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A B S T R A C T

Foot-and-mouth disease (FMD) is one of the most important transboundary animal diseases caused by foot-and-
mouth disease virus (FMDV), leading to significant economic losses worldwide. The first report of PanAsia lineage
of FMDV in China was in 1999. Since 2011, 18 outbreaks attributed to PanAsia lineage viruses have been reported
across 7 provinces or municipality in China. Phylogenetic analysis indicated that these PanAsia strains were
clustered into three distinct clades (clade 1, clade 2, and clade 3), with nucleotide homology ranging from 91.4%
to 100%. The outbreaks of FMD caused by clade 1 strains occurred around 1999 when this lineage was prevalent
globally. Clade 2 strains dominated from 2011 to 2013, while clade 3 strains were prevalent during 2018–2019,
sharing only 93% homology with clade 2 strains and 91% with clade 1 strains. Tracing analysis showed that these
outbreaks represented 3 distinct introductions of PanAsia viruses into China. Virus neutralization tests (VNT) have
demonstrated that current commercial vaccines are effective to protect susceptible animals against these strains
(r1 > 0.3). However, the growing demand for livestock has promoted animal movement and encouraged the
exchange of products, services, and materials between countries, thereby heightening the risk of exotic strain
incursions. Therefore, it is imperative to reinforce border controls and limit animal movements among various
Asian countries continually to reduce the risk of new transboundary diseases, such as FMD incursion. Addition-
ally, PanAsia-2 strains need to be taken seriously to prevent its incursions, and the relevant vaccines against
PanAsia-2 strains need to be stockpiled in preparation for any possible incursion.
1. Introduction

Foot-and-mouthdisease (FMD), caused by foot-and-mouthdisease virus
(FMDV), mainly affects cloven-hoofed domestic animals and wild species,
resulting in devastating economic losses and limiting the trade of animals
and animal products (Brownet al., 2021; Pendell et al., 2015; Poonsuk et al.,
2018). FMD circulates in numerous countries, and the epidemiological
status varies among different regions (Le�on, 2012; Rweyemamu et al.,
2008). The severity of the disease differs based on the species, breed, virus
strains, and host immunity, with the main clinical symptom being the
occurrence of blisters in the mouth and on the feet (Jumaa et al., 2021).
FMDV belongs to the Aphthovirus genus of the Picornaviridae family,
encompassing 7 immunologically distinct serotypes: O, A, C, Asia 1, SAT 1,
ezheng@163.com (H. Zheng).
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24

s by Elsevier B.V. on behalf of KeA
-nd/4.0/).
SAT2, andSAT3. Lackof effective cross-protection among serotypes aswell
as incomplete protection among certain strains within the same serotype,
restrain the development and application of vaccines that provide
cross-serotype protection (Mahapatra and Parida, 2018). Furthermore,
specific FMDV lineages, which circulated and maintained within certain
endemic reservoirs, frequently spread to novel geographical regions,
particularly countries at the interfaces between pools, where FMD out-
breaks commonly occur (Paton et al., 2018). The widely-used control
strategy is vaccination, but the emergence of exotic strains or genetic and
antigenic variants can cause incomplete protection even vaccination failure
(Abdulrahman et al., 2019). Moreover, the movement of goods, animals,
and their products increase the risk of disease incursion (Bertram et al.,
2018).
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The global distribution of FMDV serotypes is uneven, and serotypes O
and A predominantly identified in most FMD endemic regions (Samuel
and Knowles, 2001). The PanAsia lineage, which belongs to the
O/Middle East-South Asia (O/ME-SA) topotype, was first detected and
confined in India since 1982 (Hemadri et al., 2002), subsequently
spreading quickly northward and westward. By the late 1990s,
O/PanAsia viruses had reached the Middle East. PanAsia lineage strains
spread further into China in 1999 and into Southeast Asian countries,
causing outbreaks in Thailand in 1999, Malaysia and Laos (PDR) in 2000,
Vietnam in 2002, and South Korea and Japan in 2000 (Knowles and
Samuel, 2003; Knowles et al., 2005). In addition, the incursion of the
PanAsia strains into Southern Africa in 2000 was the first recorded
outbreak in this region caused by serotype O since 1957 (Bruckner et al.,
2002). According to information from the World Reference Laboratory
for Foot-and-Mouth Disease (WRLFMD), FMDV O/ME-SA/PanAsia has
also been detected from samples collected in the Russian Federation and
Mongolia in 2014, showing close genetic relationships with viruses from
Vietnam. Furthermore, the PanAsia-2 strain has evolved and widely
spread in Southern Asia and the Middle East (Hossen et al., 2020), while
in Southeast Asia, this lineage appears to be exclusive to Malaysia, likely
introduced in the early 2000s and persisting until 2009 (Abdul-Hamid
et al., 2011).

China shares borders with Myanmar, India, Laos, Bangladesh,
Vietnam, and Cambodia. Epidemiological evidence suggests that live-
stock movements within the country and transboundary are vital for
FMD transmission, and FMDV carrier animals transported across
infected regions often serve as the source for acute outbreaks (Na
Ayudhya et al., 2012). Although the trade of live ruminants and
ruminant products are prohibited between South-East Asia (SEA)
countries and China at the end of the last century, the growing demand
for animal products, surging beef prices, and the porous nature of
borders promote the influx of livestock into China from the neighboring
countries, with over a million cattle reported exported to southern
China annually prior to the onset of the SARS-CoV2 pandemic (Di
Nardo et al., 2011). A series of studies found that informal livestock
movements from SEA countries into China, especially through the
Mekong River, pose high risk to FMD control and continuously threaten
the transboundary transmission of FMDV strains (Smith et al., 2015).
FMDV O serotype still presents a complicated situation in China, with
four distinct type O lineages circulating concurrently as of 2018
(Mya-98, CATHAY, PanAsia, and Ind-2001) (He et al., 2023). This study
aims to investigate the genetic diversity, geographical distribution, and
epidemiological characteristics of FMDV O/PanAsia strains in China
since their introduction, which may provide information to guide the
control and prevention measures for this disease.

2. Materials and methods

2.1. Data collection

A total of 37 samples (swabs, tissues and oesophagus-pharyngeal
fluids) from animals in field outbreaks were collected, and subse-
quently dispatched to Lanzhou Veterinary Research Institute (LVRI). All
obtained samples were utilized for RNA extraction, followed by reverse
transcription quantitative real-time PCR (RT-qPCR) detection and
sequencing analysis, and finally were subtyped by antigen-ELISA assay.
There were no outbreaks caused by PanAsia strains during the period
from 2020 to 2023 (During this timeframe, three type O lineages were
prevalent, including two outbreaks of Mya-98, three outbreaks of
CATHAY, and eight outbreaks of Ind-2001). Finally, a total of 18 nucle-
otide sequences encoding the VP1 region of FMDV PanAsia strains
collected from 2011 to 2019 at different locations were included in the
analysis. Additionally, 145 sequences were obtained from published
literature, or downloaded from GenBank or the China reference labora-
tory for FMD, resulting in a total of 163 VP1 sequences being utilized in
this study.
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2.2. Viral RNA extraction and VP1 sequencing

The total RNAs of the collected samples were extracted using
magnetic bead-based RNA extraction kits. cDNA was synthesized using
M-MLV reverse transcriptase (Promega, Madison, USA) with random
primers following the manufacturer's protocol. The conventional spe-
cific primer pair (1D F: 50-GCGCTGGCAAAGACTTTGA-30; 1D R: 50-
GACATGTCCTCCTGCATCTGGTTGA-30) was used to amplify the DNA
fragment of the VP1 coding region (639 nucleotides in length). The
amplified PCR fragments were electrophoresed through 1% agarose
gel before being submitted for DNA sequencing by the Sanger method.
The nucleotide sequences were analyzed, assembled, and aligned
using the Lasergene package (DNASTAR, Madison, USA).

2.3. Phylogenetic analysis

Sequence alignment was conducted using ClustalX2 software. A
phylogenetic tree was constructed via MEGA X to analyze the genetic
relationship between sequences obtained from China and available se-
quences from neighboring countries. The evolutionary history of all these
VP1 sequences was calculated using the Maximum Likelihood statistical
method. The topology of the phylogenetic tree was assessed and evalu-
ated through the bootstrap method with 1000 replicates. Differences in
the evolutionary rate among sites were analyzed by the General Time
Reversible model (GTR) along with a Gamma distribution with Invariant
(G þ I).

2.4. Virus neutralization test (VNT)

As described in the World Organisation for Animal Health (WOAH)
Manual of Diagnostic Tests and Vaccines for Terrestrial Animals, with
slight modifications, vaccine matching is determined by comparing the
serum titer of a field strain against that of the vaccine strain utilized for
vaccination serum preparation. Specifically, serum samples collected
from vaccinated cattle at 21 days post-vaccination were heat-inactivated
at 56 �C for 30 min, and subsequently diluted in serial two-fold dilutions.
The test serum was incubated with equal volume of PanAsia virus (100
TCID50) at 37 �C for 1 h, and then added to monolayer BHK-21 cells in 96-
well plate for incubation. The cytopathic effect (CPE) was checked and
observed after three days. The neutralization titer was calculated as the
log10 of the reciprocal antibody dilution to neutralize 100 TCID50 of the
virus. FMDV vaccines O/MAY98/BY/2010 and O/MYA98/BY/2010þ
O/PanAsia/TZ/2011þRe-A/WH/09 were used for VNT, respectively.
The antigenic relationship (r1 value) between traditional vaccines and
field isolates in vitro was calculated by the neutralizing antibody titer
against the heterologous virus divided by the neutralizing antibody titer
against the homologous virus: r1 values more than 0.3 indicate signifi-
cant cross-protection and matching between vaccine strains and circu-
lating field strains, whereas r1 less than 0.3 indicate the tested vaccine
strain is unlikely to provide complete protection against challenges with
the field isolate, which need to screen alternative vaccine strain or
develop a new vaccine strain (Rweyemamu and Hingley, 1984). All tests
were carried out in triplicate, and repeated at least three times.

3. Results

3.1. Outbreaks

A total of 107 FMD outbreaks have been reported to WOAH from
2011 to 2023 in China, of which 18 outbreaks (5 in 2011, 2 in 2012, 4 in
2013, 6 in 2018, and 1 in 2019) belong to the PanAsia lineage. The re-
cords indicated that these outbreaks occurred in seven provinces or
municipalities, including Guizhou, Tibet, Ningxia, Gansu, Shanxi, Hubei,
and Xinjiang (Fig. 1), which are primarily distributed in the northwest
and southwest regions of China. The outbreaks occurred in different
months each year, with higher outbreaks frequency in 2011, 2013, and



Fig. 1. Distribution map of the FMDV O/ME-SA/PanAsia outbreaks in China during 2011–2023. Each icon represents each outbreak in the indicated year.
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2018, which were coincided with the high incidence period of FMDV
epidemic in China due to the incursion of exotic strains or variation of the
viruses. Samples such as swabs, epithelial tissues, and vesicular fluids
from animals with suspected FMD were collected and were identified by
antigen ELISA, VP1 sequencing, and phylogenetic analysis. Of the 18
outbreaks, 17 were reported in cattle and only one in pigs. Table 1
summarizes the detailed information regarding these outbreaks.

3.2. Genetic diversity and phylogenetic analysis

The VP1 sequences of PanAsia FMDV strains from the 18 outbreaks
reported between 2011 and 2019, along with 5 sequences downloaded
from the GenBank database that occurred around 1999, were included in
Table 1
Overview of FMDV serotype O/ME-SA/PanAsia outbreaks in China.

Year Report Date Species Susceptible Cases

2011 07/04/2011 Cattle 252 87
2011 21/07/2011 Cattle 73 46
2011 05/09/2011 Cattle 1744 6
2011 10/10/2011 Cattle 108 7
2011 17/10/2011 Cattle 389 26
2012 22/02/2012 Cattle 51 4
2012 13/09/2012 Cattle 272 123
2013 01/03/2013 Cattle 37 13
2013 13/06/2013 Cattle 105 22
2013 22/07/2013 Cattle 85 85
2013 13/08/2013 Cattle 51 14
2018 13/04/2018 Cattle 35 2
2018 21/04/2018 Cattle 41 6
2018 12/06/2018 Cattle 60 2
2018 15/06/2018 Cattle 36 13
2018 02/11/2018 Cattle 271 20
2018 27/11/2018 Pig 331 108
2019 27/03/2019 Cattle 31 7
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this study. These sequences were compared with those previously re-
ported in Bangladesh, India, Pakistan, Vietnam, Laos, Malaysia, Thailand,
Kazakhstan, Israel, State of Palestine, South Korea, United Kingdom, and
Cambodia. The nucleotide and amino acid sequence identity among all
Chinese isolates were 91.1%–100% and 95.3%–100%, respectively.
Phylogenetic analysis revealed that the VP1 sequences clustered into three
distinct clades in this study. The PanAsia strains isolated in Tibet, Hainan,
Fujian, and Taiwan in 1999 were classified into clade 1 and shared
98.7%–99.4% nucleotide homology. These sequences were closely related
to those circulating in neighboring countries such as Thailand, Malaysia,
and Cambodia, sharing approximately 99% homology with the strains
from India. In 2011, this strain first caused an outbreak in cattle in
Guizhou. The phylogenetic tree showed that the homology of the isolated
Deaths Destroy Provinces Isolates

12 240 GUIZHOU JF837375
0 73 GUIZHOU 2011035
6 1738 TIBET 2011043
0 108 TIBET 2011044
0 389 NINGXIA 2011045
0 51 NINGXIA 2012011
0 272 TIBET 2012036
0 37 TIBET 2013OP
0 105 TIBET 2013097
0 85 TIBET 2013106
0 57 TIBET 2013111
0 35 GANSU MH791317
0 41 XINJIANG MH807443
0 60 SHANXI 2018054
3 33 HUBEI 2018056
0 271 XINJIANG 2018085

46 285 XINJIANG 2018090
0 31 XINJIANG 2019014
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PanAsia O/CHA/7/2011 (JF837375) strain was considerably distant from
the earlier reported strains in 1999, with only 93.4%–93.9% identity.
Trace analysis demonstrated that O/CHA/7/2011 shared over 98%
homology and high genetic relationship with the strains identified in
Vietnam (99.1%), Laos (98.6%) and Cambodia (98.1%) in 2010 (Fig. 2).
Subsequently, PanAsia strains caused epidemics in cattle of Guizhou,
Tibet, and Ningxia, and these strains shared nucleotide identities ranging
from 97.8% to 100% with each other, which were identified as clade 2.
Although a PanAsia strain O/GD/CHA/2015 (KY234502) was identified
in 2015 in a slaughtered pig, the PanAsia strains did not cause any
outbreaks in China from 2014 to 2017. However, this lineage caused
O

O/ME-SA/ Ind- 2001

KC506429 O/IND117/2010 |India
OK107521 O/CAM8/2019|Cambodia
O-VIT-8-2017|Vietnam
OK206051 O/VIT/LA -P07- 7/2018 |Vietnam
O-VIT-1-2018|Vietnam
ON868636 O/VIT/17F45/2017 |Vietnam

2018054|China
OK107518 O/CAM4/2019|Cambodia
OK107519 O/CAM5/2019|Cambodia
OK107517 O/CAM3/2019|Cambodia

2018056 |China
MH791317 (2018) |China

OK107520 O/CAM7/2019|Cambodia
OK107525 O/CAM13/2019 |Cambodia

2018085 |China
OK318547 O/VIT/BK3-P158/2017|Vietnam

2019014|China
2018090|China

MH807443 (2018) |China
O-Laos-3-9-2018|Laos

Clade 3

KY492074 VIT/12/2014 |Vietnam
KM588387 O/VN/QT8/2013|Vietnam
KM588388 O/VN/QT9/2013|Vietnam
KY492070 VIT/33/2013 |Vietnam

KM588386 O/VN/QT7/2013|Vietnam
KY234502 O/GD/CHA/2015 |China

MF947132 O/VIT/16456/2015 |Vietnam
MZ851287 CAM/03/2016 |Cambodia

MZ851285 CAM/1/2015 |Cambod
MZ851321 TAI/16/2015|Thailand

KR401207 O/VIT/20/2010|Vietnam
KM588398 O/VN/HN12/2014 |Vietnam
KM588397 O/VN/HN11/2014 |Vietnam
KX944734 VIT/16/2014 |Vietnam

KM588393 O/VN/HN7/2014|Vietnam
KM5883

KM588396 O/VN/HN10/2014
KY492066 VIT/22/2013|Vietnam

KM588384 O/VM/HN2/2013|Vietnam
2013111 |China
2012036 |China

KR401209 O/VIT/1/2011|Vietnam
KR401208 O/VIT/22/2010|Vietnam

2013106|China
2013097|China
2012011|China

KT153181 O/VIT/949177/2012 |Vietnam
KR401217 O/LAO/02/2010 |Laos

JF837375O/CHA/7/2011 |China
KT153085 O/VIT/03/2011|Vietnam

KT153176 O/VIT/7223/2010|Vietnam
JQ765581 O/Kurchum/08/2011|Kazakhstan
JQ765582 O/Urdzhaz/12/2011|Kazakhstan

2011043 |China
2011035 |China

KT153099 O/VIT/122/2011|Vietnam
O-TAI-7-2011|Thailand
MF947139 O/VIT/190/2010 |Vietnam
KR401198 O/CAM/02/2010 |Cambodia
KR401206 O/VIT/12/2010 |Vietnam
MK511184 ISR/10/2015|Israel
MK511175 ISR/1/2015 |Israel
MK511185 PAT/1/2015 |State of Palestine

2013OP |China
2011045 |China

KR401218 O/LAO/01/2011 |Laos
KR401196 O/CAM/01/2010 |Cambodia

2011044 |China
KR401199 O/CAM/01/2010 |Cambodia

AJ318833 O/CHA/4/99 |China
AJ318830 O/CHA/1/99 |China

AJ318831 O/CHA/2/99|China
EU667443 O/LAO/11/99 |Laos

DQ164978 O/TAI/9/99|Thailand
AJ294927 O/TAW/2/99 |China

AJ539141 UKG/35/2001|United Kingdom
AJ318832 O/CHA/3/99 |China

O-SKR-2002|South Korea
AJ318846 O/MAY/2/2000 |Malaysia

DQ165020 O/VIT/6/2002|Vietnam
AJ318828 O/CAM/2/2000|Cambodia
EU667444 O/LAO/1/2000|Laos

EU667441 O/LAO/1/99|Laos

O/ME-SA/PanAsia 2

} In

Fig. 2. Phylogenetic tree based on VP1 sequences of FMDV O/ME-SA/PanAsia isola
trees through MEGA X software. The VP1 sequences of O/ME-SA/Ind-2001e, CATHA
Mongolia, Thailand, South Korea, Vietnam, and Laos) were also included for out-grou
from cattle imported from Laos to China. The sequences which have no GenBank acce
KC506429 which was detected in India in 2011 represents a single genetic group with
and was named as lineage Ind2011.)
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outbreaks again in 2018 and 2019, which spread across four provinces
(Gansu, Xinjiang, Shanxi and Hubei). Genetic relationships analysis
revealed that the VP1 sequences identified in 2018 and 2019 shared
91.4%–92.5% homology with the strains isolated in 1999, and
93.6%–95.6% with the strains isolated from 2011 to 2013. Further
analysis indicated that these strains had over 98.0% homology and high
genetic relationship with the exotic strains identified in Vietnam
(98.3%–99.7%) and Laos (99.4%) in 2017 and 2018. The strains in
2018–2019 were positioned in a separate branch with 97.7%–99.4%
nucleotide identities and classified as clade 3. From 2020 to 2023, this
lineage did not cause any outbreaks in China.
O/CATHAY

/SEA/Mya-98

ia

95 O/VN/HN9/2014|Vietnam
|Vietnam

Clade 2

Clade 1

0.05

Cambodia
Vietnam
Laos

Kazakhstan
Thailand

Israel

China

Malaysia
United Kingdom
India

State of Palestine
South Korea

d2011

O/ME - SA/PanAsia

tes. The Maximum-likelihood approach was employed to construct phylogenetic
Y and Mya-98 isolated in China and other countries (Russia, Nepal, Bangladesh,
p analysis. (Notes: The sequence “O-Laos-3-9-2018” was collected from a sample
ssion numbers were kindly obtained from the SEACFMD or the WRLFMD reports.
> 9% nucleotide divergence from the rest of lineages circulating in the country
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3.3. Comparison of VP1 amino acid sequences

The pivotal capsid protein VP1 plays an important role in receptor-
mediated virus attachment to host cells and contains the critical resi-
dues for the induction of humoral immune responses (43–51, 135–144,
198, and 206–208 sites). Residue mutations within the VP1 protein occur
frequently and can alter the properties of the virus (Ekanayaka et al.,
2020; Lian et al., 2016). Therefore, the deduced VP1 amino acid se-
quences of 23 PanAsia strains obtained from China during 1999–2019
were aligned to investigate the genetic characterization of these strains.
The amino acid sequence alignment showed that the strains isolated in
2018–2019 had 95.3%–97.2% and 95.8%–97.7% homology with the
strains isolated in 2011–2013 and 1999, respectively. The strains isolated
in 2011–2013 had 96.2%–98.6% identity with the strains isolated in
1999, and the strains isolated in 1999 had 98.6%–100% identity with
each other. Further analysis showed that 92% of amino acids (total 213
amino acids) of these strains were conserved. Of the 17 non-synonymous
mutations, 10 were sporadic and 7 were regular mutations. These 7
Fig. 3. Deduced VP1 amino acid sequences of PanAsia lineage FMDV strains isolated

751
regular amino acid substitutions at positions 25, 45, 46, 96, 135, 138, and
172 were outbreak-year-specific; for instance, at site 138, glutamic acid
(E) was specific to the strains isolated in 1999, while it was alanine (A) in
strains from 2011 to 2013, and threonine (T) in strains from 2018 to
2019. The amino acid substitutions occurred during the three periods
included the following sites: (25Q-R-Q, 45K-K-Q, 46D-D-N, 96A-T-A, 135K-R-R,
172R-Q-R). Subsequently, we analyzed all the PanAsia strains (82 se-
quences) used in this study, and these 7 regular substitutions were also
present in strains from surrounding countries. The RGD (arginine-glyci-
ne-aspartic acid) tripeptide, which acts as the host cell receptor for FMDV
at positions 145–147 of the VP1 protein among all the sequences, was
highly conserved. However, changes of three amino acids at positions
45K-K-Q, 135K-R-R, and 138E-A-T, which were within the antigen sites of the
VP1 protein, were also observed. The potential influence of these sites on
vaccine selection or virus evolution should be further considered. Next,
we used the O/MYA98/BY/2010 (JN998086) strain as the reference.
There were 29mutations when compared with the vaccine strain (Fig. 3).
In addition to the above sites, the other mutations were 28H-Q, 47S-Q,
in China. Amino acids which are different with the reference strain were shown.
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58S-A, 85D-N, 136A-G, 138G-S, 139S-P, 141P-T, 158P-T, 194V-I, 198A-E, and
212S-L. These mutations might influence the vaccine strain activity
against field isolates.

3.4. Vaccine matching

A series of VNT assays were conducted to evaluate the cross-
protective efficacy of the selected vaccine strains against field isolates
in vitro. Specifically, we evaluated the protective response in serum
samples from cattle immunized with either the FMD vaccine O/MYA98/
BY/2010 or a combination of O/MYA98/BY/2010, O/PanAsia/TZ/2011,
and Re-A/WH/09 (designated as the O/A Bivalent inactivated vaccine) at
21 days post-vaccination (dpv). The sera were tested against a panel of
PanAsia strains (2011007, 2012036, 2013106, 2018035, 2018054,
2018056). The r1 values generated between the O/MYA98/BY/2010
vaccine strain and the respective field virus strains were all higher than
0.3. Moreover, protective activity was observed for the bivalent vaccine
against these field strains, revealing that the bivalent vaccine could
provide effective protection against the PanAsia isolates, as the alterna-
tive r1 values were above 0.70. Detailed findings are illustrated in Fig. 4.
According to r1 values determined by VNT, the antigen relationship
between these vaccines and field isolates was matched. These results
suggest that the current vaccines could exhibit high cross-reactivity and
provide potential effective protection against the PanAsia isolates.

4. Discussion

The O/ME-SA/PanAsia lineage, which had caused a worldwide FMD
epidemic and pandemic, was first introduced to China in 1999, leading to
the “first epidemiological period (1999)” of outbreaks in Tibet, Hainan,
Fujian, and Taiwan. Subsequently, this lineage caused the “second
epidemiological period” from 2011 to 2013 in China, with 11 recorded
outbreaks in locations including Guizhou, Tibet, and Ningxia. The VP1
sequences from strains in the “second epidemiological period” shared
high homologous with those isolated in Vietnam and Cambodia in 2010,
while showing a low identity with the “first epidemiological period”
strains. Although the exact origin of this lineage was unclear, Brito et al.
demonstrated that large amount of ruminants and pig movement
occurred primarily from northern to southern Vietnam and from north-
ern Vietnam to China during this period (Brito et al., 2017), implying the
likelihood of introduction of these strains into China from Vietnam, and
the trans-provincial dissemination of FMDV in China has facilitated its
spread. The O/ME-SA/PanAsia lineage FMDV did not cause outbreak of
FMD in China between 2014 and 2017. However, it triggered the “third
epidemiological period” from 2018 to 2019, during which 7 outbreaks
were recorded. Molecular traceability analyses showed that isolates from
this period exhibited over 98% identity with the PanAsia strains
Fig. 4. Antigenic relationship (r1) values of FMDV vaccines O/MYA98/BY/2010
O/PanAsia strains (2011007, 2012036, 2013106, 2018035, 2018054, 2018056),
PanAsia strain.
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prevalent in Vietnam and Laos in 2017 and 2018, contrasting with a 94%
identity to strains from 2011. Based on the Southeast Asia and PR China
FMD campaign (SEACFMD) information, the PanAsia strains were
detected in cattle swabs transported from Laos to China in early 2018,
showing a 98.4%–99.2% homology with that isolated in China.
Comprehensive sequence analysis and field epidemiological studies
demonstrated that the PanAsia outbreaks in China during 2018 was
likely due to the introduction of exotic strains, indicating the importance
of strengthening control of animal trafficking in Southwest border areas.
Post-2019, no PanAsia lineage viruses were detected in China for four
consecutive years, potentially attributed to mandatory FMDV immuni-
zation efforts, effective matching of commercial vaccines against PanAsia
isolates, and augmented animal surveillance at borders.

Livestock movements across and within countries are considered a
significant factor in the circulation of FMDV in SEA, and movements of
the informal animals or related products from SEA countries to China
increased the risk of introducing exotic strains and spreading of FMDV to
FMD free areas (Cai, 2012). Additionally, wildlife products sourced le-
gally or illegally from SEA countries contribute to this risk, with over half
(60%) of the animals and derivatives traded from SEA to China report-
edly coming from wild and ranching sources (Jiao et al., 2021; UNODC,
2019). This also increased the risk of emerging exotic strains and
spreading of FMDV from SEA to China. For example, new strains of FMDV
including O/PanAsia, O/Ind-2001, A/ASIA/Sea-97, and Asia 1
were confirmed and emerged into China (Knowles et al., 2012;
Valdazo-Gonz�alez et al., 2013). Gunasekara et al. further demonstrated
that Vietnam is more likely to be the origin of viral movements into China
rather than a recipient of viral introductions from China itself
(Wijewickramalage Gunasekara, 2021), and correlations between viral
movements from Laos and China have been identified within a
space-time risk model. Laos serves as a critical conduit for transboundary
animal movements within the Greater Mekong Sub-region, facilitating
directly exports to China and Vietnam, as well as indirect trade from
Thailand and Myanmar to China and Vietnam (Subharat et al., 2022).

Historically, pigs played crucial roles in FMD outbreaks, which pro-
vided an important contribution in viral evolution with higher antigenic
diversity compared to other species, mainly occurring in Eastern Asia and
subsequently affecting China, North Korea, and South Korea (Le�on,
2012). The PanAsia strains are generally biased to infect cattle. Each
occurrence of this lineage re-emergence in China has predominantly
involved infections in cattle upon introduction. However, as the virus
spreads, it possesses the ability to infect swine. The PanAsia strain in
2018 was detected in pig samples in Xinjiang, which proved that this
strain could infect pigs and cause swine disease. Local epidemiological
investigations further revealed that the epidemic of this strain had
occurred in local cattle, and it was more likely to be transmitted from
cattle to pigs. This phenomenon has also been detected in other
(A) or O/MYA98/BY/2010þO/PanAsia/TZ/2011þRe-A/WH/09 (B) against
respectively. The Y-axis indicates the r1 value, and the X-axis indicates each



X. Zhang et al. Virologica Sinica 39 (2024) 747–754
countries. In Vietnam, the PanAsia strain has been prevalent in pigs since
2010 (Brito et al., 2017), with transmission detected from cattle to pig,
cattle to buffalo, and vice versa. Both bovines and pigs are moved from
north to south in Vietnam and transmitted from the north Vietnam into
China (Smith et al., 2015).

Vaccination plays a crucial role in FMD control (Mahapatra and
Parida, 2018). However, genetic and antigenic variability and diversity
within pandemic regions can cause vaccine failure, leading to persistent
demand for the development of appropriate vaccine strains against
circulating viruses. The O PanAsia-2 vaccine strain (TUR/5/2009) ex-
hibits broad cross-reactivity with many viruses in Asia (Mahapatra et al.,
2017). Nevertheless, two strains (O/PAK/10/2016 and O/PAK/4/2017)
from the O/ME-SA/PanAsia-2ANT�10 sub-lineage are almost nonreactive
with cattle serum from the vaccine strain (O1 Manisa, O 3039 and O
TUR/5/2009) in the VNT assay, with r1 values between 0 and 0.1
(Bachanek-Bankowska et al., 2019). In our study, phylogenetic analysis
based on the VP1 sequences from 18 isolates in China classified them
within the O/ME-SA/PanAsia lineage. Although there were several
amino acids mutation within the antigen sites of VP1 protein (Wang
et al., 2014), the O/BY/MYA98/2010 vaccine has shown compatibility
with multiple isolates, indicating that the current vaccines used in China
could provide complete protection against these PanAsia lineage strains.
The VP1 protein has been extensively used to differentiate serotypes,
topotypes, and lineages of FMDV worldwide. Moreover, certain VP1
residues are involved in the antigenic site formation, and even small
genetic variation can alter the antigenic specificity, impacting vaccine
strain selection and neutralizing antibody binding, potentially leading to
immune escape (Lee et al., 2020). However, the antigenic diversities of
the currently known epitopes are limited, warranting further research to
understand the FMDV neutralization mechanism in natural hosts. Be-
sides, more extensive investigations into the VP3 and VP2 proteins are
also needed to determine the antigenic characteristic.

5. Conclusions

Overall, this 20-year study highlights the recurrence of PanAsia
FMDV strains and the complexity of the FMD situation in China and
the neighboring countries. Despite the limited frequency and
geographic extent of sampling, our data support the concept of three
clades of the PanAsia lineage FMDV in China and the surrounding
area. Although this lineage did not cause new outbreaks of FMD in the
recent four years in China, the PanAsia lineage viruses have repeat-
edly caused outbreaks in neighboring countries. Additionally, the
isolated strains in 2018 and 2019 showed significant genetic variation
from the previously reported O/PanAsia strains in China. This in-
creases the complexity of FMD in China and the surrounding coun-
tries. Although the vaccine matching assay suggested that the current
vaccines could provide potential efficient protection against the his-
torical PanAsia lineage strains, the constant and rapid evolution of
this lineage, as well as the complex epidemiological dynamics of
FMDV circulation in Asian countries, may lead to the evasion of the
current commercial vaccine coverage and result in an increased re-
incursion risk of these lineage viruses in China.

Data availability

The data supporting this study's findings are available from the cor-
responding authors, Jijun He: hejijun@caas.cn, or Haixue Zheng:
haixuezheng@163.com upon reasonable request.

Ethics statement

This article does not contain any studies with human or animal sub-
jects performed by any of the authors.
753
Author contributions

Xiangle Zhang and Weimin Ma: conceptualization, investigation,
writing - original draft, writing - review&editing. Baohong Liu: data
curation, investigation, methodology. Chaochao Shen: investigation,
supervision. Fan Yang: data curation, formal analysis. Yamin Yang: data
curation, validation. Lv Lv: data curation, methodology. Jinyan Wu:
validation, resources. Yongjie Liu: formal analysis, methodology. Youjun
Shang, Jianhong Guo and Zixiang Zhu: formal analysis, resources.
Xiangtao Liu: conceptualization, datacuration, formal analysis, project
administration. Haixue Zheng and Jijun He: data curation, methodology,
project administration, resources, supervision and writing -
review&editing.

Conflict of interest

The authors declare that they have no conflicts of interest.

Acknowledgements

This work was supported by grants from the National Key R&D Pro-
gram of China (2021YFD1800300), the Fundamental Research Funds for
the Central Universities, the Fundamental Research Funds for Innovation
Team of Gansu Province (23JRRA546), the Key Technologies R&D Pro-
gram of Gansu Province (23JRRA1515), the Innovation Project for Young
Scientist in Lanzhou (2023-QN-75), the Open Competition Program of
Top Ten Critical Priorities of Agricultural Science and Technology
Innovation for the 14th Five-Year Plan of Guangdong Province
(2023SDZG02), the Project of National Center of Technology Innovation
for Pigs (NCTIP-XD/C03), the GACC project (2024HK068), the Basic
Research Fund of LVRI in CAAS (LVRI-1610312022006), and the Ear-
marked Fund for CARS-35 and CARS-39-13.

References

Abdul-Hamid, N.F., Hussein, N.M., Wadsworth, J., Radford, A.D., Knowles, N.J.,
King, D.P., 2011. Phylogeography of foot-and-mouth disease virus types O and A in
Malaysia and surrounding countries. Infect. Genet. Evol. 11, 320–328.

Abdulrahman, D.A., El-Deeb, A.H., Shafik, N.G., Shaheen, M.A., Hussein, H.A., 2019.
Mutations in foot and mouth disease virus types A and O isolated from vaccinated
animals. Rev. Scientif. Tech. 38, 663–680.

Bachanek-Bankowska, K., Wadsworth, J., Henry, E., Ludi, A.B., Bin-Tarif, A., Statham, B.,
King, D.P., Afzal, M., Hussain, M., Manzoor, S., 2019. Genome sequences of
antigenically distinct serotype O foot-and-mouth disease viruses from Pakistan.
Microbiol. Res. Announc. 8, e01397, 01318.

Bertram, M.R., Bravo de Rueda, C., Garabed, R., Dickmu Jumbo, S., Moritz, M.,
Pauszek, S., Abdoulkadiri, S., Rodriguez, L.L., Arzt, J., 2018. Molecular epidemiology
of foot-and-mouth disease virus in the context of transboundary animal movement in
the far north region of Cameroon. Front. Vet. Sci. 5, 320.

Brito, B., Pauszek, S.J., Eschbaumer, M., Stenfeldt, C., de Carvalho Ferreira, H.C., Vu, L.T.,
Phuong, N.T., Hoang, B.H., Tho, N.D., Dong, P.V., 2017. Phylodynamics of foot-and-
mouth disease virus O/PanAsia in Vietnam 2010–2014. Vet. Res. 48, 1–12.

Brown, V.R., Miller, R.S., McKee, S.C., Ernst, K.H., Didero, N.M., Maison, R.M.,
Grady, M.J., Shwiff, S.A., 2021. Risks of introduction and economic consequences
associated with African swine fever, classical swine fever and foot-and-mouth
disease: A review of the literature. Transbound. Emerg. Dis. 68, 1910–1965.

Bruckner, G., Vosloo, W., Plessis, B., Kloeck, P., Connoway, L., Ekron, M., Weaver, D.,
Dickason, C., Schreuder, F., Marais, T., 2002. Foot and mouth disease: the experience
of South Africa. Rev. Scientif. Techn.-Office Int. �epizoot. 21, 751–761.

Cai, C., 2012. The risk of foot and mouth disease entering China through the movement of
animals from Upper Mekong region countries. https://researchportal.murdoch
.edu.au/esploro/outputs/doctoral/The-risk-of-foot-and-mouth/991005541
004907891. (Accessed 2 April 2024).

Di Nardo, A., Knowles, N., Paton, D., 2011. Combining livestock trade patterns with
phylogenetics to help understand the spread of foot and mouth disease in sub-
Saharan Africa, the Middle East and Southeast Asia. Rev. Scient. Techn.-OIE 30, 63.

Ekanayaka, P., Lee, S.Y., Herath, T.U.B., Kim, J.H., Kim, T.H., Lee, H., Chathuranga, K.,
Chathuranga, W.A.G., Park, J.H., Lee, J.S., 2020. Foot-and-mouth disease virus VP1
target the MAVS to inhibit type-I interferon signaling and VP1 E83K mutation results
in virus attenuation. PLoS Pathog. 16, e1009057.

He, J.-j., Ma, W.-m., Lü, L., Jin, Y., Yang, Y.-m., Yang, F., Cao, W.-j., Liu, Y.-j., Wu, J.-y.,
Zhang, X.-l., 2023. Epidemiological characteristics of foot-and-mouth disease in
China between 2017 and 2022. Acta Microbiol. Sin. 10, 3955–3966.

mailto:hejijun@caas.cn
mailto:haixuezheng@163.com
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref1
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref1
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref1
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref1
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref2
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref2
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref2
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref2
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref3
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref3
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref3
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref3
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref4
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref4
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref4
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref4
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref5
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref5
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref5
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref5
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref5
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref6
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref6
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref6
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref6
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref6
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref7
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref7
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref7
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref7
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref7
https://researchportal.murdoch.edu.au/esploro/outputs/doctoral/The-risk-of-foot-and-mouth/991005541004907891
https://researchportal.murdoch.edu.au/esploro/outputs/doctoral/The-risk-of-foot-and-mouth/991005541004907891
https://researchportal.murdoch.edu.au/esploro/outputs/doctoral/The-risk-of-foot-and-mouth/991005541004907891
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref9
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref9
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref9
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref10
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref10
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref10
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref10
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref11
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref11
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref11
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref11


X. Zhang et al. Virologica Sinica 39 (2024) 747–754
Hemadri, D., Tosh, C., Sanyal, A., Venkataramanan, R., 2002. Emergence of a new strain
of type O foot-and-mouth disease virus: its phylogenetic and evolutionary
relationship with the PanAsia pandemic strain. Virus Gene. 25, 23–34.

Hossen, M.L., Ahmed, S., Khan, M.F.R., Nazir, K.N.H., Saha, S., Islam, M.A.,
Rahman, M.T., Sayem, S.M., Rahman, M.B., 2020. The emergence of foot-and-mouth
disease virus serotype O PanAsia-02 sub-lineage of Middle East–South Asian topotype
in Bangladesh. J. Adv. Veterin. Anim. Res. 7, 360.

Jiao, Y., Yeophantong, P., Lee, T.M., 2021. Strengthening international legal cooperation
to combat the illegal wildlife trade between Southeast Asia and China. Front. Ecol.
Evol. 9, 645427.

Jumaa, R.S., Mohsin, S.I., Abdulmjeed, D.I., Atshan, O.F., 2021. Foot and mouth disease
virus: a review. Magna Scient. Adv. Biol. Pharm. 3, 27–35.

Knowles, N., Samuel, A., 2003. Molecular epidemiology of foot-and-mouth disease virus.
Virus Res. 91, 65–80.

Knowles, N.J., He, J., Shang, Y., Wadsworth, J., Valdazo-Gonz�alez, B., Onosato, H.,
Fukai, K., Morioka, K., Yoshida, K., Cho, I.-S., 2012. Southeast Asian foot-and-mouth
disease viruses in Eastern Asia. Emerg. Infect. Dis. 18, 499.

Knowles, N.J., Samuel, A.R., Davies, P.R., Midgley, R.J., Valarcher, J.-F., 2005.
Pandemic strain of foot-and-mouth disease virus serotype O. Emerg. Infect. Dis. 11,
1887.

Lee, G., Hwang, J.H., Kim, A., Park, J.H., Lee, M.J., Kim, B., Kim, S.M., 2020. Analysis of
amino acid mutations of the foot-and-mouth disease virus serotype O using both
Heparan Sulfate and JMJD6 receptors. Viruses-Basel 12, 1012.

Le�on, E.A., 2012. Foot-and-Mouth Disease in pigs: current epidemiological situation and
control methods. Transbound. Emerg. Dis. 59, 36–49.

Lian, K., Yang, F., Zhu, Z., Cao, W., Jin, Y., Liu, H., Li, D., Zhang, K., Guo, J., Liu, X., 2016.
The VP1 S154D mutation of type Asia1 foot-and-mouth disease virus enhances viral
replication and pathogenicity. Infect. Genet. Evol. 39, 113–119.

Mahapatra, M., Parida, S., 2018. Foot and mouth disease vaccine strain selection: current
approaches and future perspectives. Expet Rev. Vaccine 17, 577–591.

Mahapatra, M., Upadhyaya, S., Aviso, S., Babu, A., Hutchings, G., Parida, S., 2017.
Selection of vaccine strains for serotype O foot-and-mouth disease viruses
(2007–2012) circulating in Southeast Asia, East Asia and far East. Vaccine 35,
7147–7153.

Na Ayudhya, S.N., Assavacheep, P., Thanawongnuwech, R., 2012. One World–One
Health: the threat of emerging swine diseases. an Asian perspective. Transbound.
Emerg. Dis. 59, 9–17.
754
Paton, D.J., Gubbins, S., King, D.P., 2018. Understanding the transmission of foot-and-
mouth disease virus at different scales. Curr. Opin. Virol. 28, 85–91.

Pendell, D.L., Marsh, T.L., Coble, K.H., Lusk, J.L., Szmania, S.C., 2015. Economic
assessment of FMDv releases from the national bio and agro defense facility. PLoS
One 10, e0129134.

Poonsuk, K., Gimenez-Lirola, L., Zimmerman, J.J., 2018. A review of foot-and-mouth
disease virus (FMDV) testing in livestock with an emphasis on the use of alternative
diagnostic specimens. Anim. Health Res. Rev. 19, 100–112.

Rweyemamu, M., Hingley, P., 1984. Foot and mouth disease virus strain differentiation:
analysis of the serological data. J. Biol. Stand. 12, 225–229.

Rweyemamu, M., Roeder, P., Mackay, D., Sumption, K., Brownlie, J., Leforban, Y.,
Valarcher, J.F., Knowles, N., Saraiva, V., 2008. Epidemiological patterns of foot-and-
mouth disease worldwide. Transbound. Emerg. Dis. 55, 57–72.

Samuel, A., Knowles, N., 2001. Foot-and-mouth disease typeO viruses exhibit genetically and
geographically distinct evolutionary lineages (topotypes). J. Gen. Virol. 82, 609–621.

Smith, P., Bourgeois Luethi, N., Huachun, L., Naing Oo, K., Phonvisay, A.,
Premashthira, S., Abila, R., Widders, P., Kukreja, K., Miller, C., 2015. Movement
pathways and market chains of large ruminants in the Greater Mekong Sub-region.
https://core.ac.uk/download/pdf/231205375.pdf. (Accessed 2 April 2024).

Subharat, S., Wada, M., Sutar, A., Abila, R., Khounsy, S., Heuer, C., 2022. Livestock
movement patterns in the main livestock production provinces of Lao PDR.
Transbound. Emerg. Dis. 69, e322–e335.

UNODC (United Nations Office on Drugs and Crime) Report, 2019. Transnational
organized crime in Southeast Asia: evolution, growth and impact (UNODC regional
office for Southeast Asia and the pacific Bangkok). https://www.unodc.org/documen
ts/southeastasiaandpacific/Publications/2019/SEA_TOCTA_2019_web.pdf.
(Accessed 2 April 2024).

Valdazo-Gonz�alez, B., Timina, A., Scherbakov, A., Abdul-Hamid, N.F., Knowles, N.J.,
King, D.P., 2013. Multiple introductions of serotype O foot-and-mouth disease viruses
into East Asia in 2010–2011. Vet. Res. 44, 1–12.

Wang, H., Song, S., Zeng, J., Zhou, G., Yang, D., Liang, T., Yu, L., 2014. Single amino acid
substitution of VP1 N17D or VP2 H145Y confers acid-resistant phenotype of type
Asia1 foot-and-mouth disease virus. Virol. Sin. 29, 103–111.

Wijewickramalage Gunasekara, U., 2021. Spatial and molecular epidemiological
approaches for evaluating dynamics of foot-and-mouth disease virus in India and
Vietnam. https://conservancy.umn.edu/items/fac9ddce-54b3-422f-a89e-3c0c40
4473e5. (Accessed 2 April 2024).

http://refhub.elsevier.com/S1995-820X(24)00145-7/sref12
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref12
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref12
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref12
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref13
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref13
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref13
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref13
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref13
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref14
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref14
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref14
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref15
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref15
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref15
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref16
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref16
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref16
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref17
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref17
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref17
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref17
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref18
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref18
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref18
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref19
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref19
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref19
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref20
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref20
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref20
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref20
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref21
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref21
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref21
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref21
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref22
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref22
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref22
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref23
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref23
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref23
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref23
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref23
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref23
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref24
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref24
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref24
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref24
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref24
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref25
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref25
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref25
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref26
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref26
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref26
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref27
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref27
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref27
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref27
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref28
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref28
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref28
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref29
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref29
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref29
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref29
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref30
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref30
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref30
https://core.ac.uk/download/pdf/231205375.pdf
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref32
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref32
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref32
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref32
https://www.unodc.org/documents/southeastasiaandpacific/Publications/2019/SEA_TOCTA_2019_web.pdf
https://www.unodc.org/documents/southeastasiaandpacific/Publications/2019/SEA_TOCTA_2019_web.pdf
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref34
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref34
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref34
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref34
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref34
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref34
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref35
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref35
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref35
http://refhub.elsevier.com/S1995-820X(24)00145-7/sref35
https://conservancy.umn.edu/items/fac9ddce-54b3-422f-a89e-3c0c404473e5
https://conservancy.umn.edu/items/fac9ddce-54b3-422f-a89e-3c0c404473e5

	Phylogenetic analyses and antigenic characterization of foot-and-mouth disease virus PanAsia lineage circulating in China b ...
	1. Introduction
	2. Materials and methods
	2.1. Data collection
	2.2. Viral RNA extraction and VP1 sequencing
	2.3. Phylogenetic analysis
	2.4. Virus neutralization test (VNT)

	3. Results
	3.1. Outbreaks
	3.2. Genetic diversity and phylogenetic analysis
	3.3. Comparison of VP1 amino acid sequences
	3.4. Vaccine matching

	4. Discussion
	5. Conclusions
	Data availability
	Ethics statement
	Author contributions
	Conflict of interest
	Acknowledgements
	References


