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ABSTRACT
The Georgia-07-like genotype II African swine fever virus (ASFV) with high virulence has been prevalent in China since
2018. Here, we report that genotype I ASFVs have now also emerged in China. Two non-haemadsorbing genotype I
ASFVs, HeN/ZZ-P1/21 and SD/DY-I/21, were isolated from pig farms in Henan and Shandong province, respectively.
Phylogenetic analysis of the whole genome sequences suggested that both isolates share high similarity with NH/P68
and OURT88/3, two genotype I ASFVs isolated in Portugal in the last century. Animal challenge testing revealed that
SD/DY-I/21 shows low virulence and efficient transmissibility in pigs, and causes mild onset of infection and chronic
disease. SD/DY-I/21 was found to cause necrotic skin lesions and joint swelling. The emergence of genotype I ASFVs
will present more problems and challenges for the control and prevention of African swine fever in China.
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Introduction

African swine fever (ASF) is a highly contagious, hae-
morrhagic swine disease caused by the African swine
fever virus (ASFV) [1,2]. The disease continues to
pose a major threat to the pig industry, food security,
and rural development worldwide, and is listed as a
notifiable disease by the World Organization for Ani-
mal Health (OIE).

The disease signs and mortality rates of ASF vary
among viral strains and animal species [1]. Acute dis-
ease presents with high fever, depression, haemor-
rhages, cyanosis, and death within 15 days with near
100% mortality [3]. Subacute and chronic diseases
are usually caused by less virulent strains with a longer
course of disease and lower mortality. Chronic disease
signs include intermittent fever, weight loss, chronic
skin ulcers, and arthritis [1].

ASF was first described in Kenya in 1921 [1] and
spread throughout sub-Saharan Africa (www.ioe.int).
ASFVs are classified into different genotypes based on

the 3′-end sequences of the B646L gene, which encodes
the major capsid protein p72 [3,4]. To date, 24 different
ASFV genotypes have been identified in Africa. Multiple
virus strains and genotypes may circulate in any given
region of Sub-Saharan Africa [3–5]. Genotype I virus
was first found in Portugal outside Africa in 1957 and
caused acute onset of infection [6]; it then appeared in
Spain, France, Madeira, Italy, Cuba, Malta, Sardinia,
Brazil, the Dominican Republic, and Haiti in the
1960s and 1970s [7–9]. Genotype I ASFVs have since
been eradicated in all of these countries except Italy-Sar-
dinia, where it has been endemic since 1978 [8].

In 2007, genotype II ASFV was first introduced into
Georgia outside Africa and then spread to other Cauca-
sian and European countries [6]. In 2018, Georgia-07-
like genotype II ASFV emerged in China, and spread
to 15 other Asian countries (www.oie.int) [10–12].
This virus causes very acute disease with near 100%mor-
tality, and has been prevalent in China for almost three
years (www.oie.int) [4,10,12–14]. A subsequent surveil-
lance study found that lower virulent genotype II
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ASFVs emerged in China in 2020 due to natural
mutations in the genomes of the highly virulent viruses
[15]. These natural mutants showed lower virulence
and high transmissibility, caused chronic and persistent
infections in pigs, but were continuously shed via the
oral and rectal routes at a low level, which causes more
difficulties and challenges for the early diagnosis and
control of ASF in China [15].

In the present study, we isolated genotype I ASFVs
from pigs in two provinces in China and sequenced
the whole viral genomes of two isolates for phyloge-
netic analysis. Specific-pathogen-free (SPF) pigs were
inoculated with one of the viruses at different doses
to determine its pathogenicity. Disease signs, lesions,
viremia, contact transmission, and viral loads in differ-
ent organs and tissues were assessed.

Materials and methods

Facility and ethics statements

All experiments including animal studies with live
ASFVs were performed in the enhanced biosafety
level 3 (P3+) facilities in the Harbin Veterinary
Research Institute (HVRI) of the Chinese Academy
of Agricultural Sciences (CAAS), which are approved
for such use by the Ministry of Agriculture and
Rural Affairs and the Animal Experimentation and
Laboratory Animal Welfare Committee of HVRI.

Cell culture and virus isolation

Primary porcine alveolar macrophages (PAMs) were
obtained from bronchoalveolar lavage of SPF pigs as
previously described [16]. Peripheral blood mono-
nuclear cells (PBMCs) were prepared from EDTA-
treated swine blood by using a Pig PBMC Isolation
Kit (TBD sciences, China).

Homogenized pig tissue samples (ASFV p72 gene
positive by qPCR) were used to inoculate primary
PAMs. At three days post-inoculation (p.i.), the
ASFVs in the cell supernatants and PAMs were
detected by using qPCR. The cell supernatants were
collected and used to inoculate PAMs to propagate
virus stocks. Each virus stock was examined to
confirm the lack of bacterial contamination, classical
swine fever virus (CSFV), porcine respiratory and
reproductive syndrome virus (PRRSV), pseudorabies
virus (PRV), and porcine circovirus type 2 (PCV2).
Virus stocks were aliquoted and stored at −80°C.

HAD assay

PBMCs were cultured in 96-well plates and infected with
10-fold diluted ASFVs [10]. Haemadsorption in the cul-
tures was observed for at least seven days by microscopy.
The 50%HAD dose (HAD50) was measured by using the
Reed and Muench method [17].

Immunofluorescence assay

PAMs were seeded in 96-well plates and infected with
different doses of ASFVs. Virus replication was
confirmed by using an Immunofluorescence assay
(IFA) with an ASFV-specific antibody, as described
previously [15,18]. The 50% tissue culture infective
dose (TCID50) was measured by using the Reed and
Muench method [17].

Electron microscopy

PAMs were cultured in 6-well plates and infected with
the indicated ASFVs at an MOI of 0.2. At 48 h p.i.,
ASFV-infected cells were collected for morphological
observation under an electron microscopy, as
described previously [10].

Quantitative PCR

ASFV genomic DNA from cell supernatants, whole
peripheral blood samples, swabs, and tissue homogen-
ates was extracted by using QIAamp® DNA Mini Kits
(Qiagen, Germany). Quantitative PCR (qPCR) was
carried out on an ABI QuantStudio5 (Q5) (ABI,
USA) as previously described [19].

Viral gene sequencing and genetic analysis

Viral genes and genome segments were amplified by
PCR and sequenced by using the first generation Sanger
DNA sequencingmethod [20]. Multiple-sequence align-
ments and phylogenetic analyses of viral genes and gen-
ome segments were carried out by using the software
DNAStar and MEGA X. Primer sequences for PCR
amplification and sequencing of genotype I ASFV gen-
omes are available upon request. The genomes of the
ASFVs were aligned by using E-INS-i of the program
MAFFT v7 [21] and ambiguously aligned regions
were excluded by using Gblocks-0.91 [22]. Phylogenetic
analysis was hypothesized using maximum likelihood
(ML), and ModelFinder was used to select the best-fit
model according to the Bayesian information criterion
(BIC) [23]. ML analysis was hypothesized using IQ-
Tree [24] and the best model was TVM+ F. Bootstrap
branch support values (MLBS) were obtained with
1000 rapid bootstrap inferences and subsequently
sought in a thorough ML search of the dataset.

Animal experiments

SPF Large White and Land race-crossed pigs without
PRRSV, PCV2, PRV, or CSFV infection were obtained
from the Laboratory Animal Center of HVRI. The
7-week-old SPF pigs were divided into groups of six
pigs, and then intramuscularly inoculated with different
doses of ASFV. Two additional naïve pigs were cohoused
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with the infected pigs from the first day of challenge to
determine ASFV contact transmission. Each pig was
monitored daily for body temperature changes and dis-
ease signs including anorexia, depression, fever, purple
skin discolouration, staggering gait, diarrhoea, and
cough for 28 days p.i. or post-contact (p.c.). Oral and rec-
tal swabs, and blood were collected for virus detection by
using qPCR at different timepoints p.i. or p.c…Necropsy
was immediately performed if an animal died. Tissue
samples including heart, liver, spleen, lung, kidney, tonsil,
thymus, adrenal gland, marrow, synovial fluid, and
lymph nodes (intestinal lymph node, inguinal lymph
node, submaxillary lymph node, bronchial lymph node,
gastrohepatic lymph node, and mediastinal lymph
node) were collected during necropsy, and viral DNA
was detected by using qPCR. Serum samples were col-
lected and assessed for IgG against the ASFV p72 protein
by using a commercial ELISA kit (HarbinWeike Biotech-
nology Co., Ltd, China).

Results

Isolation of genotype I ASFVs in China

In June 2021, a fattening pig weighing about 80 kg
showed paralytic symptoms on a farm in Shandong
province, and was euthanized for autopsy. The lung
sample was collected and delivered to the Chinese

National African Swine Fever Para-reference Labora-
tory (CNASFPL) for ASFV detection. On another
farm in Henan province, the fattening pigs developed
chronic infection signs including weight loss, inter-
mittent fever, skin ulcers, and arthritis; sporadic
deaths were also observed. Samples from four dead
pigs, including lymph nodes and spleens, were col-
lected and delivered to the CNASFPL for ASFV detec-
tion. All samples were confirmed to be ASFV positive
by qPCR targeting the viral p72 gene [19]. Further
sequence analysis of the p72 genes indicated that the
ASFVs in these samples belonged to genotype I.

Subsequently, two genotype I ASFVs were isolated
from the samples from the Shandong and Henan pro-
vince farms, and were named Pig/Shandong/DY-I/2021
(SD/DY-I/21) and Pig/Henan/ZZ-P1/2021 (HeN/ZZ-
P1/21), respectively. Both isolates replicated well in
PAMs with viral titres of >5 × 107 TCID50/ml in cell cul-
ture supernatants, and showed non-haemadsorption
activity (Figure 1). Electron microscopy (EM) obser-
vation revealed typical morphology of ASFV particles
within the infected PAMs (Figure 1).

Genome analysis of the genotype I ASFV
isolates SD/DY-I/21 and HeN/ZZ-P1/21

To characterize the phylogenic specificity of the geno-
type I ASFVs isolated in China, we sequenced the

Figure 1. Characterization of genotype I ASFV isolates in vitro. PAMs were infected with the genotype I isolates SD/DY-I/21 and
HeN/ZZ-P1/21, and the genotype II strain HLJ/18 as a control at an MOI of 0.1. The cells were fixed and analysed by using an
immunofluorescence assay (IFA) at 24 h p.i. The haemadsorption (HAD) assay was performed with the indicated viruses in
PBMCs. PAMs were infected with ASFVs in 6-well plates (MOI=0.2), and the cell pellets were harvested for morphological assess-
ment by using an electron microscope (EM).
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whole genomes of SD/DY-I/21 and HeN/ZZ-P1/21 by
using a segmentation PCR strategy described pre-
viously [12]. The sequence data have been deposited
in the GenBank and the accession numbers are
MZ945537 and MZ945536. The phylogenetic tree
was constructed by using the whole genome sequences
of SD/DY-I/21 and HeN/ZZ-P1/21, as well as 70 refer-
ence strains in the GenBank database (Figure 2). SD/
DY-I/21 and HeN/ZZ-P1/21 belong to the same
clade with the genotype I Portuguese isolates NH/
P68 (GenBank: KM262845) and OURT88/3 (Gen-
Bank: AM712240), and differ from the previous geno-
type II ASFV isolates in China (Figure 2). Sequence
analysis showed 172, 025 bp and 158 ORFs for SD/
DY-I/21 and 171, 235 bp and 157 ORFs for HeN/
ZZ-P1/21.

Compared to the whole genomes of virulent L60 and
Benin 97 strains, SD/DY-I/21 and HeN/ZZ-P1/21

as well as NH/P68 and OURT88/3 deleted 10 ORFs
(MGF_110-11L, MGF_110-12L, MGF_360-6L,
MGF_360-10L, MGF_360-11L, MGF_505-1R,
MGF_360-12L, MGF_360-13L, MGF_360-14L, and
MGF_505-2R), and had 5 truncated ORFs
(MGF_360-9L, MGF_505-3R, EP153R, EP402R, and
MGF_100-2L) (Figure 3(A)). Phylogenetic analysis
of B646L, E183L, and B602L genes grouped L60,
Benin 97, NH/P68, OURT88/3, SD/DY-I/21, and
HeN/ZZ-P1/21 to other genotype I ASFV strains
from Europe and West Africa (Supplementary Figure
S1), consistent with the previous assumption that all
genotype I ASFVs were originally derived from Africa
[25]. The central variable region (CVR) profiles of the
B602L gene of SD/DY-I/21 and HeN/ZZ-P1/21
showed no similarity with that of publicly available
ASFVs including NH/P68 and OURT88/3 (Sup-
plementary Table S1).

Figure 2. Phylogenetic tree based on the full genome sequences derived from SD/DY-I/21, HeN/ZZ-P1/21, and 70 reference strains
from the GenBank database (accession numbers are reported in brackets). GI, all strains are genotype I ASFVs. GII, all strains are
genotype II ASFVs. The red boldface type indicates the isolates in this study.
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Compared to the whole genome of NH/P68 in the
coding regions, SD/DY-I/21 differs by 18 single
nucleotide changes in 13 open reading frames
(ORFs), resulting in 12 amino acid (AA) changes
(Figure 3(B) and Supplementary Table S2); HeN/ZZ-
P1/21 differs by 18 single nucleotide mutations in 15
ORFs, resulting in 13 AA changes (Figure 3(B) and
Supplementary Table S2); and OURT88/3 has 3 single
nucleotide changes in 3 ORFs (Figure 3(B)). SD/DY-I/
21 has 96 nucleotides deleted from sites 87541 to
87636 in its B602L ORF, a single C deletion at site
169370 in its MGF_360-17R ORF, a single T insertion
at site 110751 in its CP204L ORF, and a single A

insertion at site 163390 in its MGF_360-16R ORF
(Figure 3(C)); HeN/ZZ-P1/21 has a 686-nucleotide
deletion from sites 7105 to 7790 in MGF_110-4/5L,
a 22-nucleotide fragment replacement from sites
8123 to 8144 in MGF_110-5L, a single C deletion at
site 11607 in MGF_110-13/14L, 108 nucleotides
deleted from sites 87456 to 87563 in its B602L ORF,
single T and C deletions at sites 169200 and 169370,
respectively, in MGF_360-17R, a single C insertion
at site 70851 in its C257L ORF, a single T insertion
at site 110751 in its CP204L ORF, and two A
insertions at site 163390 in its MGF_360-16R ORF
(Figure 3(C)).

Figure 3. ORFs, nucleotide mutations, deletions, insertions, and replacement in the genomes of SD/DY-I/21 and HeN/ZZ-P1/21.
Analysis of the deletion, shortening and lengthening of all ORFs of SD/DY-I/21 and HeN/ZZ-P1/21 compared with virulent isolates
L60 and Benin 97, and attenuated isolates NH/P68 and OURT88/3 (A). The whole genome sequences of SD/DY-I/21 and HeN/ZZ-
P1/21 were respectively compared with those of low virulence isolates NH/P68 and OURT88/3 for nucleotide mutations in ORFs
(B), nucleotide deletions, insertions, and replacement in ORFs (C); and nucleotide mutations, deletions, and insertions in the non-
coding regions (D). The names of the ORFs are shown on the bottom of each panel.
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Compared to the whole genome of NH/P68 in
the non-coding regions, SD/DY-I/21 has 4 nucleo-
tides deleted at 3 positions and 10 nucleotides
inserted at 9 positions (Figure 3(D)); HeN/ZZ-P1/
21 has one mutation, 31 nucleotides deleted at 9
positions, and 7 nucleotides inserted at 7 positions
(Figure 3(D)); OURT88/3 has 6 nucleotide deletions
at 4 positions, and 7 nucleotides inserted at 7 pos-
itions (Figure 3(D)).

Compared to NH/P68, the nucleotide deletions and
insertions in the genome of SD/DY-I/21 resulted in
changes in 4 ORFs: three ORFs (MGF_360-16R,
CP204L, and B602L) had deletions ranging from 2
to 32 AAs in length, and one ORF (MGF_360-17R)
had an insertion of 182 AAs in length (Supplementary
Table S2); the nucleotide deletions, insertions, and
replacement in the genome of HeN/ZZ-P1/21 resulted
in changes in 9 ORFs: one ORF (MGF_110-4L) exists
in NH/P68 but not in HeN/ZZ-P1/21, one ORF
(MGF_110-5L) has 4 AA mutations, 5 ORFs
(MGF_110-13L, MGF_110-14L, B602L, CP204L, and
C257L) have deletions ranging from 3 to 150 AAs in
length, and two ORFs (MGF_360-16R and
MGF_360-17R) have insertions of 41 and 165 AAs,
respectively (Supplementary Table S2).

It is surprising that the HeN/ZZ-P1/21 genome
differs significantly from that of SD/DY-I/21: 32

nucleotide mutations in 23 ORFs, 700 nucleotide del-
etions in 4 ORFs, 3 nucleotide insertions in 3 ORFs,
and a replacement of 22 nucleotides in MGF_110-5L
(Figure 3 and Supplementary Table S2). These results
indicate that the two genotype I ASFV isolates, SD/
DY-I/21 and HeN/ZZ-P1/21, come from different
sources.

The genotype I ASFV isolate SD/DY-I/21 causes
chronic infection in pigs

To determine the virulence of genotype I ASFVs iso-
lated in China, SD/DY-I/21 was tested in pigs. Groups
of six SPF pigs were intramuscularly inoculated with
103 or 106 TCID50 of SD/DY-I/21, respectively. All
the challenged pigs showed intermittent fever of
different degrees from Day 3 to 18 p.i. (Figure 4 and
Table 1). In the 106 TCID50-inoculated group, three
pigs developed papules in the skin of neck, ear hind,
abdomen, or even the whole body from Day 11 p.i.
(Table 1 and Figure 5). All six pigs started to develop
arthroncus from Days 13 and 17 p.i.; two pigs started
to limp on Days 14 and 25 p.i., respectively (Table 1
and Figure 5). Two pigs developed multiple focal
cutaneous necrosis on Days 17 and 20 p.i., respectively
(Table 1 and Figure 5). All of the pigs survived for the
duration of the 28-day observation period (Table 1
and Figure 5).

In the 103 TCID50-inoculated groups, three pigs
developed sporadic papules in the skin from Day
13 p.i., and five pigs started to develop arthroncus
from Day 14 p.i. (Table 1 and Figure 5). One pig
developed disease and died on Day 16 p.i. (Table
1). Nostril bleeding before death, and hyperaemia
and swelling of the spleen, liver, and lymph
nodes were observed on autopsy. The remaining
five pigs survived for the duration of the 28-day
observation period (Table 1). These results demon-
strate that the genotype I ASFV SD/DY-I/21 is
pathogenic and mainly causes chronic disease
signs in pigs.

Replication and shedding of SD/DY-I/21 in pigs

To evaluate viral shedding and viremia, oral and
rectal swabs and blood samples from the pigs
were collected to detect ASFV genome DNA by
using qPCR every other day p.i.. For the pigs
inoculated with 106 TCID50 of SD/DY-I/21, viral
DNA was detectable in the oral swabs from Day
5 p.i., in the rectal swabs from Day 7 p.i., and in
the blood from Day 7 p.i. (Figure 6). For the pigs
inoculated with 103 TCID50 of virus, viral DNA
was detectable in the oral swabs from Day 9 p.i.,
in the rectal swabs from Day 11 p.i., and in the
blood from Day 7 p.i.. Viral DNA was detected
in the oral and rectal swabs for more than 28

Figure 4. Rectal temperature changes in pigs infected with
SD/DY-I/21 at a dose of 106 TCID50 (A) or 10

3 TCID50 (B). Pig
1–Pig 6, 6 pigs inoculated with SD/DY-I/21, Contact 1–Contact
4, 4 non-inoculated pigs cohoused to test for contact trans-
mission. The dashed black lines in these panels indicate the
threshold of normal rectal temperature.
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days after infection in all inoculated pigs (Figure 6).
In general, virus shedding was detected earlier and
at a higher level in the oral swabs than in the rectal
swabs (Figure 6).

Tissue samples were collected from the one
necropsied pig on the day of its death and from
all of the surviving pigs, which were euthanized
on Day 28 p.i., for viral genome DNA detection
by qPCR. The viral loads in the tissues from the
dead pig inoculated with the 103 TCID50 dose
were much higher than those of the surviving
pigs (Figure 7(A)). Viral DNA was detected in the
tissues of all of the surviving pigs, especially in
the spleens, lungs, adrenal gland, marrow, and cer-
tain lymph nodes (Figure 7(A)).

Transmission of genotype I ASFV
SD/DY-I/21 in pigs

Two naive pigs were cohoused with pigs inoculated
with 103 TCID50 or 10

6 TCID50 of SD/DY-I/21 from
the first day of infection for contact transmission
test, respectively. One contact pig in the 106 TCID50

group started to have a fever fromDay 26 p.c. (Figure 4
(A) and Table 1) and developed arthroncus from Day
17 p.c. (Table 1). Viral DNA was detectable in oral
swabs from Days 5 and 7 p.c., respectively, in the rectal
swabs from Days 9 and 13 p.c., respectively, and in the
blood from Days 15 and 23 p.c., respectively (Figure
6). Both contact pigs survived for the duration of the
28-day observation period, and were euthanized on
Day 28 p.c.. Tissue samples were collected for viral

Table 1. Disease signs in pigs inoculated with different doses of the genotype I ASFV SD/DY-I/21.

Group Treatment Pig No.

Earliest appearance of disease signs (Day post-inoculation, dpi)

Fever (>40 oC) Papule Arthroncus Limp Phyma Cutaneous necrosis Death

106 TCID50 Infection 1 3 13 14 / a / / NAb

2 9 / 14 / / / NA
3 4 / 13 25 / 17 NA
4 12 / 14 14 / / NA
5 3 12 17 / / / NA
6 4 11 17 / / 20 NA

Contact 1 / / / / / / NA
2 26 / 17 / / / NA

103 TCID50 Infection 1 6 13 14 / / / NA
2 12 13 14 / / / NA
3 4 13 14 / / / 16
4 4 / 14 / / / NA
5 4 / / / / / NA
6 3 / 14 / / / NA

Contact 3 5 / / / 25 / NA
4 4 / / / / / NA

aNo signs of disease.
bThe pig survived the infection.

Figure 5. Disease signs in pigs infected with the genotype I isolate SD/DY-I/21. Disease signs include papules (A,B), cutaneous
necrosis (B,C), and arthroncus of hind legs (B,D) in surviving pigs.
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DNA detection by qPCR. Low viral DNA loads were
detected in different tissues of both contact pigs
(Figure 7(A)).

Both contact pigs in the 103 TCID50 group showed
varying degrees of intermittent fever during the 28-
day observation period (Figure 4(B)). One contact
pig developed phyma on its ridge on Day 25 p.c.
(Table 1). Viral DNA was detectable in the oral
swabs from Days 9 and 11 p.c., respectively, in the rec-
tal swabs from Days 13 and 15 p.c., respectively, and in
the blood from Days 23 and 25 p.c., respectively
(Figure 6). Both pigs survived for the duration of the
28-day observation period and were euthanized on
Day 28 p.c., when tissues were collected for viral
DNA detection by qPCR. High viral DNA loads
were detected in the lungs of both contact pigs and
in the tonsil of one contact pig (Figure 7(A)). Low
viral DNA loads were detected in other tissues includ-
ing heart, thymus, adrenal gland, marrow, and certain
lymph nodes (Figure 7(A)).

ASFV-specific antibody responses in inoculated
and contact pigs

To evaluate the antibody response after SD/DY-I/21
infection, sera from inoculated and contact pigs were

collected every other day p.i. or p.c. to detect IgG
against ASFV p72 protein by using an ELISA. In the
106 TCID50-inoculated group, antibody was detected
in two pigs on Day 7 p.i., and in all six pigs from
Day 9 p.i. (Figure 7(B)). In the 103 TCID50-inoculated
group, antibody was detected in five pigs on Day 9 p.i.,
and in all six pigs from Day 11 p.i. (Figure 7(B)). The
antibody levels in pigs inoculated with virus gradually
increased until Day 25 p.i. (Figure 7(B)). Two contact
pigs in the 106 TCID50 group seroconverted on Days
21 and 27 p.i., respectively, and two contact pigs in
the 103 TCID50 group seroconverted on Days 21 and
25 p.i., respectively (Figure 7(B)). These data further
demonstrate that SD/DY-I/21 is highly transmissible
in pigs.

Discussion

In this study, we isolated and characterized what we
believe are the first genotype I ASFV strains in
China. Two genotype I isolates, SD/DY-I/21 and
HeN/ZZ-P1/21, were isolated from domestic pig
farms in two provinces. Phylogenetic analysis based
on the whole genome sequences suggested that both
viruses are highly similar to NH/P68 and OURT88/3,
two genotype I Portuguese early isolates. NH/P68 was

Figure 6. Detection of virus shedding and viremia in infected and contact pigs by use of qPCR. Oral and rectal swab samples, as
well as blood, were collected from pigs infected with SD/DY-I/21 and contact pigs at the indicated days post-infection. Viral DNA
was extracted and detected by using qPCR. The data on the contact pigs cohoused with the 106 TCID50-inoculated pigs and 103

TCID50-inoculated pigs are labelled in red and blue, respectively. The different shaped black dots represent individual pigs.
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isolated from a domestic pig with chronic clinical signs
in Portugal in 1968 [26–28], and OURT88/3 was iso-
lated from soft ticks (Ornithodoros erraticus) on a Por-
tuguese pig farm in 1988 [29]. However, HeN/ZZ-P1/
21 and SD/DY-I/21 showed substantial genetic differ-
ences fromNH/P68 and OURT88/3 in terms of nucleo-
tide mutations, deletions, insertions, and short-
fragment replacement across the whole genome. Of
particular interest, whole genome sequence analysis
clearly showed differences between HeN/ZZ-P1/21
and SD/DY-I/21. These results provide important
information to help trace the source of these viruses
through field surveillance and imply that two separate
events may have led to the emergence of these genotype
I ASFVs in China.

The genotype I Portuguese ASFV isolate was atte-
nuated by serial passage in bone marrow cell cultures
and then tested in the field in Portugal in the 1960s

[30,31]. As chronic ASF developed post-vaccination,
the field trial for this vaccine candidate was soon
stopped [32]. After that, NH/P68 and OURT88/3
were isolated in the field [25,26,29], even though
there is still no definitive proof for their origins.
Through 30 years of efforts, Portugal and Spain suc-
cessfully eradicated ASF in the 1990s (www.oie.
int)[31]. NH/P68, OURT88/3, and similar viruses
have not been detected in the field since the 1990s
[2,31]. Lower virulent genotype II ASFVs can be
evolved from their parental field isolates [15,33,34].
Genotype I ASFVs have been continuously circulating
in Africa since 1921, and there is no doubt that attenu-
ated genotype I viruses emerge in nature. However,
the genomes and phenotypes of these isolates in Africa
have been little characterized. It is one of the possibi-
lities that the attenuated genotype I isolates including
NH/P68 and OURT88/3 may be introduced from

Figure 7. Detection of virus load in tissues and serum conversion in SD/DY-I/21-infected pigs and contact pigs. (A) The indicated
tissue samples were collected from the dead pig and surviving pigs that were euthanized on Day 28 post-inoculation or post-
contact to detect viral DNA by using qPCR. LN1, intestinal lymph node; LN2, inguinal lymph node; LN3, submaxillary lymph
node; LN4, bronchial lymph node; LN5, gastrohepatic lymph node; and LN6, mediastinal lymph node. (B) ASFV-specific antibody
in sera from infected and contacted pigs was detected at the indicated times post-infection or -contact by using a commercial
ELISA kit coated with viral p72 protein. The data on the contact pigs cohoused with the 106 TCID50- and 103 TCID50-inoculated
pigs are labelled in red and blue, respectively. The different shaped black dots represent individual pigs.
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Africa. Therefore, how these genotype I viruses
invaded China needs further investigation.

Animal challenge tests revealed that the genotype I
ASFV isolated in China shows similar low pathogen-
icity in pigs to that of NH/P68 and OURT88/3. The
SD/DY-I/21 isolate showed moderate virulence and
efficient transmissibility in pigs and caused chronic
disease and even death in one pig. Except for one con-
tact pig, all of the pigs in our study developed fever.
Moreover, almost all of the inoculated and contact
pigs developed joint swelling. It has been reported
that NH/P68 and OURT88/3 have low pathogenicity
and cause chronic and persistent infection in domestic
pigs [26,29]. NH/P68 infection caused 47% of pigs to
experience clinical disease including necrotic skin
areas and joint swelling, 79% of pigs had high fever,
and 84% of pigs had viremia [26]. Less severe post-
vaccination reactions including fever and joint swel-
ling were apparent with OURT88/3 [29]. Mutations
in the EP402R gene that encodes CD2v may cause
the virus to lose its haemadsorbing activity and
could partially attenuate its virulence in domestic
pigs and wild boar [15,33–35]. MGF505/360 regions
including MGF_505-1R, -2R, -3R, and MGF_360-
12L, -13L, -14R genes are involved in virus replication
in tick cells [36], the inhibition of interferon (IFN)
production [37], and virus virulence in pigs [38].
Our genotype I isolates, HeN/ZZ-P1/21 and SD/DY-
I/21, both had the truncated CD2v protein with
non-haemadsorbing phenotype, and deleted
MGF505/360 regions as same as NH/P68 and
OURT/88, but different from virulent L60 and Benin
97 [25,39]. The change of these genes may partially
explain the low virulence phenotype of these viruses.

Since 2018, Georgia-07-like genotype II ASFVs
with high virulence have been prevalent in China.
The naturally mutated genotype II low virulent strains
were found in the field in 2020 [15]. Now, NH/P68-
and OURT88/3-like genotype I epidemic strains with
lower virulence than attenuated genotype II viruses
have emerged in the field. These low virulent ASFVs
have longer incubation periods, efficient transmissibil-
ity, and cause mild onset of infection and chronic dis-
ease. Infected pigs continuously shed viruses and
develop low-level viraemia, which makes early diagno-
sis more difficult than attenuated genotype II viruses
in the field. Meanwhile, new reassortants with
unknown virulence among genotype II virulent and
attenuated viruses, and genotype I viruses may sub-
sequently emerge in the field. Therefore, the emer-
gence of the genotype I ASFVs will cause more
problems and pose bigger challenges for ASF eradica-
tion in China. The newly emerging genotype I ASFVs
may cause severe and continuous economic losses to
the pig industry, once they spread in swine herds or
infect breeding sows and boars. Nationwide surveil-
lance of genotype I ASFVs is therefore urgently

needed to minimize the losses caused by their infec-
tion in China.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the National Key R&D Pro-
gram of China [grant number 2018YFC1200601 and
2019YFE0107300], the Applied Technology Research and
Development Project of Heilongjiang Province [grant num-
ber GA19B301], the Key-Area Research and Development
Program of Guangdong Province [grant number
2019B020211004], the National Natural Science Foundation
of China [grant number 31941002], the National Science
and Technology Major Project [grant number
2018ZX10734401-018-002], and a grant from the State
Key Laboratory of Veterinary Biotechnology Program
[grant number SKLVBP202101].

Author contributions

The manuscript was written by D.Z. and Z.B; exper-
iments and data analysis were performed by E.S.,
L.H., X.Z., J.Z., D.S., Z.Z., Z.W., H.H., W.W., H.H.,
W.W., F.L., R.L., J.S., Z.T., W.X., Y.G., X.H., and
Y.Z.; and the study was designed by D.Z. and Z.B.

ORCID

Dongming Zhao http://orcid.org/0000-0001-7161-6214
Zhigao Bu http://orcid.org/0000-0001-9242-4211

References

[1] Wardley RC, et al. African swine fever virus. Brief
review. Arch Virol. 1983;76(2):73–90.

[2] Dixon LK, Sun H, Roberts H. African swine fever.
Antiviral Res. 2019;165:34–41.

[3] Muangkram Y, Sukmak M, Wajjwalku W.
Phylogeographic analysis of African swine fever
virus based on the p72 gene sequence. Genet Mol
Res. 2015;14(2):4566–4574.

[4] Gao L, et al. Epidemic situation and control measures
of African Swine Fever Outbreaks in China 2018-2020.
Transbound Emerg Dis. 2021;68(5):2676–2686.

[5] Penrith ML, et al. African swine fever virus eradication
in Africa. Virus Res. 2013;173(1):228–246.

[6] Revilla Y, Perez-Nunez D, Richt JA. African swine
fever virus biology and vaccine approaches. Adv
Virus Res. 2018;100:41–74.

[7] Galindo I, Alonso C. African swine fever virus: a
review. Viruses. 2017;9(5):103. doi:10.3390/v9050103.

[8] Cisek AA, et al. African swine fever virus: a new old
enemy of Europe. Ann Parasitol. 2016;62(3):161–167.

[9] Sanchez-Vizcaino JM, et al. An update on the epide-
miology and pathology of African swine fever. J
Comp Pathol. 2015;152(1):9–21.

[10] Zhao D, et al. Replication and virulence in pigs of the
first African swine fever virus isolated in China. Emerg
Microbes Infect. 2019;8(1):438–447.

2192 E. Sun et al.

http://orcid.org/0000-0001-7161-6214
http://orcid.org/0000-0001-9242-4211
https://doi.org/10.3390/v9050103


[11] Tran HTT, et al. Circulation of two different variants
of intergenic region (IGR) located between the I73R
and I329L genes of African swine fever virus strains
in Vietnam. Transbound Emerg Dis. 2021;68
(5):2693–2695.

[12] Wen X, et al. Genome sequences derived from pig and
dried blood pig feed samples provide important
insights into the transmission of African swine fever
virus in China in 2018. Emerg Microbes Infect.
2019;8(1):303–306.

[13] Li G, et al. Crystal structure of the African swine
fever virus structural protein p35 reveals its role
for core shell assembly. Protein Cell. 2020;11
(8):600–605.

[14] Fu D, et al. Structure of African swine fever virus p15
reveals its dual role for membrane-association and
DNA binding. Protein Cell. 2020;11(8):606–612.

[15] Sun E, 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. 2021;64(5):752–765.

[16] Carrascosa AL, Santaren JF, Vinuela E. Production
and titration of African swine fever virus in porcine
alveolar macrophages. J Virol Methods. 1982;3
(6):303–310.

[17] Carrascosa AL, Bustos MJ, de Leon P. Methods for
growing and titrating African swine fever virus: field
and laboratory samples. Curr Protoc Cell Biol. 2011.
Chapter 26:Unit 26.14. doi:10.1002/0471143030.
cb2614s53.

[18] Tesfagaber W, et al. Characterization of anti-p54
monoclonal antibodies and their potential Use for
African swine fever virus diagnosis. Pathogens.
2021;10(2):178. doi:10.3390/pathogens10020178.

[19] Zsak L, et al. Preclinical diagnosis of African swine
fever in contact-exposed swine by a real-time PCR
assay. J Clin Microbiol. 2005;43(1):112–119.

[20] Sanger F, Coulson AR. A rapid method for determin-
ing sequences in DNA by primed synthesis with DNA
polymerase. J Mol Biol. 1975;94(3):441–448.

[21] Katoh K, Standley DM. MAFFT multiple sequence
alignment software version 7: improvements in per-
formance and usability. Mol Biol Evol. 2013;30
(4):772–780.

[22] Talavera G, Castresana J. Improvement of phylogenies
after removing divergent and ambiguously aligned
blocks from protein sequence alignments. Syst Biol.
2007;56(4):564–577.

[23] Kalyaanamoorthy S, et al. Modelfinder: fast model
selection for accurate phylogenetic estimates. Nat
Methods. 2017;14(6):587–589.

[24] Nguyen LT, et al. IQ-TREE: a fast and effective sto-
chastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol. 2015;32(1):268–274.

[25] Portugal R, et al. Related strains of African swine fever
virus with different virulence: genome comparison
and analysis. J Gen Virol. 2015;96(Pt 2):408–419.

[26] Leitao A, et al. The non-haemadsorbing African swine
fever virus isolate ASFV/NH/P68 provides a model for
defining the protective anti-virus immune response. J
Gen Virol. 2001;82(Pt 3):513–523.

[27] Gallardo C, et al. Experimental transmission of
African swine fever (ASF) Low virulent isolate NH/
P68 by surviving pigs. Transbound Emerg Dis.
2015;62(6):612–622.

[28] Gallardo C, et al. African swine fever virus (ASFV)
protection mediated by NH/P68 and NH/P68 recom-
binant live-attenuated viruses. Vaccine. 2018;36
(19):2694–2704.

[29] Boinas FS, et al. Characterization of pathogenic and
non-pathogenic African swine fever virus isolates
from Ornithodoros erraticus inhabiting pig premises
in Portugal. J Gen Virol. 2004;85(Pt 8):2177–2187.

[30] Mebus CA. African swine fever. Adv Virus Res.
1988;35:251–269.

[31] Cwynar P, Stojkov J, Wlazlak K. African swine fever
status in Europe. Viruses. 2019;11(4):310. doi:10.
3390/v11040310.

[32] Hess WR. African swine fever virus. Virol Monogr.
1971;9:1–33.

[33] Gallardo C, et al. Attenuated and non-haemadsorbing
(non-HAD) genotype II African swine fever virus
(ASFV) isolated in Europe, Latvia 2017. Transbound
Emerg Dis. 2019;66(3):1399–1404.

[34] Nurmoja I, et al. Biological characterization of African
swine fever virus genotype II strains from north-east-
ern Estonia in European wild boar. Transbound
Emerg Dis. 2017;64(6):2034–2041.

[35] Chen W, et al. A seven-gene-deleted African swine
fever virus is safe and effective as a live attenuated vac-
cine in pigs. Sci China Life Sci. 2020;63(5):623–634.

[36] Burrage TG, et al. African swine fever virus multigene
family 360 genes affect virus replication and generaliz-
ation of infection in Ornithodoros porcinus ticks. J
Virol. 2004;78(5):2445–2453.

[37] Golding JP, et al. Sensitivity of African swine fever
virus to type I interferon is linked to genes within
multigene families 360 and 505. Virology.
2016;493:154–161.

[38] O’Donnell V, et al. African swine fever virus Georgia
isolate harboring deletions of MGF360 and MGF505
genes is attenuated in swine and confers protection
against challenge with virulent parental virus. J
Virol. 2015;89(11):6048–6056.

[39] Chapman DAG, et al. Comparison of the genome
sequences of non-pathogenic and pathogenic African
swine fever virus isolates. J Gen Virol. 2008;89(Pt
2):397–408.

Emerging Microbes & Infections 2193

https://doi.org/10.1002/0471143030.cb2614s53
https://doi.org/10.1002/0471143030.cb2614s53
https://doi.org/10.3390/pathogens10020178
https://doi.org/10.3390/v11040310
https://doi.org/10.3390/v11040310

	Abstract
	Introduction
	Materials and methods
	Facility and ethics statements
	Cell culture and virus isolation
	HAD assay
	Immunofluorescence assay
	Electron microscopy
	Quantitative PCR
	Viral gene sequencing and genetic analysis
	Animal experiments

	Results
	Isolation of genotype I ASFVs in China
	Genome analysis of the genotype I ASFV isolates SD/DY-I/21 and HeN/ZZ-P1/21
	The genotype I ASFV isolate SD/DY-I/21 causes chronic infection in pigs
	Replication and shedding of SD/DY-I/21 in pigs
	Transmission of genotype I ASFV �SD/DY-I/21 in pigs
	ASFV-specific antibody responses in inoculated and contact pigs

	Discussion
	Disclosure statement
	Author contributions
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


