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On December 3, 2014, a type O foot-and-mouth disease (FMD) outbreak began in Korea. Although vaccinations were administered, FMD
cases increased steadily for five months, and reached 185 cases by April 2015. Most of the affected animals were pigs, which are vulnerable
to vaccination. The FMD virus belonged to the South-East Asia (SEA) topotype that had been observed three times in Korea between April
2010 and July 2014. However, the FMD virus isolated in December 2014 had a unique feature; that is, partial deletion of the 5" non-coding
region, a deletion not seen in previous SEA topotype isolates identified in Korea. We conclude that this outbreak included the introduction
of a new FMD strain to Korea, and that Korea was now affected by genetically similar FMD virus strains that are related to those from

neighboring countries.
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Introduction

Foot-and-mouth disease (FMD) is an economically important
disease because it is highly contagious and infects many
cloven-hoofed animals, and once animals have been infected,
culling or stamping out policies are implemented in most
countries [13]. The FMD viruses (FMDVs) are classified as
small icosahedral viruses in the Aphthovirus genus of the
Picornaviridae family. There are seven serotypes of FMDVs
(O, A, C, SAT1, SAT2, SAT3, and Asial) [1]. The O and A
serotypes frequently occur globally, but the Asial serotype
occurs only in Asia. Among these types, the O type is the most
widespread [2].

After large-scale type O FMD outbreaks resulted in 153 cases
from November 2010 to April 2011, Korea began nationwide
administration of vaccinations against the O, A, and Asial types
of FMDYV [10]. With the continuous occurrence of FMD in
neighboring countries such as China, Vietnam, and North
Korea, FMD occurred twice in Korea between 2000 and 2002

and five times between 2010 and 2014 [8-11]. This was
unexpected due to Korea’s strong vaccination policies; regardless,
the country experienced two more FMD outbreaks after
beginning nationwide vaccinations. In the FMD outbreak of
July 2014, the disease only resulted in three cases. However, a
type O FMD outbreak resulted in 185 cases over a five-month
period from December 2014 through April 2015. Most of the
animals affected were pigs, but five cattle farms were also
affected.

This study examined the regional distribution of the
December 2014 virus as well as the prevalence of antibodies to
the viral structural proteins (SP) and nonstructural proteins
(NSP) of the FMDV after the outbreak and additional
vaccinations. The characteristics and genetic similarities
between the FMDVs in Korea and those occurring in
neighboring countries were also analyzed.
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Materials and Methods

Spatiotemporal analysis of FMD cases in cattle and pigs

We counted the number of FMD cases on cattle and pig farms
during the FMD outbreak from December 2014 through April
2015, and the cumulative case numbers were determined.
Regional distribution for each month of the outbreak was
schematized by undertaking spatiotemporal analysis.

Virus detection and isolation

We isolated the virus from the vesicular fluid of the infected
animals after several passages with fetal goat tongue cells
(ZZ-R cell line) for analysis of serological relationships and full
genome sequencing. When clinical signs of FMD were reported
in field animals, a local veterinarian was dispatched to diagnose
the animal based on a lateral-flow assay (PBM, USA). We
amplified the genes by undertaking polymerase chain reaction
(PCR), sequenced for genetic analysis of the isolated virus, and
submitted the full genome sequence to the National Center for
Biotechnology Information (NCBI, USA). The NCBI GenBank
accession number for the sequence is KX162590.1. Most of the
viruses that were isolated in the outbreak between December
2014 and April 2015 showed similar sequences with approximately
99% nucleotide similarity. The 185 cases FMD outbreak during
the study period occurred on cattle and pig farms in Korea
(Table 1).

Antibody test by SP enzyme-linked immunosorbent assay
(ELISA) and NSP ELISA
The FMD vaccine-induced antibody prevalence (the ratio of

animals with positive antibody reaction per tested animals) was
determined by using PrioCHECK FMDV type O ELISA
(Prionics AG, Switzerland) for SP antibody detection according
to the manufacturer’s instructions. The ELISA plate absorbance
was converted to a percent inhibition (PI) value. When the PI
value was 50% or higher, the animals were regarded as antibody
positive. Although it has a low correlation with neutralizing
antibodies, antibody prevalence determined by SP-O ELISA
can be an important index for herd immunity. The NSP ELISA
kits (BioNote or Median Diagnostics, Korea) for NSP antibody
detection, a signal of possible FMDV infection, were used
according to the manufacturer’s instructions to assess the
possibility of viral circulation. When the NSP kit results from a
sample registered as SP positive were also positive, the animal
was finally regarded as antibody positive.

Similarity and genetic analysis of outbreak viruses

Analysis of genetic similarity and generation of a phylogenetic
tree were conducted by using BioEdit for Windows 95/98/
NT/2K/XP/7 [4] and MEGA software (ver. 6.0) [12] with the
neighbor-joining method. The percentage of replicates from the
tree in which the associated taxa were clustered together in the
bootstrap test (1,000 replicates) is shown next to the branches.

Collection of vaccine matching results

When a FMD case occurs in Korea, samples are sent to an
FMD reference laboratory in either the UK, Russia, or
Argentina or to the vaccine manufacturing company. The vaccine
match results are then collected from the appropriate test
organization.

Table 1. Summary of foot-and-mouth disease infection between December 2014 and April 2015 in Korea

No. of culled

Duration

Antibody prevalence (%) against FMD-infected farms

. Infection period No. of animals
UL (Dec. 2014- infected farms
ey Apr. 2015) infection (pig, cattle)* No. of No. of SP antibody in  NSP antibody in Mgan 5P Megn 5P
8 (d) PI&, T + antibody antibody
farms animals infected farms infected farms' .

. ¥ . i
n pigs™ in cattle’

CB Dec. 3-Mar. 30 118 36 (35, 1) 36 33,059 62.6(1,461/2,334) 1.4(33/2,334) 58.5 82.7
CN Dec. 16-Apr. 28 134 70 (69, 1) 73 30,682 65.1(786/1,207) 0 (60/1,207) 57.7 97.7
GG Dec. 29-Apr. 21 114 56 (53, 3) 58 42,616 80.0 (893/1,116) 2 (36/1,116) 44.0 94.2
GB Dec. 30-Mar. 31 92 88,0 8 41,479 67.5(133/197) 5(1/197) 58.0 93.8
GW  Feb. 8-Apr. 14 66 11(11,0) 13 19,086  51.2 (151/295) 7 (2/295) 59.7 100.0
S) Jan. 7-Feb. 7 32 22,0 2 1,057 97.3 (36/37) 0 (0/37) 75.3 81.6
IC Mar. 23-Mar. 26 4 22,0 2 3,318  90.0 (27/30) 7 (2/30) 63.0 ND
GN - - - 2 1,437 - - - -
Total Dec. 3-Apr. 28 147 185(180,5) 194 172,734 66.9(3,487/5,216) 2.6 (134/5,216) 54.6 86.4

FMD, foot-and-mouth disease; SP, structural proteins; NSP, nonstructural proteins; CB, Chungbuk; CN, Chungnam; GG, Gyeonggi; GB, Gyenogbuk; GW,
Gangwon; SJ, Sejong city; IC, Incheon city; GN, Gyenognam; ND, not done. *Diagnosis by real-time polymerase chain reaction, antigen enzyme-linked
immunosorbent assay, or lateral-flow assay. 'Percentage antibody prevalence (No. of positive/No. of tested). *Mean antibody prevalence (positive rate) in
Korea, December 2014.
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Fig. 1. Outbreak of foot-and-mouth disease (FMD) in Korea in 2014 and 2015. (A) Monthly progress of FMD cases. GG, Gyeonggi; GW,
Gangwon; CN, Chungnam; CB, Chungbuk; GB, Gyeongbuk; GN, Gyeongnam; JN, Jeonnam; B, Jeonbuk; SJ, Sejong city; IC, Incheon
city. (B) Number of detected cases in cattle and pigs, and cumulative case numbers occurring after the first case.

Results

Diagnosis of FMD cases

During the December 2014 to April 2015 FMD outbreak, the
first case occurred on 3 December 2014 with an FMD case
being diagnosed at a large-scale pig farm in Jincheon County,
Chungbuk (CB) province, by using a lateral-flow assay, PCR,
and sequence analysis. FMD cases continued to be reported
until April 28, 2015, when the cumulative number of cases
reached 185 (Fig. 1). The FMD cases between December 2014
and April 2015 occurred on 180 pig farms and 5 cattle farms
(Table 1). The pigs had typical FMD symptoms such as vesicles
on their feet. The cattle also had typical FMD symptoms such as
ulceration of the tongue, salivation, and vesicles in the mouth
and on the teats. All five cattle farms where the FMD occurred
(two cases in January, two cases in February, and one case in
April) had native Korean cattle. Only on the farm where cattle
FMD first occurred (January 5, in Anseong, Korea) did two
cohabitating cattle both test positive for NSP antibodies without
exhibiting symptoms. No transmission among animals

occurred on other farms.

Regional transmission of FMD

FMD cases were observed from the Chungbuk (CB) to the
Gyeongbuk (GB) provinces between December 2014 and
January 2015, followed by additional outbreaks in the areas
where these cases occurred (panel A in Fig. 1). FMD next
occurred in Chungnam (CN) and Gyeonggi (GG) provinces in
February and then in Gangwon (GW) province (panel A in Fig.
1). Between one and three FMD cases occurred approximately
daily until March 2015 when the number of occurrences
decreased (panel B in Fig. 1). During the outbreak period,
approximately 172,000 infected or suspected pigs were selected
and culled for disease control (Table 1). Complete culling of
infected or suspected animals under the national vaccination
program did not occur because of opposition from private
organizations. Therefore, only partial culling of infected
animals with clinical signs was conducted.

The animal movement restriction for disease control was
lifted on 22 May 2015, and the crisis warning for FMD in Korea

www.vetsci.org
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Fig. 2. Antibody prevalence against foot-and-mouth disease in 2014 and 2015 cases in South Korea. (A) Type O antibody prevalence
obtained by structural protein (SP) antibody enzyme-linked immunosorbent assay in 2014 and 2015. (B) Detected number of
nonstructural protein (NSP) antibody positive farms in 2014 and 2015.

was lowered from “alert” to “caution” on 14 May and from
“caution” to “attention” on 21 July 2015.

Control by vaccination

Because of the extensive FMD vaccinations performed in
Korea in July 2014, the mean positive rate of SP antibody in
2015 (62.5%) was 17.1% higher than that of 2014 (45.4%) in
fattening pigs. However, in areas without an FMD outbreak, the
antibody prevalence was relatively low. While the antibody
prevalence was high in pigs that had been vaccinated twice, it
was low in single vaccination areas without an FMD outbreak
(Jeonnam, Jeonbuk, Gyeongnam, and Jeju provinces). The SP
antibody prevalence in pigs increased in January 2015 due to
additional vaccinations being administered after the December
2014 outbreak. The level of antibody prevalence in cattle and
breeding pigs was sustained (panel A in Fig. 2). The possibility
of viral circulation at several NSP-positive pig farms without
clinical signs increased from May through July 2015 (panel B in
Fig. 2). Tests for NSP antibody and FMDV antigen after
restriction of animal movement for 3 weeks in NSP antibody
positive farms should be implemented, and after reexamination
for every 3 week, if the positive rate of NSP antibody detection
in 16 samples has not increased, and a negative result is
obtained in the antigen test, the animal farm’s limit on
movement control should be lifted. After March 2015,
detection of NSP antibodies on pig farms increased, and the
occurrence of FMD continued until April. Detected numbers of
NSP-positive farms increased from May to July 2015; however,
because no farm tested NSP-positive between April and August
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2015, it was assumed that there was no increase in the number
of NSP-positive farms during that time.

Genetic analysis of FMD virus

The FMD serotypes that were recently circulating in Asia
were primarily the O and A serotypes. Of these types, the
Middle East and South Asia (ME-SA) and South-East Asia
(SEA) topotypes of the O serotype were responsible for the
virus circulation. The FMD viruses isolated in July and
December of 2014 in Korea were all O serotype and SEA
topotype FMDVs. The FMDVs isolated in April and November
of 2010 in Korea were all SEA topotypes (Fig. 3), and their
genetic lineages were all Mya-98.

An FMDV present in China (O/GZ-MT/CHA/2013) is most
similar to O/SKR/Dec/2014, with a 97.18% similarity among
the known viruses (Fig. 4). The FMDYV isolate of July 2014 had
the next highest similarity to O/SKR/Dec/2014, while O/SKR/
Dec/2014 had a 96.87% similarity with the FMDV that
occurred in Russia (O/Primorskiy/RUS/2014). In addition, the
virus had 96.56% to 96.71% similarity with the FMDVs that
occurred in Uiseong and Hapcheon, Korea in July through
August 2014 (O/SKR/Jul/2014). It also had 95% to 96%
similarity with FMDVs derived from Hong Kong, China,
Japan, and Korea in 2010-2013.

In this study, O/SKR/Dec/2014 was shown to have a unique
defect in the 5" non-coding region (NCR) (Fig. 5) that was not
observed in FMDVs isolated between 2010 and 2014. Whether
a defect in this region affects the pathogenicity of FMDV is
unknown, but the virus can infect both cattle and pigs. Therefore,
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Fig. 3. Comparison of VP1 sequences of vaccine prototypes and foot-and-mouth disease (FMD) viral strains closely related to
O/SKR/Dec/2014 with a phylogenetic tree showing viral FMD strains closely related to O/SKR/Dec/2014 (black dot). The O/TAI/Ban/60
strain (GenBank KM243030.1) is a similar strain to O 3039. The National Center for Biotechnology Information GenBank accession
numbers for the virus strains are as follows: O/SKR/Apr/2010 (HM143846.1), O/SKR/1/2000 (AJ318854.1), O/SKR/1/2002
(AH012984.2), O/HLJOC12/03 (DQ119643.2), O/JPN/1/2010 (LC149719.1), O/SKR/Nov/2010 (KR401159.1), O/SKR/Dec-Y)/2010
(KF501487.1), O/SKR/Dec-YC/2010 (KR401160.1), O/SKR/Dec/2014 (KX162590.1), O/TAl/Ban/60 (KM243030.1), O TAW 98
(KJ606982.1), O1 Manisa (AY593823.1), O1 Campos (A)320488.1), and O/GZ-MT/CHA/2013 (KJ646655). SEA, South-East Asia;
ME-SA, Middle East and South Asia; CHA, China; HKN, Hong Kong; JPN, Japan; SKR, South Korea; TUR, Turkey; BRA, Brazil; TAl,
Thailand; TAW, Taiwan. The scale bar indicates nucleotide substitutions per site.

this virus is thought to be different from the O/SKR/Jul/2014,
even though the virus had the highest similarity in the VP1
sequence comparison. Furthermore, in the full-length sequence
analysis based on O/SKR/Dec/2014 (Jincheon strain), each
encoded sequence that was identified in April 2010, November
2010, and July 2014 had very high similarity (Fig. 4), except for
the difference in the 3B1 gene of O/SKR/Jul/2014, which was
identified as a unique deletion when compared with the other
viruses. The L™ sequence showed the least similarity to these
genes (Fig. 4). After analyzing the VP1 sequence, all three

Korean isolates (Apr. 2010, Nov. 2010, and Jul. 2014) were
highly similar to O/SKR/Dec/2014 (Fig. 3); however, the
nucleotide similarity to O1 Manisa, which was used as a vaccine
strain during the December 2014 to April 2015 outbreak, was
low (panels C and D in Fig. 4). The difference in the amino acid
sequences in Ol Manisa was high for the 3B, 3A, and VP1
proteins (panel D in Fig. 4). Notably, despite the relatively low
VP1-amino acid similarity (89%), there was no substantial
difference (approximately 5%) in amino acids among the VP4,
VP2, and VP3 proteins (Fig. 4) of the virus particle.

wWww.vetsci.org
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South Asia; SEA, South-East Asia.

Serological relationships to FMD vaccine strains

At the start of the FMD outbreak (December 2014), the
vaccine used in Korea was a trivalent vaccine with O1 Manisa,
A Malaysia97, and Asial Shamir. This is a versatile vaccine
with universal antigenicity that protects against the three serotypes
reported in nearby regions.

Since February 2015, the O serotype (O1 Manisa + O 3039 or
O SKR 7/10) vaccine, which was later used for intensive
vaccination programs, was considered more effective because
03039 (0.42-0.73) and O SKR 7/10 (0.92-1.00) showed higher
rl values than that of Ol Manisa (0.10-0.30) in the vaccine
matching test (Table 2) depending on bovine reference sera,
urgently. Among the available vaccine strains, O SKR 7/10 had
the highest VP1 similarity with O/SKR/Dec/2014, while the
amino acid sequences of O1 Manisa, O Taw98, and O1 Campos
had relatively low similarities (Fig. 4). The recent FMDVs were

Journal of Veterinary Science

analyzed, with limited vaccine matching data, and thought to be
genetically similar to those from China and Russia (Figs. 3-5).

Discussion

FMD vaccines should be analyzed for effectiveness, and
those with a broad antigenic spectrum should be selected.
Furthermore, FMD antibody prevalence should be maintained
in the field through repeated vaccinations. Various serotypes or
topotypes of FMD have been identified in Asian countries
around Korea, and these viruses are genetically related to those
from Korea [7]. In this study, O/SKR/Dec/2014 was determined
to have a unique defect in the 5" NCR that was not present in
viruses from 2010-2014. Therefore, this virus is believed to be
different from other Korean strains.

In addition, the 3B1 gene was not found in the genomic
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Fig. 5. Comparison of unique foot-and-mouth disease (FMD) viral strain sequences closely related to O/SKR/Dec/2014. (A) Alignment
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sequence of O/SKR/Jul/2014 [11]. The FMDV (O/SKR/Jul/2014)
that was identified in Uiseong County of Gyeongbuk (GB)
province had different genetic features from the viruses
(O/SKR/Dec/2014) that were identified in Jincheon County of
Chungbuk (CB) in December 2014. The 3B gene sequence of
FMDV includes the 3B1, 3B2, and 3B3 genes, which enable
proper replication; however, O/SKR/Jul/2014 only contained
the 3B2 and 3B3 genes in its genomic sequence [11]. Therefore,
the virus did not replicate properly in the cells, and the clinical
scores for the animals infected with this virus strain were no
higher than those for animals with other field viruses.

There is minimal information available from viral vaccine
matching tests, and some countries use vaccine strains that they
have developed on their own [3], making the identification of
international vaccine strains in Korea difficult.

Despite control measures, the practice of selective culling of
only infected animals that had been vaccinated has limited
benefits as a control policy in Korea. In the FMD outbreak of
December 2014, some of the animals were affected by the SP
antibody level resulting from vaccination, but they showed no
additional clinical symptoms; moreover, there were also
animals with no clinical signs in herds on the same farms.

On the examined cow farms, only one cow was infected,
while the rest of the animals were asymptomatic and uninfected.
Cattle species are an indicator of FMD circulation as, compared
to pigs, cattle are easily affected by a smaller amount of FMDYV;
in addition, they are sensitive to respiratory infection, which can
be used to indicate the effect of vaccines in the field. Such an
effect was possible because the antibody prevalence rate from
vaccination was high in the cattle (64%-100%); therefore, it
appears that infections were not transmitted throughout the
cattle farms.

Once the FMDYV contaminates the environment, enters farms,
and infects several incompletely immunized pigs, it is pointless
to administer additional vaccines as much of the virus can be
excreted from infected pigs [6]. The FMD infection in Korea
occurred primarily in animals whose immunity was not completely
developed. Considering that vaccine efficacy is imperfect in
pigs, repeated vaccinations (more than twice) are necessary
during an outbreak period to ensure sufficient antibodies are
induced to protect against FMD infection. Therefore, it is
desirable to vaccinate pigs twice, at the 12th and 14th weeks of
age, in order to induce immunity and avoid intervention from
maternally derived antibodies [6].
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Table 2. Variability and limitation of application by vaccine matching of globally available vaccines for type O FMDV occurring in

Korea during 2010-2014

Vaccine strain

Vaccine strains’

r1 value® of FMD viruses, type O SEA occurring in Korea during 2010-2014

(target Virus) topotype Apr.—May 2010 Nov. 201 O—Apr. 2011 JUI._AUg. 2014 Dec. 2014—Apr 2015
(O/SKR/Apr/2010)  (O/SKR/Nov/2010)  (O/SKR/Jul/2014)  (O/SKR/Dec/2014)
O1 Manisa ME-SA 0.57 0.17-0.33 (0.68-0.779) 0.14 0.10-0.30
(0.29-0.59°, 0.03-0.32")

0 3039 NA - - 0.43 0.42-0.73
(0.47-0.57%)

O1 Manisa + O 3039  ME-SA/NA - - - 0.46-1.00

(O1 Manisa)
O1 Manisa + 03039  ME-SA/NA - - - 0.36-0.81
(O 3039)

O Taiwan98 Cathay 0.48 0.48-0.62 0.38 0.27-0.67

O Taiwan97 Cathay - - - 0.04-0.6'

O Campos EURO-SA - 0.18-0.22 (0.36-0.46") - 0.33-0.83
(0.01-0.18")

O/SEA/Primorskiy/2014  SEA - - - 0.41-0.73"

O SKR 7/10 SEA - - - 0.92-1.00

O/SKR/12/10 SEA - - 0.07 -

O BFS EURO-SA 0.36 0.11-0.17 - -

O Tur 5/09 ME-SA(PA-2) - 0.41-0.42 0.55 0.33-0.77

O Ind R2/75 ME-SA 0.71 0.63-0.68 - -

O 4625 NA - - 0.62-0.63 -

O TNN 24/84 ME-SA - 0.21-0.28 - -

O PanAsia-2 ME-SA - - - 0.01-0.17"

O/SEA/Russia/2010 SEA - - - 0.33-1.0'

FMDV, foot-and-mouth disease virus; FMD, foot-and-mouth disease; SEA, South-East Asia; ME-SA, Middle East and South Asia; NA, not available; -, not
tested. *Values were calculated by division between the viral titers (serum titer against viruses used for cross virus neutralization test/serum titer against
vaccine viruses in the vaccination groups). Tested by World Reference Laboratory for FMD (Pirbright Institute), UK except an indication note. Tested
by MSD Animal Health (FMD vaccine manufacturer). *Tested by Merial Boehringer Ingelheim (FMD vaccine manufacturer). 'Tested by World
Organisation for Animal Health (OIE) Regional Reference Laboratory for FMD (ARRIAH), Russia. ‘Tested by OIE Reference Laboratory for FMD (SENASA),

Argentina.

There are four possible causes of NSP antibody detection in
the absence of clinical signs: infection with FMDYV; repeat
vaccination against FMD; maternal antibodies from a previous
generation; and non-specific reactivity of the serum in the test
being used. Nevertheless, detection of NSP antibodies on farms
is considered a strong indicator of additional FMD occurrences
[5]. In Korea, there are no published reports of actual infections
with clinical signs and antigen detection results for NSP-positive
farms. Thus, the number of animals that are NSP antibody-positive
compared to the numbers in years during the follow-up period
should be determined; moreover, antigen tests should be
conducted regularly to verify viral circulation. Finally, as a
preventive measure against FMD outbreaks and in addition to
vaccination protocols, thorough farm biosecurity should be a

priority.
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