-C loop and G-H
loop. Unique mutations in the G-H loop: K135R, A140T, and
T142A during 2019–2021 circulation of Ind-2001e were
detected, which suggest a changing mutational pattern that
might affect the integrin receptor binding modulating the
orientation of the G-H loop. Significant mutations at these
sites might result in drastic changes in the antigenicity of the
virus.

Serotype A isolates from 2019 to 2020 showed more
variations in the B-C loop and C-terminus. Asparagine (N)
is converted into negatively charged, aspartate (D) at the
44th residue located in the antigenic site 3 within the B-C
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loop and can affect the antigenicity [4, 66]. E194K (negative
to positive charge conversion) and Q198R (uncharged to
positive charge conversion) mutations at the C-terminal
site can affect antigenic site 2 and thereby modulate the
heparan binding site as these two positions are adjacent to
one of the walls of the heparan binding site [4, 66, 67].

Within the G-VIII lineage of Asia 1 isolates, few muta-
tions at position—44, 202, 210 were found, among which
A44T demonstrated polarity change and E202K (glutamate,
E to lysine, K) referred to negative charge conversion into
positive charge. Among the unique mutations of G-IX line-
age, charge and polarity shifts also occurred. Uncharged ala-
nine (A) was converted into negatively charged glutamic acid
(E) at the 44th residue, and changes in polarity were
observed at position 50 where polar threonine (T) was
substituted by nonpolar valine (V) in the B-C loop affecting
the antigenic site. These mutations might be responsible for
the lineage turnover from G-VIII to G-IX.

Apart from the mutational analysis presented in this
study, further serological assays are required to confirm
any changes in the antigenicity of the recently circulating
FMDV strains.

Several significant mutations accumulated within the cir-
culating FMDV virus in Bangladesh from 2012 to 2021.
Some mutations at significant antigenic sites contributed to
the frequent emergence of novel variants within 10-year
period that challenge the effectiveness of the existing vac-
cines and available treatment options. For the effective con-
trol of the disease, regular monitoring of FMD outbreaks, risk
factor analysis, and planning to imply effective measures
should be given emphasis. Moreover, instead of using imported
vaccines, local vaccines with indigenous virus strains should be
administered. To counter the problem of vaccine failure, an
effective trivalent vaccine was developed with three local circu-
lating FMDVs O/BAN/TA/Dh-301/2016 (MK088170.1),
A/BAN/CH/Sa-304/2016 (MK088171.1), and Asia1/BAN/
DH/Sa-318/2018 (MH457186.1) from our Microbial Genetics
and Bioinformatics Laboratory, Department of Microbiology,
University of Dhaka. This vaccine satisfactorily elicited anti-
body titers in cattle and is expected to confer protection against
all FMDVs in Bangladesh [20, 25]. This vaccine is notmarketed
yet, and the use of traditional imported vaccines is still going on
causing incomplete protection, which, in turn, giving rise to the
emergence of newer FMDV variants. For instance, a new sub-
lineage,MYMBD21 of SA-2018 lineage emerged in Bangladesh
in 2021. There was a considerable VP1 nucleotide (12%–13%)
and amino acid sequence (5%) divergence of MYMBD21 iso-
late from both the current field vaccine strain, O/India/R2/75
(accession number: AF204276.1) and proposed local vaccine
strain, BAN/TA/Dh-301/2016 (accession number: KY077628.1).
Again, 3D analysis revealed the displacement of the critical
antigenic site, G-H loop of VP1 of MYMBD21 strain from
existing vaccine strains that raised the possibility of vaccine
escape and confirmation of which requires further serological
analyses [26]. However, the isolates (OP320455.1-OP320458.1)
belonging to this novel variant were stored in the seed bank of
Microbial Genetics and Bioinformatics Laboratory, Department
of Microbiology, University of Dhaka for subsequent serological

analysis to assess its suitability as vaccine strain and for develop-
ing an immediate vaccine, if necessary, in future. Thus, regular
monitoring regarding FMD virus evolution must be carried out
to mitigate the problem of vaccine failure.

This study reported overall FMD epidemiological pattern
and risk factor-based analysis during 2012–2021, providing the
track of circulating and emerging FMD strains, identifying
high-risk groups, analyzing mutations and variable regions
within the VP1 capsid protein. The findings of the study would
be valuable for better understanding the current FMD situa-
tion, which would facilitate adopting effective preventive
actions which will lead to achieve the implementation of the
OIE/FAO prescribed Progressive Control Pathway for FMD
road map in Bangladesh.

5. Conclusions

One country should have its own surveillance system to plan
control strategies of any infectious disease based on the dis-
ease pattern prevailing in the particular region. But Bangla-
desh lacks constant epidemiological surveillance of FMD,
which complicates the management of the disease. To inves-
tigate the FMD situation in Bangladesh, this study analyzed
FMD outbreaks in 10 years timespan. Among different
groups of animals, the older male cattle reared under semi-
intensive farming system, indigenous and nonvaccinated cat-
tle were found to be more prone to infection. These groups
should be prioritized more while adopting any vaccination or
other control strategies of FMD in Bangladesh. Detection of
Ind-2001e sublineage of serotype O as the predominant geno-
type in recent years suggests its use as an indigenous vaccine
strain. There was a recent evolution of a novel variant,
MYMBD21 sublineage under SA-2018 lineage in Bangladesh
that presented the possibility of vaccine escape and thus was
stored in the seed bank for further serological analyses. Over-
all, this study provides prerequisite knowledge of FMD epi-
demiology in Bangladesh that would facilitate designing and
implementing more appropriate control and preventive
approaches, particularly for Bangladesh to fight against the
highly infectious disease.

Data Availability

Data supporting the conclusions of the study can be found in
the supplementary materials.

Ethical Approval

Sample collection and processing followed the protocol
approved by the Animal Experimentation Ethical Review
Committee (AEERC), Faculty of Biological Sciences, Univer-
sity of Dhaka (Ref: 66/Biol. Sci./2018-19; Date: November 14,
2018) (Supplementary 1). Methods involved in the study
followed the ARRIVE guidelines. The study protocol was
approved by the Animal Experimentation Ethical Review
Committee (AEERC), Faculty of Biological Sciences, Univer-
sity of Dhaka (Ref: 66/Biol. Sci./2018-19; Date: November
14, 2018).

Transboundary and Emerging Diseases 15



Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Conceptualization is done by K.A.H., H.A, M.A.H., and M.S.;
Formal analysis is done by H.A., A.Y, K.M.M.A, M.A; Inves-
tigation is done by H.A., K.A.H., A.Y, M.R.I, and K.M.M.A;
Writing—original draft preparation is done by H.A., A.Y.;
Writing—review and editing is done by M.A, S.A, M.R.I, M.
S., and M.A.H.; Supervision is done by M.S. and M.A.H.; all
authors reviewed the results and approved the final version
of the manuscript.

Acknowledgments

We would like to acknowledge the grant awarded to Dr.
Munawar Sultana by the Ministry of Education, Bangladesh,
and also the Centennial Research Grant (CRG), University of
Dhaka, Bangladesh, for providing reagent and equipment
support for this work. The authors would like to thank
Mohammad Anwar Siddique, A. S. M. Rubayet Ul Alam,
M. Rahmat Ali, Dr. Md. Al-Amin, Dr. Huzzat Ullah, Md.
Shaminur Rahman for their crucial role in previous analyses
associated with this study.

Supplementary Materials

Supplementary 1. Model of the questionnaire used during
sample collection. Ethical Clearance for the experiment
(Ref: 66/Biol. Sci./2018-19; Date: November 14, 2018).

Supplementary 2. Chi-square test results for testing the sig-
nificance of the association of risk factors with FMD cases
calculated in SPSS Version 26.0. List of the FMDV VP1
sequences reported from Bangladesh during 2012–2021.
Amino acid substitutions in VP1 of FMDV serotypes
reported in Bangladesh during 2012–2021.

References

[1] K. Li, C. Wang, F. Yang, W. Cao, Z. Zhu, and H. Zheng,
“Virus–host interactions in foot-and-mouth disease virus
infection,” Frontiers in Immunology, vol. 12, Article ID
571509, 2021.

[2] L. L. Rodriguez and J. Arzt, “Picornaviridae,” in Veterinary
Microbiology, pp. 533–542, Wiley, 2022.

[3] J. K. Biswal, R. Ranjan, S. Subramaniam et al., “Genetic and
antigenic variation of foot-and-mouth disease virus during
persistent infection in naturally infected cattle and Asian
buffalo in India,” PLOS ONE, vol. 14, no. 6, Article ID
e0214832, 2019.

[4] V. Dill and M. Eschbaumer, “Cell culture propagation of foot-
and-mouth disease virus: adaptive amino acid substitutions in
structural proteins and their functional implications,” Virus
Genes, vol. 56, pp. 1–15, 2020.

[5] N. Longjam, R. Deb, A. K. Sarmah, T. Tayo, V. B. Awachat,
and V. K. Saxena, “A brief review on diagnosis of foot-and-
mouth disease of livestock: conventional to molecular tools,”
Veterinary Medicine International, vol. 2011, Article ID
905768, 17 pages, 2011.

[6] G. J. Belsham, “Distinctive features of foot-and-mouth disease
virus, a member of the picornavirus family; aspects of virus
protein synthesis, protein processing and structure,” Progress
in Biophysics and Molecular Biology, vol. 60, no. 3, pp. 241–
260, 1993.

[7] E. Domingo, E. Baranowski, C. Escarmı s, and F. Sobrino,
“Foot-and-mouth disease virus,” Comparative Immunology,
Microbiology and Infectious Diseases, vol. 25, no. 5-6,
pp. 297–308, 2002.

[8] J. F. E. Newman, D. J. Rowlands, and F. Brown, “A physico-
chemical sub-grouping of the mammalian picornaviruses,”
Journal of General Virology, vol. 18, no. 2, pp. 171–180, 1973.

[9] Y. Wang and M. Liu, “The causative agent of FMD disease,” in
Some RNA Viruses, Y. Shah and E. Abuelzein, Eds., pp. 1–15,
IntechOpen, 2021.

[10] C. Carrillo, E. R. Tulman, G. Delhon et al., “Comparative
genomics of foot-and-mouth disease virus,” Journal of
Virology, vol. 79, no. 10, pp. 6487–6504, 2005.

[11] S.-C. Han, H.-C. Guo, and S.-Q. Sun, “Three-dimensional
structure of foot-and-mouth disease virus and its biological
functions,” Archives of Virology, vol. 160, pp. 1–16, 2015.

[12] P. Li, X. Bai, P. Sun et al., “Evaluation of a genetically modified
foot-and-mouth disease virus vaccine candidate generated by
reverse genetics,” BMC Veterinary Research, vol. 8, Article ID
57, 2012.

[13] M. Mahapatra and S. Parida, “Foot and mouth disease vaccine
strain selection: current approaches and future perspectives,”
Expert Review of Vaccines, vol. 17, no. 7, pp. 577–591, 2018.

[14] M. A. Siddique, M. R. Ali, A. S. M. R. U. Alam et al.,
“Emergence of two novel sublineages Ind2001BD1 and
Ind2001BD2 of foot-and-mouth disease virus serotype O in
Bangladesh,” Transboundary and Emerging Diseases, vol. 65,
no. 4, pp. 1009–1023, 2018.

[15] M. A. Islam, M. M. Rahman, K.-H. Adam, and O. Marquardt,
“Epidemiological implications of the molecular characteriza-
tionof foot-and-mouth disease virus isolated between 1996
and 2000 in Bangladesh,” Virus Genes, vol. 23, pp. 203–210,
2001.

[16] S. P. Nandi, M. Z. Rahman, S. Momtaz, M. Sultana, and
M. A. Hossain, “Emergence and distribution of foot-and-mouth
disease virus serotype A and O in Bangladesh,” Transboundary
and Emerging Diseases, vol. 62, no. 3, pp. 328–331, 2015.

[17] M. R. Ali, A. S. M. R. Ul Alam, M. Al Amin, M. A. Siddique,
M. Sultana, andM. A. Hossain, “Emergence of novel lineage of
foot-and-mouth disease virus serotype Asia1 BD-18 (G-IX) in
Bangladesh,” Transboundary and Emerging Diseases, vol. 67,
no. 2, pp. 486–493, 2020.

[18] Department of Livestock Services, B. 2021-2022, “Department
of livestock services,” 2022, Bangladesh, 2021-2022 http://
www.dls.gov.bd/site/page/22b1143b-9323-44f8-bfd8-
647087828c9b/Livestock-Economy.

[19] M. Giasuddin, M. Z. Ali, M. A. Sayeed, and E. Islam,
“Financial loss due to foot and mouth disease outbreak in
cattle in some affected areas of Bangladesh,” Bangladesh
Journal of Livestock Research, vol. 27, no. 1, pp. 82–94, 2021.

[20] M. Al Amin, M. R. Ali, M. R. Islam et al., “Development and
serology based efficacy assessment of a trivalent foot-and-
mouth disease vaccine,” Vaccine, vol. 38, no. 32, pp. 4970–
4978, 2020.

[21] M. A. Zinnah, M. T. Islam, M. M. Rahman et al., “Standardi-
zation of multiplex reverse transcription-polymerase chain
reaction and typing of foot-and-mouth disease virus prevalent
in Bangladesh,” Bangladesh Journal of Veterinary Medicine,
vol. 8, no. 2, pp. 149–155, 2010.

16 Transboundary and Emerging Diseases

https://downloads.hindawi.com/journals/tbed/2023/8896572.f1.pdf
https://downloads.hindawi.com/journals/tbed/2023/8896572.f2.pdf
http://www.dls.gov.bd/site/page/22b1143b-9323-44f8-bfd8-647087828c9b/Livestock-Economy
http://www.dls.gov.bd/site/page/22b1143b-9323-44f8-bfd8-647087828c9b/Livestock-Economy
http://www.dls.gov.bd/site/page/22b1143b-9323-44f8-bfd8-647087828c9b/Livestock-Economy
http://www.dls.gov.bd/site/page/22b1143b-9323-44f8-bfd8-647087828c9b/Livestock-Economy
http://www.dls.gov.bd/site/page/22b1143b-9323-44f8-bfd8-647087828c9b/Livestock-Economy
http://www.dls.gov.bd/site/page/22b1143b-9323-44f8-bfd8-647087828c9b/Livestock-Economy


[22] H. Ullah, M. A. Siddique, M. Al Amin, B. C. Das,
M. Sultana, and M. A. Hossain, “Re-emergence of
circulatory foot-and-mouth disease virus serotypes Asia1
in Bangladesh and VP1 protein heterogeneity with vaccine
strain IND 63/72,” Letters in Applied Microbiology, vol. 60,
no. 2, pp. 168–173, 2015.

[23] A. R. Samuel and N. J. Knowles, “Foot-and-mouth disease
type O viruses exhibit genetically and geographically distinct
evolutionary lineages (topotypes),” Journal of General
Virology, vol. 82, no. 3, pp. 609–621, 2001.

[24] S. F. Altschul, W. Gish, W. Miller, E. W. Myers, and
D. J. Lipman, “Basic local alignment search tool,” Journal of
Molecular Biology, vol. 215, no. 3, pp. 403–410, 1990.

[25] Md Al-Amin, “Development of effective vaccine against local
isolates of foot and mouth disease virus in Bangladesh,” [PhD
thesis, University of Dhaka] http://repository.library.du.ac.bd:
8080/xmlui/xmlui/handle/123456789/1596, University of
Dhaka]. Dhaka University Institutional Repository, 2020.

[26] K. A. Hossain, H. Anjume, K. M. M. Alam et al., “Emergence
of a novel sublineage, MYMBD21 under SA-2018 lineage of
foot-and-mouth disease virus serotype O in Bangladesh,”
Scientific Reports, vol. 13, Article ID 9817, 2023.

[27] M. R. Ali, H. Ullah, M. A. Siddique, M. Sultana, and
M. A. Hossain, “Complete genome sequence of pig-originated
foot-and-mouth disease virus serotype O from Bangladesh,”
Genome Announcements, vol. 4, no. 5, Article ID e01150-16,
2016.

[28] M. Sultana, M. A. Siddique, S. Momtaz et al., “Complete
genome sequence of foot-and-mouth disease virus serotype O
isolated from Bangladesh,” Genome Announcements, vol. 2,
no. 1, Article ID e01253-13, 2014.

[29] H. Ullah, M. A. Siddique, M. Sultana, and M. A. Hossain,
“Complete genome sequence of foot-and-mouth disease virus
type A circulating in Bangladesh,” Genome Announcements,
vol. 2, no. 3, Article ID e00506-14, 2014.

[30] K. Tamura, G. Stecher, and S. Kumar, “MEGA11: molecular
evolutionary genetics analysis version 11,” Molecular Biology
and Evolution, vol. 38, no. 7, pp. 3022–3027, 2021.

[31] J. D. Thompson, D. G. Higgins, and T. J. Gibson, “CLUSTAL
W: improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice,” Nucleic Acids Research,
vol. 22, no. 22, pp. 4673–4680, 1994.

[32] N. Saitou and M. Nei, “The neighbor-joining method: a new
method for reconstructing phylogenetic trees,” Molecular
Biology and Evolution, vol. 4, no. 4, pp. 406–425, 1987.

[33] M. Kimura, “A simple method for estimating evolutionary
rates of base substitutions through comparative studies of
nucleotide sequences,” Journal of Molecular Evolution, vol. 16,
pp. 111–120, 1980.

[34] M. L. Hossen, S. Ahmed, M. F. R. Khan et al., “The
emergence of foot-and-mouth disease virus serotype O
PanAsia-02 sub-lineage of middle east-south asian topotype in
Bangladesh,” Journal of Advanced Veterinary and Animal
Research, vol. 7, no. 2, pp. 360–366, 2020.

[35] M. Z. Ali and M. Giasuddin, “Detection of an emerging novel
sublineage Ind2001BD1 and lineage PanAsia of foot-and-
mouth disease virus serotype O in cattle in Manikgonj district
of Bangladesh, 2018,” Open Veterinary Journal, vol. 10, no. 3,
pp. 347–353, 2020.

[36] K. Bachanek-Bankowska, A. Di Nardo, J. Wadsworth et al.,
“Reconstructing the evolutionary history of pandemic foot-
and-mouth disease viruses: the impact of recombination

within the emerging O/ME-SA/Ind-2001 lineage,” Scientific
Reports, vol. 8, Article ID 14693, 2018.

[37] WRLFMD, “FAO world reference laboratory for foot-and-
mouth disease (WRLFMD),” 2022, https://www.wrlfmd.org/
southern-asia/bangladesh#panel-2212.

[38] J. D. A. Kitson, D. McCahon, and G. J. Belsham, “Sequence
analysis of monoclonal antibody resistant mutants of type O
foot and mouth disease virus: evidence for the involvement of
the three surface exposed capsid proteins in four antigenic
sites,” Virology, vol. 179, no. 1, pp. 26–34, 1990.

[39] D. Logan, R. Abu-Ghazaleh, W. Blakemore et al., “Structure of
a major immunogenic site on foot-and-mouth disease virus,”
Nature, vol. 362, pp. 566–568, 1993.

[40] S. Momtaz, A. Rahman, M. Sultana, and M. A. Hossain,
“Evolutionary analysis and prediction of peptide vaccine
candidates for foot-and-mouth-disease virus types A and O in
Bangladesh,” Evolutionary Bioinformatics, vol. 10, pp. 187–
196, 2014.

[41] A. K. M. A. Rahman, S. K. S. Islam, M. A. Sufian,
M. H. Talukder, M. P. Ward, and B. Martínez-López, “Foot-
and-mouth disease space-time clusters and risk factors in
cattle and buffalo in Bangladesh,” Pathogens, vol. 9, no. 6,
Article ID 423, 2020.

[42] T. Dubie and W. Negash, “Seroprevalence of bovine foot and
mouth disease (FMD) and its associated risk factors in selected
districts of Afar region, Ethiopia,” Veterinary Medicine and
Science, vol. 7, no. 5, pp. 1678–1687, 2021.

[43] A. Mohamoud, E. Tessema, and H. Degefu, “Seroprevalence of
bovine foot and mouth disease (FMD) in Awbere and Babille
districts of Jijiga zone, Somalia Regional State, Eastern
Ethiopia,” African Journal of Microbiology Research, vol. 5,
no. 21, pp. 3559–3563, 2011.

[44] T. S. Jenbere, M. Etana, and H. Negussie, “Study on the risk
factors of foot and mouth disease in selected districts of Afar
Pastoral area, Northeast Ethiopia,” Journal of Animal and
Veterinary Advances, vol. 10, no. 11, pp. 1368–1372, 2011.

[45] A. Tesfaye, M. Sehale, A. Abebe, A. Muluneh, and D. Gizaw,
“Sero-prevalence of foot and mouth disease in cattle in Borena
Zone, Oromia regional state, Ethiopia,” Ethiopian Veterinary
Journal, vol. 20, no. 1, pp. 55–60, 2016.

[46] M. S. R. Chowdhury, M. I. Ahsan, M. J. Khan et al., “Data on
prevalence, distribution and risk factors for foot and mouth
disease in grazing cattle in haor areas of Bangladesh,” Data in
Brief, vol. 28, Article ID 104843, 2020.

[47] R. Datta, M. M. Islam, M. M. Rahman, M. T. Islam, and
M. K. Hasan, “Prevalence of foot and mouth disease (FMD) in
cattle at Matiranga upazilla in Khagrachhari district in
Bangladesh,” Journal of Chemical, Biological and Physical
Sciences, vol. 5, no. 2, pp. 1720–1725, 2015.

[48] M. A. Mannan, M. P. Siddique, M. Z. Uddin, and M. M. Parvaz,
“Prevalence of foot and mouth disease (FMD) in cattle at Meghna
upazila in Comilla in Bangladesh,” Journal of the Bangladesh
Agricultural University, vol. 7, no. 2, pp. 317–319, 2009.

[49] S. Mostary, K. Hussain, I. Hasan, and F. I. Rume, “Retrospec-
tive study of foot and mouth disease in cattle at Babugonj
upazila of Barisal district,” Research in Agriculture Livestock
and Fisheries, vol. 5, no. 1, pp. 43–48, 2018.

[50] S. S. Dahiya, S. Subramaniam, J. K. Mohapatra et al., “Foot-
and-mouth disease virus serotype O exhibits phenomenal
genetic lineage diversity in India during 2018–2022,” Viruses,
vol. 15, no. 7, Article ID 1529, 2023.

[51] S. S. Dahiya, S. Subramaniam, J. K. Biswal et al., “Genetic
characterization of foot-and-mouth disease virus serotype O

Transboundary and Emerging Diseases 17

http://repository.library.du.ac.bd:8080/xmlui/xmlui/handle/123456789/1596
http://repository.library.du.ac.bd:8080/xmlui/xmlui/handle/123456789/1596
http://repository.library.du.ac.bd:8080/xmlui/xmlui/handle/123456789/1596
http://repository.library.du.ac.bd:8080/xmlui/xmlui/handle/123456789/1596
http://repository.library.du.ac.bd:8080/xmlui/xmlui/handle/123456789/1596
http://repository.library.du.ac.bd:8080/xmlui/xmlui/handle/123456789/1596
https://www.wrlfmd.org/southern-asia/bangladesh#panel-2212
https://www.wrlfmd.org/southern-asia/bangladesh#panel-2212
https://www.wrlfmd.org/southern-asia/bangladesh#panel-2212
https://www.wrlfmd.org/southern-asia/bangladesh#panel-2212


isolates collected during 2014–2018 revealed dominance of
O/ME-SA/Ind2001e and the emergence of a novel lineage in
India,” Transboundary and Emerging Diseases, vol. 68, no. 6,
pp. 3498–3508, 2021.

[52] S. Subramaniam, J. K. Mohapatra, G. K. Sharma et al.,
“Evolutionary dynamics of foot-and-mouth disease virus
O/ME-SA/Ind2001 lineage,” Veterinary Microbiology,
vol. 178, no. 3-4, pp. 181–189, 2015.

[53] P. L. Stewart and G. R. Nemerow, “Cell integrins: commonly
used receptors for diverse viral pathogens,” Trends in
Microbiology, vol. 15, no. 11, pp. 500–507, 2007.

[54] X. W. Bai, H. F. Bao, P. H. Li et al., “Genetic characterization
of the cell-adapted PanAsia strain of foot-and-mouth disease
virus O/Fujian/CHA/5/99 isolated from swine,” Virology
Journal, vol. 7, Article ID 208, 2010.

[55] X. Bai, H. Bao, P. Li et al., “Effects of two amino acid
substitutions in the capsid proteins on the interaction of two
cell-adapted PanAsia-1 strains of foot-and-mouth disease
virus serotype O with heparan sulfate receptor,” Virology
Journal, vol. 11, Article ID 132, 2014.

[56] V. Dill, B. Hoffmann, A. Zimmer, M. Beer, and
M. Eschbaumer, “Adaption of FMDV Asia-1 to suspension
culture: cell resistance is overcome by virus capsid alterations,”
Viruses, vol. 9, no. 8, Article ID 231, 2017.

[57] J. K. Mohapatra, L. K. Pandey, D. K. Rai et al., “Cell culture
adaptation mutations in foot-and-mouth disease virus serotype
A capsid proteins: implications for receptor interactions,”
Journal of General Virology, vol. 96, no. 3, pp. 553–564, 2015.

[58] Q. Zhao, J. M. Pacheco, and P. W. Mason, “Evaluation of
genetically engineered derivatives of a Chinese strain of foot-
and-mouth disease virus reveals a novel cell-binding site
which functions in cell culture and in animals,” Journal of
Virology, vol. 77, no. 5, pp. 3269–3280, 2003.

[59] K. U. Anil, B. P. Sreenivasa, J. K. Mohapatra, M. Hosamani,
R. Kumar, and R. Venkataramanan, “Sequence analysis of
capsid coding region of foot-and-mouth disease virus type A
vaccine strain during serial passages in BHK-21 adherent and
suspension cells,” Biologicals, vol. 40, no. 6, pp. 426–430, 2012.

[60] V. Dill, B. Hoffmann, A. Zimmer, M. Beer, and
M. Eschbaumer, “Influence of cell type and cell culture media
on the propagation of foot-and-mouth disease virus with
regard to vaccine quality,” Virology Journal, vol. 15, Article ID
46, 2018.

[61] M. J. Gonzalez, J. C. Saiz, O. Laor, and D. M. Moore,
“Antigenic stability of foot-and-mouth disease virus variants
on serial passage in cell culture,” Journal of Virology, vol. 65,
no. 7, pp. 3949–3953, 1991.

[62] M. Gullberg, C. Polacek, A. Bøtner, and G. J. Belsham,
“Processing of the VP1/2A junction is not necessary for
production of foot-and-mouth disease virus empty capsids and
infectious viruses: characterization of “self-tagged” particles,”
Journal of Virology, vol. 87, no. 21, pp. 11591–11603, 2013.

[63] M. Gullberg, C. Polacek, and G. J. Belsham, “Sequence
adaptations affecting cleavage of the VP1/2A junction by the
3C protease in foot-and-mouth disease virus-infected cells,”
Journal of General Virology, vol. 95, no. 11, pp. 2402–2410,
2014.

[64] L. K. Pandey, J. K. Mohapatra, S. Subramaniam, A. Sanyal,
V. Pande, and B. Pattnaik, “Evolution of serotype A foot-and-
mouth disease virus capsid under neutralizing antibody
pressure in vitro,” Virus Research, vol. 181, pp. 72–76, 2014.

[65] T. Kristensen, P. Normann, M. Gullberg et al., “Determinants
of the VP1/2A junction cleavage by the 3C protease in foot-

and-mouth disease virus-infected cells,” Journal of General
Virology, vol. 98, no. 3, pp. 385–395, 2017.

[66] E. E. Fry, J. W. I. Newman, S. Curry et al., “Structure of foot-
and-mouth disease virus serotype A1061 alone and complexed
with oligosaccharide receptor: receptor conservation in the
face of antigenic variation,” Journal of General Virology,
vol. 86, no. 7, pp. 1909–1920, 2005.

[67] R. Acharya, E. Fry, D. Stuart, G. Fox, D. Rowlands, and
F. Brown, “The three-dimensional structure of foot-and-
mouth disease virus at 2.9 Å resolution,” Nature, vol. 337,
pp. 709–716, 1989.

18 Transboundary and Emerging Diseases




