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Abstract: African swine fever (ASF) was first reported in South Korea in September 2019, and as
of 31 December 2021, a total of 21 cases in domestic pig farms and 1875 ASFV-infected wild boars
have been confirmed in the country. With the continued circulation of ASF in wild boars, and
subsequent outbreaks in domestic pigs, concerns were raised about the possible changes in virulence
occurring among African swine fever viruses (ASFV) circulating in South Korea. In this study, four
Korean ASFV strains isolated from domestic pig farms at different time points between 2019 and
2021 were chosen, and used to experimentally infect domestic pigs by intramuscular inoculation to
compare their virulence. All challenged pigs died at 4-9 days post-inoculation, with many showing
clinical symptoms of fever, depression, loss of appetite, and recumbency. Gross lesions observed at
necropsy included enlargement and hemorrhage of the lymph nodes and hydropericardium. The
study showed that all four Korean ASFV isolates caused acute forms of illness, which supports the
view that virulence among the circulating ASFV isolates in South Korea remained unchanged and
highly virulent during this period.
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1. Introduction

African swine fever (ASF) is an infectious viral disease affecting swine species. ASF
is characterized by acute hemorrhagic fever and death. The etiological agent of ASF is
the ASF virus (ASFV), which belongs to the family Asfarviridae, genus Asfivirus. ASF was
first reported in Kenya by Montgomery in 1921 [1], and has historically been endemic to
sub-Saharan African countries. However, ASF was transmitted to Georgia in 2007 and
has expanded to many countries in Europe, Asia, and the Americas. Notably, China
reported the first ASF outbreak in August 2018 [2], which spread to all provinces within
only 9 months, while continuing to propagate across the neighboring Asian countries,
including Mongolia, Vietnam, Cambodia, North Korea, Laos, the Philippines, Myanmar,
East Timor, and Indonesia (WOAH WAHIS interface, visited online on 3 June 2022).

In South Korea, 14 ASF cases in domestic pig farms, primarily in the northwestern
border regions with North Korea, were reported from 16 September 2019 to 9 October
2019 [3]. On 3 October 2019, an ASFV-infected wild boar was also found in the demilitarized
zone in the northwestern border region [4]. Despite government efforts to contain ASF
spread in wild boars, regions with infected wild boars have continued to expand eastward
and southward along the mountain ranges. As of 31 December 2021, a total of 1875 in-
fected wild boars have been confirmed across Gyeonggi, Gangwon and Chungcheongbuk
Provinces. Of concern was the southward spread to two counties in Chungcheongbuk
Province, where 53 ASFV-infected wild boars were found from November to December
2021. As ASF continued its expansion in wild boars, sporadic outbreaks in domestic pig
farms continued to be reported in regions where infected wild boars have been detected. In
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2020, two ASF cases in pig farms were detected in Gangwon Province in October [5], while
in 2021, a total of five outbreaks occurred in May, August, and October across Gangwon
Province.

With the continued circulation of ASFV in the wild boar population in South Korea,
there is a need to monitor the changes in genetic characteristics and virulence that may
occur over time. Changes in virulence have previously been reported in several countries in
Eastern Europe, such as Latvia and Estonia, where ASFV isolated from wild boars showed
reduced virulence [6-8]. Many of the attenuated ASFV strains are non-hemadsorbing
(HAD) phenotypes due to mutations or deletions in the EP402R gene encoding CD2V
protein.

In South Korea, ASFVs with variations in the intergenic region (IGR) between I73R
and I329L have been reported in wild boars [4], and although such findings have raised
concerns regarding the possible emergence and circulation of ASFV with reduced viru-
lence, information on the genetic characteristics and virulence of ASFV in South Korea, in
particular for wild boars, is limited.

Understanding the virulence of ASFV isolates circulating in South Korea is essential
for establishing and maintaining effective control measures. In particular, ASF surveillance
strategies for many countries, including South Korea, are more focused on quickly identify-
ing ASF with acute forms of illness, with emphasis on clinical surveillance that encourages
early notification and diagnosis, primarily by antigen detection. Major changes in the
virulence of circulating ASFV isolates would require modifications to the existing control
strategies. For this purpose, animal experiments were conducted to compare the virulence
of four ASFV isolates from domestic pig farms between 2019 and 2021, including the clinical
signs, disease dynamics, and post-mortem lesions in the infected pigs. Considering that
the outbreaks in domestic pigs are likely to be spillover infection from the ASFV isolates
circulating in wild boars, this information should also provide an insight into the virulence
of circulating viruses in wild boars.

2. Materials and Methods
2.1. Virus

In South Korea, many of the infection locations had a pig or pigs with clinical signs
of fever, loss of appetite, depression, nasal hemorrhage, abortion, or death. Major gross
lesions at necropsy included infarction and enlargement of the spleen, enlargement and
hemorrhage in lymph nodes, and petechia in kidneys. Genetic characterization showed
that the 16 ASFVs isolated during 2019-2020 belonged to the p72 genotype Il and serogroup
8. There were no mutations or deletions in the EP402R genes of 16 isolates [5]. The other
5 isolates from pig farms during 2021 were also classified as the p72 genotype II (accession
numbers OP795747, OP795748, OP795749, OP795750, OP795751) and serogroup 8 (accession
numbers OP795752, OP795753, OP795754, OP795755, OP795756).

Four ASFV isolates were selected for the virulence comparison study. Isolates from the
first notified ASF outbreak farm from each of the years 2019, 2020, and 2021 were considered
to be representative of their respective years, as they are considered to be new spillover
infections from ASFVs circulating in wild boars. Furthermore, they represented the widest
time interval between outbreaks, with the earliest outbreak in a domestic pig farm being
reported in October and the next outbreak in either May or October of the following year.
The 3 isolates were designated as Korea/Pig/Pajul/2019, Korea/Pig/Hwacheon1/2020,
and Korea/Pig/Yeongwol/2021, respectively. In addition, the isolate from the last reported
ASFV-infected farm in October 2021 (Korea/Pig/Inje2/2021) was chosen for this study,
representing the most recent isolate.

All four strains were isolated from the spleens of dead pigs from each infected farm.
Virus isolation was conducted according to the procedure proposed by the Center for
Animal Health Research, European Union Reference Laboratory of ASE. In short, spleen
added with phosphate buffer saline and gentamicin was homogenized and centrifuged,
after which supernatant was filtered for virus isolation in porcine alveolar macrophages
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(PAMs). PAMs were obtained via bronco-alveolar lavage of the lungs of 2-3-week-old
piglets. PAMs were seeded into a 96-well tissue plate with RPMI 1640 and 10% fetal bovine
serum for 4 h at 37 °C in a CO; incubator. Prepared spleen homogenate was incubated
in PAMs for 1 h at 37 °C in a CO, incubator and discarded. RPMI 1640 media and 1%
swine erythrocyte suspension were added. The plate was incubated at 37 °C in a CO,
incubator and the potential presence of HAD was observed for 6 days. All 21 ASFV strains
clearly showed HAD. The inoculated virus was prepared through two passages in PAMs.
Titrations of inoculum were performed using a hemadsorption assay to monitor the end
point of dilution of the ASFV isolate in PAMs. Briefly, 1 x 10° PAMs were seeded into each
well of a 96-well plate with an addition of RPMI 1640 medium with 10% fetal bovine serum
and fifty microliters of 10-fold serial dilutions of the inoculum were added into each well,
followed by the addition of 1% swine red blood cells. After 6 days of incubation at 37 °C
in a CO; incubator, 50% hemadsorbing doses (HADs() were estimated according to the
method of Reed and Muench.

2.2. Animal Experiment

Twelve 8-week-old landrace pigs from a commercial pig farm, which was negative
for ASFV antigens and antibodies, were used in this study. The farm of origin was a
farrow-to-finish farm that was free of ASF, foot-and—-mouth disease, classical swine fever,
porcine respiratory and reproductive syndrome, and porcine epidemic diarrhea, and where
routine vaccination programs for porcine circovirus 2, classical swine fever virus, foot-and-
mouth disease virus, and Mycoplasma hyopneumoniae was conducted. Animal experiments
in this study were conducted in the Animal Biosafety Level 3 (ABSL3) of Animal and Plant
Quarantine Agency (APQA), Gimcheon. This experiment was approved by the Animal
Ethics Committee of APQA (authorization no. 2021-635) to ensure the ethical and humane
treatment of experimental animals.

To compare the virulence of the four isolates, four groups consisting of three pigs
were inoculated by intramuscular (IM) injection with a 103 HADsj dose of their respec-
tive strains. Groups 1, 2, 3, and 4 were inoculated with Korea/Pig/Pajul /2019, Ko-
rea/Pig/Hwacheon1/2020, Korea/Pig/Yeongwol /2021, and Korea/Pig/Inje2 /2021, re-
spectively.

A humane endpoint was determined when pigs displayed severe clinical signs of fever,
anorexia, recumbency, respiratory difficulty, and vomiting for more than two consecutive
days, or when the clinical scoring system used in this study exceeded 18 points, as was
applied in a previous study [8]. The pigs were euthanized by IM injection of Zoletil® and
Rompun® for deep anesthesia and exsanguination. Dead pigs were immediately subjected
to necropsy.

2.3. Clinical Evaluation and Sample Collection

All challenged pigs were examined daily until their death. Clinical evaluation was
based on the previously described clinical score guidelines for ASF [9]. In brief, the
scoring is based on ten different categories, including rectal temperature, loss of appetite,
recumbency, skin hemorrhage, joint swelling, labored breathing and/or cough, ocular
discharge, diarrhea, hematuria, and vomiting. The maximum score is 40 points.

Samples, including whole blood with EDTA, serum, and swabs from the oral and
nasal cavity and rectum, were collected from the day of inoculation to the day before death.
Pigs were manually restrained for sample collection. Whole blood and serum samples were
collected from the jugular vein. Swab specimens were collected using sterile cotton swabs in
a transport medium (Noble Biosciences, Hwaseong, South Korea). All pigs were subjected
to necropsy soon after euthanasia or death. Tissue collected during necropsy included
spleen, liver, kidney, heart, forelimb muscle, and the submaxillary, inguinal, mesenteric,
hilar, and gastrohepatic lymph nodes.



Viruses 2022, 14, 2512

40f12

Fever (Group 1)

20 D1 D2 D3 D4 DS D6 DT

—0] mmmNo2 terrisNod

Clinical scores and survival rates (Group 1)

D+§

Suvival ates 09

2.4. ASFV Genome Detection

Whole blood, tissues, and oral, nasal, and rectal swabs from infected pigs were
screened for ASFV using OIE TagMan quantitative polymerase chain reaction (qPCR) [10].
DNA was extracted using Maxwell® RSC whole blood DNA, and Maxwell® RSC viral total
nucleic acid purification kit (Promega, Madison, WI, USA), for whole blood and tissue ho-
mogenate and swab samples, respectively. The extraction was conducted using a Maxwell®
RSC 48 instrument according to the manufacturer’s instructions. OIE TagMan qPCR was
performed using Bio-Rad CFX-96 (Bio-Rad Laboratories, Hercules, CA, USA). Samples
with a recorded cycle threshold (Ct) < 40.0 were considered positive, while samples with
no recorded Ct value were considered negative. Viral genome load was estimated by
correlation with the Ct values using OIE TagMan qPCR and copy numbers of the synthetic
positive control of pUC57 vector inserted with 378 bp of B646L gene of BA71V strain.

2.5. Detection of Antibodies against ASFV

All sera were screened for the presence of ASFV antibodies with a commercial ELISA
kit, Eurofins Ingenasa®—INGEZIM PPA COMPAC K3 kit (Eurofins Ingenasa, Madrid, Spain),
according to the manufacturer’s instructions. Samples with positive or inconclusive results
by the ELISA screening test were confirmed by the immunoperoxidase test (IPT) according
to the standard protocols provided by the European Reference Laboratory for ASFE.

3. Results
3.1. Clinical Signs Observed, and Survival

In Group 1, fever (>40 °C) was first detected at 5.0 &= 1.0 (4-6) days post-inoculation
(DPI). Clinical signs were observed at 5.0 = 1.0 (4-6) DPI (Table 1). Inoculated pigs
commonly displayed fever, depression, loss of appetite, and recumbency. Pig no. 1 showed
respiratory distress, diarrhea, and ocular discharge (Table 2). The clinical score increased
from 12 to 16 points immediately before death. The temperature was below 40 °C in all
three pigs one day prior to their death (Figure 1A). All pigs in the group died at 8.7 &= 0.6
(8-9) DPI (Table 1).

(B) Fever (Group 2) ©) Fever (Group 3) D) Fever (Group 4)
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Figure 1. Results of rectal temperature, clinical score, and survival rate in four groups. Change of
rectal temperature (A-D) and clinical scores and survival rates (E-H) of four groups.
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Table 1. Clinical characteristics and virological parameters of pigs infected with four ASFV isolates from domestic pig farms in South Korea from 2019 to 2020. All
data are shown as average + standard deviation.

Clinical i Virus Shedding
inical Signs Viremia . . .
Group Inoculated ASFV Strain Survival g:g’gtt(‘)’ ¢ 8 Oral Shedding Nasal Shedding Rectal Shedding
(Date of Outbreak) Period Fever Days to Max Days to Max Days to Max Days to Max Days to Max
Onset Score 3 Onset Titer 3 Onset Titer 3 Onset Titer 3 Onset Titer 3
1 Korea/Pig/Pajul/2019 g7, gg 50410 50410 143421 33415 74401 47412 45410 53406 44+10 53+06 44405
(16 September 2019)
Korea/Pig/Hwcheon1/2020 1 1
2 (8 October 2020) 6.7+ 1.5 3.7+0.6 4.0 13.0 23+0.6 74 +0.1 3.7+0.6 32+1.2 40+1.0 39+0.6 40+1.0 48+ 0.6
3  Korea/ g%;{;"z%%")"l/ 2021 90+£00 43406 53+15 143421 33406 76401 40+0 48401 47+06 48+14 47+06 43408
Korea/Pig/Inje2/2021 5 5
4 (8 October 2021) 70+27 30+0 5.0 14.5 20£0 73+02 30+0 37+14 30+0 38+20 33+0.6 39+24
1 Pig no. 5, which died at 5 DPI without any clinical signs, was excluded. 2 Pig no. 10, which died at 4 DPI without any clinical signs, was excluded. 3 log1p genome copies.
Table 2. Summary of clinical signs and gross lesions in pigs inoculated with four Korean ASFV isolates.
Group 1 Group 2 Group 3 Group 4
Clinical Signs and Gross Lesions Total Frequency
1 2 3 4 5 6 7 8 9 10 11 12
Survival period 9 9 8 8 5 7 9 9 9 4 9 8 -
Fever (>40.0 °C) + + + + + + + + + + + + 12/12 (100%)
Loss of appetite + + + + + + + + + + + + 12/12 (100%)
Depression + + + + + + + + + + + + 12/12 (100%)
Clinical
i Skin hemorrhage - - + + - - + - - + - + 5/12 (41.7%)
signs
Labored breathing and/or cough + - - - - + + + + - + - 6/12 (50.0%)
Ocular discharge - - - + - - + + + - - - 4/12 (66.7%)
Diarrhea + - - + - - + + - - - - 4/12 (66.7%)

Bloody diarrhea - - - - - + - - - - + + 3/12 (25.0%)
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Table 2. Cont.

Group 1 Group 2 Group 3 Group 4
Clinical Signs and Gross Lesions Total Frequency
1 2 3 4 5 6 7 8 9 10 11 12
Enlargement + + + + + + + + + + + + 12/12 (100%)
Lymph nodes

Hemorrhage + + + + + + + + + + + + 12/12 (100%)
Epicardial hemorrhage + - - + - + + + + - + - 7/12 (58.3%)

Heart
Hydropericardium + + + + + + + + + + + + 12/12 (100%)
Interstitial pneumonia - - - - + - + - - - - - 2/12 (16.7%)

Lung
Interlobular edema + + - - - - - - - - - - 2/12 (16.7%)
Thorax Hydrothorax - - - - - - - + - - - - 1/12 (8.3%)

Gross
lesions Petechiae + - - + - + + - - - + + 6/12 (50.0%)
Stomach

Ulcer - + - - - - - - - - - + 2/12 (16.7%)
Thickened + - - + - + + - + - + + 7/12 (58.3%)
Dark - - - + + - - - - + - - 3/12 (25.0%)

Spleen
Enlarged - + - + + - - - - + - + 5/12 (41.7%)
Friable - + - - - - - - - - - - 1/12 (8.3%)
Kidney Petechiae + - + + + + + + + + + + 11/12 (91.7%)

Urinary bladder Hemorrhage + - + + - + + + + - + + 9/12 (75.0%)
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The disease dynamics of groups 2, 3, and 4 were similar to those of group 1. In the
three groups, the rectal temperature increased to above 40 °C at 3-6 DPI (Figure 1B-D).
Clinical manifestations were observed from 4 to 5 DPI (Table 1). The common clinical signs
were fever, depression, inappetence, and recumbency, except for pig no. 5 in group 2 and
pig no. 10 in group 4, which died without clear clinical signs at 5 and 4 DPI, respectively.
Both pigs showed fever (>40 °C) from 3 DPI to death. Clinical symptoms such as ocular
discharge, diarrhea, breathing difficulty, and melena were observed in some pigs (Table 2).
The clinical scores of all pigs, excluding no. 5 and no. 10, continued to increase to more
than 10 points before death. All pigs died within 9 (4-9) DPI (Table 1E-1H).

Clinical characteristics and signs of each pig are summarized in Tables 1 and 2. Rectal
temperature, clinical score, and survival rate are shown in Figure 1. Clinical signs that were
frequently observed are shown in Figure 2.

Figure 2. Clinical signs of pigs infected with four ASFV isolates from South Korea from 2019 to 2021.
(A) Group 1 pigs huddling together at 5 DPI, (B) skin hemorrhage on the left ear of pig no. 4 at 5 DPI,
(C) skin hemorrhage on the trunk of pig no. 7 at 4 DPI, (D) ocular discharge in pig no. 4 at 5 DP]I,
(E) diarrhea in pig no. 4 at 4 DPI, (F) bloody diarrhea in pig no. 5 at 4 DPL

3.2. Viral Loads in Blood, Virus Shedding via Oral, Nasal, and Rectal Routes, and
Antibody Detection

In group 1, the ASFV genome was detected in blood at 3.3 £ 1.5 (2-5) DPI, which
was 1-3 days earlier than the onset of fever. The viral loads were 10'-10° copies on the
first day of detection and increased to approximately 10° copies within 1-2 days. These
high levels were maintained until death (Figure 3A). Pigs in group 1 began excretion of the
virus via oral and nasal routes at 4.7 &= 1.2 (4-6) and 5.3 & 0.6 (5-6) DPI, respectively, which
was 1-3 days after the detection of viremia. Viral loads of 10'-10? copies in oral and nasal
swabs were observed on the day of detection, and their levels reached more than 10* copies.
Rectal shedding started at 5.3 £ 0.6 (5-6) DPL Its maximum viral load was 10%-10° copies.
ASFV genome in the blood, and oral, nasal, and rectal swabs, was detected continuously
from their onset to death (Figure 3E).



Viruses 2022, 14, 2512

8 of 12

Viral load in whole blood (Group 1)

DO D4 D2 D3 D4 DE D6 DI

—o] mmmNol rresesNod

Viral load in oral, nasal, and rectal swabs (Groupl)

D

(B) Viral load in whole blood (Group 2) © Viral load in whole blood (Group 3) ()] Viral load in whole blood (Group 4)

0
DO Dl D2 D D4 DS D6 DT DS DO D1 D2 D3 D4 DS D6 DT DS DO D1 D2 D3 D4 DS D6 DT DS

—d mmmlos eesseslof s No7 =m=m=No§ =N ——Nol0 ===Noll *r++++Nol2

(F)  Viral load in oral, nasal, and rectal swabs (Group2) (G)  Viral loadin oral, nasal, and rectal swabs (Group 3) () viral loadin oral, nasal, and rectal swabs (Group 4)

_10 =10

woa oo @

ASFV genome copies (Iog)

Sal

D0 D4 D2 D D4 DS D6 DT Db

No7 Onal swab == = No Oral swab ++2++ No Oral swab

No.7Nasil swab = = = No.§ Nasal swab +++++ No.9 Nasal swab

No.7 Rectal swab No.s Rectal swab No Rectal swab

Figure 3. Detection of ASFV genome in whole blood and oral, nasal, and rectal swab samples from
the four groups. Viral loads in whole blood (A-D) and in oral, nasal, and rectal swabs (E-H) of four

group.

Groups 2, 3, and 4 also showed similar patterns of viremia and viral shedding via
oral, nasal, and rectal routes. Viral loads in the blood were detected at 2-5 DPI in these
groups. The viral titers increased to more than 107 copies within 2 days after the beginning
of viremia. This high level of viremia was maintained until death (Figure 3B-D). Virus
shedding via the oral route started at 3—4 DPI at a level of fewer than 10? copies, which
increased to 103-10* copies within 2 days. The maximum load in the oral swabs was
10° copies. ASFV genome was detected in nasal and rectal swabs 1 day after the onset
of viremia and was maintained at 10*~10° copies until death (Figure 3F-H). Viral loads
in nasal swabs from coughing pigs (Pig No. 1, 6,7, 8,9, and 11) and rectal swabs from
pigs with bloody diarrhea (Pig No. 6, 11, and 12) are slightly higher than those from pigs
without such clinical signs (Figure 3E-H). Pigs no. 5 and 10 had viremia and shed via
oral, nasal, and rectal routes from 3 DPI to death. In all pigs, the ASFV antibody was
negative until death. Viremia and virus shedding in the four groups are shown in Table 1
and Figure 3.

3.3. Viral Loads in Tissues and Post-Mortem Lesions

Seven organs, consisting of the spleen, submaxillary lymph nodes, liver, kidney, heart,
lung, and forelimb muscles of all pigs were subjected to OIE TagMan qPCR. In all groups,
the viral load in the spleen was the highest at 10°~10” copies, followed by either the lymph
node or liver (10°~10° copies), and either the kidney or heart (10*~10° copies). Forelimb
muscles had the lowest titer with 10° copies. The distribution of the virus by tissue was
slightly different between groups and individuals (data not shown).

Gross lesions commonly observed in the infected pigs included enlargement and
hemorrhage of the lymph nodes and hydropericardium. All pigs, excluding pig no. 2,
had petechiae in the renal cortex. Hemorrhage in the urinary bladder was observed in
10 of 12 pigs. Pathological lesions in the spleen were varied, which included thickened
spleens being observed in most pigs (7/12), and enlargement (5/12), dark coloration (3/12)
and friable spleen (1/12). Hemorrhage in the pericardium was observed in 7 of 12 pigs.
Pathological lesions observed in some pigs were hemorrhage in the pericardium (7/12),
petechiae in the stomach (6/12), ulcers in the stomach (2/12), and interstitial pneumonia
(2/12). Gross lesions for each pig are summarized in Table 2. Common gross lesions
observed in challenged animals are shown in Figure 4.
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Figure 4. Gross lesions at necropsy. (A) Enlargement and hemorrhage of submaxillary lymph nodes
in pig no. 1, (B) enlargement and hemorrhage of mesenteric lymph nodes in pig no. 3 (white arrow),
(C) hydropericardium in pig no. 10 (black arrow), (D) petechiae in renal cortex in pig no. 4, and
(E,F) thickened and enlarged spleen in pig no. 4.

4. Discussion

Based on criteria of clinical courses and virulence of ASFV in pigs [11-13], all four Ko-
rean ASFV isolates were highly virulent strains causing acute form, of which mortality rate,
clinical signs, survival period, and gross lesions at necropsy were similar to those of other
highly virulent ASFV strains such as Georgia 2007, Armenia 07, Pig/Heilongjiang /2018,
Malawi Lil-1 [2,14-16].

The clinical signs commonly observed in all the groups were fever, loss of appetite,
depression, recumbency, and death. Skin erythema, labored breathing, ocular discharge,
diarrhea, and bloody diarrhea were observed in some pigs. These signs are not specific to
ASF and it is unlikely that farmers will notify the authorities based on the clinical signs
alone. However, another common feature of the results was the death of all infected pigs,
including two pigs (no. 5 and 10) that died suddenly without exhibiting any clear clinical
signs, but displayed fever, viremia, and virus shedding via oral, nasal, and rectal routes
from 3 DPI to death, indicative of ASF infection. In South Korea, outbreak farms with death
in sows were more likely to be detected earlier as even one or two deaths were considered
to be significant enough to warrant notification by farmers. Conversely, in grow-finisher
pigs, farmers were likely to take actions after the disease had progressed further, when
more significant numbers of dead pigs had been observed. A current sampling scheme for
active surveillance targets the sampling of pigs with suspect clinical signs, but, as this study
has shown, dead pigs remain a major characteristic of the ASF infection in South Korea.
An enhanced targeted surveillance of the regular testing of select dead pigs, especially for
farms located in regions with ASFV-infected wild boars, could be considered as an effective
addition to improve the current overall surveillance program in South Korea.

The pathological lesions commonly observed for all pigs in the groups were enlarge-
ment and hemorrhage of the lymph nodes, and hydropericardium, which are not specific
to ASE. Alternatively, markedly enlarged splenomegaly with dark color and friableness,
although is a featured lesion of ASF, was not observed in all of the infected pigs. In South
Korea, dead pigs in ASF-suspect farms are necropsied and lesions are examined. However,
there may be a tendency by the examiner to rule out ASF in the absence of clear lesions
of the spleen. Therefore, as this study has shown, despite the highly virulent nature of
the ASFV isolates, pathological lesions may vary among animals, including lesions of the



Viruses 2022, 14, 2512

10 of 12

spleen. Pathological examination should consider all aspects of the disease and laboratory
diagnosis should be conducted, even if clear lesions are not observed in the spleen.

The disease dynamics of the four Korean isolates were similar, with onset of viremia
at 2-5 DP], followed by observation of clinical signs and virus shedding via the oral, nasal,
and rectal routes. All samples, including whole blood, and oral, nasal, and rectal swabs,
were continuously tested positive from their first detection as was shown in other previous
studies [17]. Our study showed antigen testing of EDTA whole blood to be the optimal
sample for early detection of ASFV. Oral, nasal, and rectal swabs may also be an alternative
sample for the diagnosis of ASF, although there was a 1-2 day delay in detection compared
with whole blood samples. This corresponds to the results of previous studies [18]. In all
dead pigs, ASFV genomes were detected in all organs. EDTA whole blood for diseased
pigs and spleen for dead pigs should be prioritized for sampling during surveillance.

5. Conclusions

With the continued circulation of ASFV in wild boars in South Korea, there is a need
to continuously monitor and detect changes in virulence and ascertain whether changes
need to be applied to existing control measures, including surveillance.

This study of the four ASFV isolates from domestic pigs from 2019 to 2021 showed
similar virulence in experimentally infected pigs. Although the ASFV isolates used in the
animal experiments were isolated from domestic pigs, when considering that the outbreaks
in domestic farms are likely to be spillover infection from the ASFV isolates circulating in
wild boars, the study supports the view that the ASFV isolates circulating in South Korea
are and remain highly virulent. Therefore, the current control measures are likely to remain
effective.

The study has also identified features that should be considered to improve the current
surveillance scheme, including targeted surveillance of dead pigs, training of veterinary
officers performing necropsy, and selection of optimal samples.

It should be noted that in addition to the ASFV isolates circulating in South Korea, new
ASFV introductions from abroad remain a major threat. This is made further complicated
as the ASF situation in neighboring countries is ever-changing. In China, genotype Il ASFV
isolates that genetically vary from the first Chinese isolate (Pig/Heilongjiang/2018) were
found during surveillance of domestic pig farms in northeastern provinces from June to
December 2020. These variant strains displayed low virulence and high transmissibility,
causing chronic and persistent infections [19]. Moreover, low virulent genotype I ASFV
isolates were detected in fattening farms in Shandong and Henan provinces in July 2021 [20].
Introduction of such ASFV with low virulence into South Korea could lead to major
changes in the ASFV isolates circulating in the county. Continuous efforts to elucidate
genetic characteristics, including full genetic sequencing, and to assess the virulence of
ASFV strains will be required to quickly identify such changes and contribute to the
implementation of effective control policies.

Author Contributions: Conceptualization, K.-H.C. and S.-K.H.; methodology, M.-K.J. and J.-H.R;
formal analysis, H.-J].K.and Y.-R.L.; investigation, I.-S.R. and H.-].S.; data curation, K.-H.C. and J.-Y.P.;
writing—original draft preparation, K.-H.C.; writing—review and editing, ].-Y.P. and H.-E.K.; Project
administration, J.-Y.P.,; funding acquisition, J.-Y.P. All authors have read and agreed to the published
version of the manuscript.

Funding: The project was supported financially by a grant from the Animal and Plant Quarantine
Agency (Grant No. B-1543085-2020-22-01).

Institutional Review Board Statement: The animal experiment was approved by the Animal Ethics
Committee of the Animal and Plant Quarantine Agency (authorization no. 2021-635).

Informed Consent Statement: Not applicable.



Viruses 2022, 14, 2512 11 0f 12

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The original contributions generated for the study are included in the article.
Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to express gratitude to their colleagues in the ASF
diagnostic laboratory for conducting animal experiments.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Montgomery, R.E. On a form of swine fever occurring in British East Africa (Kenya Colony). J. Comp. Pathol. 1921, 34, 159-191.
[CrossRef]

Zhao, D; Liu, R,; Zhang, X.; Li, F; Wang, J.; Zhang, J.; Liu, X.; Wang, L.; Zhang, J.; Wu, X,; et al. Replication and virulence in pigs
of the first African swine fever virus isolated in China. Emerg. Microbes Infect. 2019, 8, 438—447. [CrossRef] [PubMed]

Kim, H.J.; Cho, K.H.; Lee, S.K.; Kim, D.Y.; Nah, ].].; Kim, H.J.; Kim, H.J.; Hwang, ].Y.; Sohn, H.J.; Choi, ].G.; et al. Outbreak of
African swine fever in South Korea, 2019. Transbound. Emerg. Dis. 2020, 67, 473-475. [CrossRef]

Kim, S.H.; Kim, K.; Son, K.; Choi, Y.; Kim, S.H.; Kim, ].; Son, K.; Choi, Y.; Jeong, H.S.; Kim, YK et al. Wild boar harbouring
African swine fever virus in the demilitarized zone in South Korea, 2019. Emerg. Microbes Infect. 2020, 9, 628-630. [CrossRef]
[PubMed]

Cho, K.H.; Kim, H.J.; Ryu, ].H.; Yoo, D.; Park, J.Y. Detection of African swine fever at an abattoir in South Korea, 2020. Vet. Sci.
2022, 9, 150. [CrossRef] [PubMed]

Zani, L.; Forth, ].H.; Forth, L.; Nurmoja, I.; Leidenberger, S.; Henke, J.; Carlson, J.; Breidenstein, C.; Viltrop, A.; H6per, D.; et al.
Deletion at 5'-end of Estonian ASFV strains associated with an attenuated phenotype. Sci. Rep. 2018, 8, 6510. [CrossRef] [PubMed]
Gallardo, C.; Soler, A.; Rodze, I.; Nieto, R.; Cano-Gémez, C.; Fernandez-Pinero, J.; Arias, M. Attenuated and non-haemadsorbing
(non-HAD) genotype II African swine fever virus (ASFV) isolated in Europe, Latvia 2017. Transbound. Emerg. Dis. 2019, 66,
1399-1404. [CrossRef] [PubMed]

Gallardo, C.; Nurmoja, I; Soler, A.; Delicado, V.; Simén, A.; Martin, E.; Perez, C.; Nieto, R.; Arias, M. Evolution in Europe of
African swine fever genotype II viruses from highly to moderately virulent. Vet. Microbiol. 2018, 219, 70-79.

King, K.; Chapman, D.; Argilaguet, ].M.; Fishbourne, E.; Hutet, E.; Cariolet, R.; Hutchings, G.; Oura, C.A.; Netherton, C.L.;
Moffat, K.; et al. Protection of European domestic pigs from virulent African isolates of African swine fever virus by experiment
immunization. Vaccine 2011, 29, 4593-4600. [CrossRef] [PubMed]

King, D.P; Reid, S.M.; Hutchings, G.H.; Grierson, S.S.; Wilkinson, PJ.; Dixon, L.K; Bastos, A.D.S.; Drew, T.W. Development of a
TaqMan® PCR assay with internal amplification control for the detection of African swine fever virus. J. Virol. Methods 2003, 107,
53-61. [CrossRef]

Pan, I.C.; Hess, W.R. Virulence in African swine fever: Its measurement and implications. Am. J. Vet. Res. 1984, 45, 361-366.
[PubMed]

Sanchez-Vizcaino, ].M.; Mur, L.; Gomez-Villamandos, J.C.; Carrasco, L. An update on the epidemiology and pathology of African
swine fever. J. Comp. Pathol. 2015, 152, 9-12. [CrossRef] [PubMed]

Sanchez-Cordén, PJ.; Vidana, B.; Neimanis, A.; Nufiez, A.; Wikstrom, E.; Gavier-Widén, D. Pathology of African swine fever. In
Understanding and Combatting African Swine Fever—A European Perspective; lacolina, L., Penrith, M.L., Bellini, S., Chenais, E., Jori, E,
Montoya, M., Stdhl, K., Gavier-Widén, D., Eds.; Wagenigen Academic Publisher: Wagenigen, The Netherlands, 2021; pp. 87-139.
Guinat, C.; Reis, A.L.; Netherton, C.L.; Goatley, L.; Pfeiffer, D.U.; Dixon, L. Dynamics of African swine fever virus shedding and
excretion in domestic pigs infected by intramuscular inoculation and contact transmission. Vet. Res. 2014, 45, 93. [CrossRef]
[PubMed]

Yamada, M.; Masujin, K.; Kameyama, K.I.; Yamazoe, R.; Kubo, T.; Iwata, K.; Tamura, A.; Hibi, H.; Shiratori, T.; Koizumi, S.; et al.
Experimental infection of pigs with different doses of the African swine fever virus Armenia 07 strain by intramuscular injection
and direct contact. J. Vet. Med. Sci. 2021, 82, 1835-1845. [CrossRef] [PubMed]

Howey, E.B.; O'Donnell, V.; de Carvalho Ferreira, H.C.; Borca, M.V.; Arzt, ]. Pathogenesis of highly virulent African swine fever
virus in domestic pigs exposed via intraoropharyngeal, intranasopharyngeal, and intramuscular inoculation, and by direct
contact with infected pigs. Virus Res. 2013, 178, 328-329. [CrossRef] [PubMed]

Walczak, M.; Zmudzki, J.; Mazur-Panasiuk, N.; Juszkiewicz, M.; Wozniakowski, G. Analysis of the Clinical Course of Experimental
Infection with Highly Pathogenic African Swine Fever Strain, Isolated from an Outbreak in Poland. Aspects Related to the
Disease Suspicion at the Farm Level. Pathogens 2020, 9, 237. [CrossRef] [PubMed]

Walczak, M.; Szczotka-Bochniarz, A.; Zmudzki, J.; Juszkiewicz, M.; Szymankiewicz, K.; Niemczuk, K.; Pérez-Nufiez, D.; Liu, L,;
Revilla, Y. Non-Invasive Sampling in the Aspect of African Swine Fever Detection—A Risk to Accurate Diagnosis. Viruses 2022,
14, 1756. [CrossRef] [PubMed]


http://doi.org/10.1016/S0368-1742(21)80031-4
http://doi.org/10.1080/22221751.2019.1590128
http://www.ncbi.nlm.nih.gov/pubmed/30898043
http://doi.org/10.1111/tbed.13483
http://doi.org/10.1080/22221751.2020.1738904
http://www.ncbi.nlm.nih.gov/pubmed/32183615
http://doi.org/10.3390/vetsci9040150
http://www.ncbi.nlm.nih.gov/pubmed/35448648
http://doi.org/10.1038/s41598-018-24740-1
http://www.ncbi.nlm.nih.gov/pubmed/29695831
http://doi.org/10.1111/tbed.13132
http://www.ncbi.nlm.nih.gov/pubmed/30667598
http://doi.org/10.1016/j.vaccine.2011.04.052
http://www.ncbi.nlm.nih.gov/pubmed/21549789
http://doi.org/10.1016/S0166-0934(02)00189-1
http://www.ncbi.nlm.nih.gov/pubmed/6711963
http://doi.org/10.1016/j.jcpa.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25443146
http://doi.org/10.1186/s13567-014-0093-8
http://www.ncbi.nlm.nih.gov/pubmed/25256695
http://doi.org/10.1292/jvms.20-0378
http://www.ncbi.nlm.nih.gov/pubmed/33162428
http://doi.org/10.1016/j.virusres.2013.09.024
http://www.ncbi.nlm.nih.gov/pubmed/24076499
http://doi.org/10.3390/pathogens9030237
http://www.ncbi.nlm.nih.gov/pubmed/32235758
http://doi.org/10.3390/v14081756
http://www.ncbi.nlm.nih.gov/pubmed/36016380

Viruses 2022, 14, 2512 12 of 12

19.

20.

Sun, E.; Zhang, Z.; Wang, Z.; He, X.; Zhang, X.; Wang, L.; Wang, W.; Huang, L.; Xi, F.; Huangfu, H.; et al. Emergence and
prevalence of naturally occurring lower virulent African swine fever viruses in domestic pigs in China in 2020. Sci. China Life Sci.
2020, 64, 752-765. [CrossRef] [PubMed]

Sun, E.; Huang, L.; Zhang, X.; Zhang, J.; Shen, D.; Zhang, Z.; Wang, Z.; Huo, H.; Wang, W.; Huangfu, H.; et al. Genotype I African
swine fever viruses emerged in domestic pigs in China and caused chronic infection. Emerg. Microbes Infect. 2021, 10, 2183-2193.
[CrossRef] [PubMed]


http://doi.org/10.1007/s11427-021-1904-4
http://www.ncbi.nlm.nih.gov/pubmed/33655434
http://doi.org/10.1080/22221751.2021.1999779
http://www.ncbi.nlm.nih.gov/pubmed/34709128

	Introduction 
	Materials and Methods 
	Virus 
	Animal Experiment 
	Clinical Evaluation and Sample Collection 
	ASFV Genome Detection 
	Detection of Antibodies against ASFV 

	Results 
	Clinical Signs Observed, and Survival 
	Viral Loads in Blood, Virus Shedding via Oral, Nasal, and Rectal Routes, and Antibody Detection 
	Viral Loads in Tissues and Post-Mortem Lesions 

	Discussion 
	Conclusions 
	References

