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Currently there is still no effective vaccines and drugs available for African swine
fever virus (ASFV), a life-threatening virus to domestic pigs and wild boars.
Therefore, accurate diagnosis is important for the prevention and control of
the virus. In this study, we developed a triplex real-time PCR method to detect
and differentiate ASFV gene-deleted and wild type strains based on three viral
genes B646L, MGF_360-14L gene, and CD2v. Standard curves plotted showed
that there was a strong linear correlation (R > 0.99) between Ct values and the
corresponding copy numbers of synthesized standard plasmids. The detection
limits of the method for B646L, MGF_360-14L, and CD2v were 78.9, 47.0,
and 82.1 copies/pl, respectively. Detection results of different types of swine
viruses showed that the method only gave amplification curves to ASFV. Finally,
we found the triplex real-time PCR method developed in this study displayed
better results on detecting the laboratory sample mocks, and it could be used
as a supplemental method to detect ASFV genotype | strains. These findings
suggest that the triplex real-time PCR method developed in this study have
good specificity and sensitivity. This triplex real-time PCR method might also
represent an effective tool for the detection of ASFV gene-deleted and wild
type strains.

KEYWORDS

B646L, CD2v, MGF_360-14L, African swine fever virus, triplex real-time PCR method,
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Introduction

Since its report for the first time in Kenya in Africa in 1914 (1), African swine fever
(ASF) has been a life-threatening disease to global domestic pigs and wild boars with
up to 100% case mortality rate (2). ASF is caused by a double-stranded DNA virus
belonging to the Asfarviridae family, called African swine fever virus (ASFV), which
possesses a genome containing ~150-167 protein encoding genes for virus replication
and pathogenesis (3). Among these genes, the capsid protein P72 encoding gene B646L
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is a conserved region for all ASFV strains (including the wild-
type and gene-deleted vaccines) and is a common genetic marker
for the virus genotyping (4, 5). Based on this gene, ASF strains
are divided into 24 different genotypes (genotypes I to XXIV)
(4). For the other genes, CD2v and the multigene family (MGF)
360-505R (including MGF_360-14L), are important virulence-
associated genes and their deleting strains have become one of
the most promising ASF attenuated vaccine candidates (6-10).

In August 2018, the first case of ASF outbreak in China
was reported (11). Just <1 year passed by, ASF has been spread
in almost all parts of this largest pork producer of the world.
Initially, only ASFV genotype II wild-type strains have been
isolated in China (11, 12). However, a recent study has found
heterogeneous types of ASFV strains, including those with
mutations, deletions, insertions, or short-fragment replacement
compared with the earliest isolate (Pig/HLJ/2018) in China (12).
Compared to the pigs infected by wild-type strains, pigs infected
with ASFV variant strains display a prolonged incubation
period and mild manifestations; meanwhile, there is a lower
amount of detoxification in ASFV variant strain infected pigs
than in wild type strain infected pigs; viral strains are always
detoxified intermittently in those pigs infected with ASFV
variant strains; these characteristics make the ASFV variant
strains more difficult to be detected than the wild type strains
(13). More seriously, the isolation of two ASFV genotype I
field strains (HeN-ZZ-P1-21 and SD/DY-I-21) were reported in
2021, and these two Chinese genotype I isolates lack 10 open
reading frames (ORFs), including the MGF_110, MGF_360 and
MGF_505 families, compared to the genome sequences of the
highly pathogenic genotype I strains L60 and Benin 97/1 (14).
These findings suggest a worrisome and complex condition of
ASFV prevalence in pig industry in China. Considering there are
currently no effective vaccines and/or drugs available, accurate
diagnosis is important for the prevention and control of the
disease (15). Since real-time PCR method is one of the most-
commonly used method and also the recommended method
for ASF detection in China (16), we explored the possibility of
developing a triplex real-time PCR method targeting the CD2v
and MGF_360-14L genes together with B646L for the detection
and differentiation of ASFV gene-deleted and wild type strains
in this study.

Materials and methods

Analysis on the genome sequences of
ASFV isolates from China

A total of 14 complete genome sequences of ASFV
isolates from China were downloaded from GenBank (https://
www.ncbi.nlm.nih.gov/genome/browse/#!/viruses/10302/).
Apart from two belonged to ASFV genotype I isolates
(HeN/ZZ-P1/2021, Gen-Bank accession no. MZ945536;
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SD/DY-1/2021, GenBank accession no. MZ945537) (14),
the remaining sequences belonged to the genotype II
isolates  (Supplementary Table S1).  Sequence  alignments
were performed and visualized using BLAST Ring Image

Generator (BRIG) (17).

Standard plasmid construction, primer-
and probe-design

Primers and probes targeting B646L, CD2v, and MGF_360-
14L were designed using the SnapGene software (version 5.3;
https://www.snapgene.com/) and Primer Premier 5 program
(18). The probe for B646L was labeled with the 5’-reported dye
6-carboxyfluorescein (FAM) and the 3’-quencher BHQI, the
probe for MGF_360-14L was labeled with the 5-reported dye
Cy5 and the 3’-quencher BHQ2, and the probe for CD2v was
labeled with the dye VIC and the 3’-quencher BHQI1 (Table 1).
The partial length of B646L (616 bp, base pairs 1,026-1,641),
MGF_360-14L gene (541 bp, base pairs 54-594), and CD2v gene
(559 bp, base pairs 525-1,083) from the whole genome sequence
of ASFV genotype II strain Pig/HLJ/2018 (GenBank accession
no. MK333180) were synthesized and cloned into the pUC57
plasmid to generate the recombinant standard plasmids ASFV-
B646L-pUC57 (280.70 ng/jul; 7.89 x 100 copies/jLl), ASFV-
MGF_360-14L-pUC57 (163.34 ng/pl; 4.70 x 100 copies/jl),
and ASFV-CD2v-pUC57 (288.03 ng/pl; 8.21 x 1010 copies/pl),
respectively. A recombinant standard plasmid pUC57-1-B646L-
CD2v-MGF_360-14L (100.00 ng/pl) carrying B646L, CD2yv,
MGF_360-14L from the genotype I strain Benin 97/1 (GenBank
accession no. AM712239) was also synthesized.

PCR reaction volume and optimization of
amplification conditions

Genomic DNA was extracted using a Vazyme DNA/RNA
Extraction Kit (Cat NO. RM-201-02; Nanjing, China) following
the manufactory instructions. The triplex real-time PCR assay
was performed in a 25-pl reaction volume, which contains
template DNA 5-., AceQ® Uniwersal U+ Probe Master Mix
(Vazyme, Nanjing, China) 12.5-jl, each of the forward and
reverse primers (0.12, 0.16, 0.20, 0.24, 0.28, or 0.32 wM), each of
the TagMan probes (0.12, 0.16, 0.20, 0.24, 0.28, or 0.32 wM), and
nuclease-free water up to 25-jLl. PCR assay was performed on
an CFX96 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, CA) with the following conditions: 95°C for 5min,
followed by 40 cycles of 95°C for 15s, annealing at different
temperatures (55-60°C) for 45s. Fluorescence was recorded at
59°C. Copy number was calculated using the formula (Copy
number = [(6.02 x 10%3) x ([ng/pl] x 10~°)]/[DNA length x
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TABLE 1 Primers and probe sequences used in this study.

10.3389/fvets.2022.943099

Primer/probe Sequence (5°-3’) Targe gene Size (bp)
P72-F CTACCTGGAACATCTCCGATCA B646L 106
P72-R CTTATCTCTGCGTGGTGAGT

P72-P 6-FAM-CTCATCAACACCGAGATTGGCACAAG-BHQ-1

MGE-F TTGGGGCGCAAATCCTGAAT MGEF_360-14L 86
MGEF-R GCGTTAAGCCTCCCAGTTC

MGE-P Cy5-ACACAGCCGCTTTAGATACACGGCA-BHQ-2

CD2v-F CCACCACCTGAATCTAATGAAGAAG CD2y 111
CD2v-R CTGATAACGACTGTAAGGCTTAGG

CD2v-P VIC-ACAATGTCAGCATGATGACACCACTTCC-BHQ-1

660]) described previously (19). In addition, plasmids (ASFV-
B646L-pUC57, ASFV-MGF_360-14L-pUC57, and ASFV-CD2v-
pUC57) with a series of 10-fold dilution (1072-10~ 1) were used
as the templates to validate the method.

Construction of standard curves

To generate standard curves, a series of 10-fold dilutions
(1072-107°) were given to the three synthesized standard
plasmids (ASFV- B646L-pUC57, ASFV-MGF_360-14L-pUC57,
and ASFV-CD2v-pUC57), which were used as the template
DNA to perform the triplex real-time PCR assays. Standard
curves were generated based on the cycle threshold (Ct)
values and the copy numbers (lg values) of the template
DNA. Coefficients of determination (R?) were calculated using
GraphPad Prism v. 8.0.1 (https://www.graphpad.com/scientific-

software/prism/).

Validation of specificity and sensitivity

To test the stability of the generated triplex real-time
PCR method, separated assays were performed to detect the
recombinant standard plasmids at different concentrations and
compared the Ct values. The specificity and sensitivity of the
generated triplex real-time PCR method was validated using
the genomic DNA extracted from the other viruses, including
pseudorabies virus (PRV), porcine reproductive and respiratory
syndrome virus (PRRSV), Japanese encephalitis virus (JEV),
porcine parvovirus (PPV), and porcine circovirus type 2 (PCV2).
In addition, the synthesized plasmids pUC57-AMGF_360-14L,
pUC57-ACD2v, pUC57-AMGF_360-14L/CD2v, and pUC57-
MGF_360-14L/CD2v were also used as the template DNA to
validate the method. We also compared the detection results
of the triplex real-time PCR method developed in this study
(hereinafter referred to as the “tr-PCR”) to those of a reported
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triplex real-time PCR method (hereinafter referred to as the “r-
PCR”) (5), and a recommended real-time PCR method in China
(hereinafter referred to as the “gb-PCR”) (16). DNA extracted
from different types of samples (soil, water, pig anticoagulant
blood, pig feces, environmental swabs, pig tissues) mixed ASFV
genomic DNA (extracted from positive field samples) were
detected by the three real-time PCR methods.

Evaluation of the possible application of
the triplex real-time PCR method to
detect ASFV genotype | strains

To assess the possible application of the triplex real-time
PCR method to detect ASFV genotype I strains, the synthesized
plasmid pUC57-1-B646L-CD2v-MGF_360-14L (10° copy/l)
was used as the template for PCR detection. The triplex real-
time PCR assay was performed in a 25-pl reaction volume,
which contains template DNA 5-pl, AceQ® Uniwersal U+
Probe Master Mix (Vazyme, Nanjing, China) 12.5-j1, each of
the forward and reverse primers (0.20 uM), each of the TagMan
probes (0.20 uM), and nuclease-free water up to 25-ul. PCR
assay was performed on an CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, Hercules, CA) with the following
conditions: 95°C for 5min, followed by 40 cycles of 95°C for
15, annealing at different temperatures (59°C) for 45 s.

Specific statements

The
simulation of virus-containing

inactivation of an ASFV strain used for the

samples was performed
in Huazhong Agricultural University Animal
Level-3 (ABSL-3,
China) following the requirements of the Ministry of
Agriculture and Rural Affairs (MARA) of the Peoples
Republic of China (MARA General Office Document no.

[2019] 12).

Biosafety

Laboratory <city>Wuhan</city>,
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Results

Sequence analysis indicates the
condition of application

Sequence comparisons of the primer-target regions of
B646L, CD2v, and MGF_360-14L from different ASFV strains
demonstrated that B646L was highly conserved, not only
between ASFV strains belonging to the same genotype, but
also between the genotype I and genotype II strains (Figure 1).
Although MGF_360-14L was conserved among the eleven
Chinese genotype II strains and the two genotype I strains
L60 and Benin 97/1, this gene was missing in the genome
sequences of the two genotype I strains HeNZZ (GenBank
accession no. MZ945536) and SDDY (GenBank accession no.
MZ945537) from China (Figure 1; Supplementary Figure S1).
For CD2v, sequence alignments revealed that this gene was
conserved among the Chinese genotype II strains, but it was
various between the Chinese genotype II strains and the
genotype I strains (Figure 1). Based on the above findings, it
may conclude that the primer-target area of B646L in this study
was a proper marker for the detection of presence of ASFV;
while the primer-target area of MGF_360-14L could be used to
differentiated MGF_360-14L-deletion strains from the wild type
strains; and the primer-target area of CD2v was applicable for
differentiating CD2v-deletion strains from the wild type strains,
or differentiating genotype II wild type strains from genotype I
wild type strains.

Optimization of the amplification
conditions

We next investigated the optimal concentrations of the
primers and probes. To achieve this, we detected 10% copies/jLl
of plasmids with different concentrations of primers and probes
(0.12, 0.16, 0.20, 0.24, 0.28, or 0.32uM) at the annealing
temperature of 59.0°C. The results revealed that an optimal
amplification condition occurred when the concentrations were
set as 0.20 uM (Supplementary Figure S2A). To explore the
optimal annealing temperature for tr-PCR, we detected the
plasmids with 0.20 wM of primers and probes at 55.0, 56.0, 57.0
58.0, 59.0, and 60.0°C. The results revealed that the tr-PCR assay
displayed the optimal amplification conditions at the annealing
temperature of 59.0°C (Supplementary Figure S2B).

Detection limit and standard curves

To test the detection limit of tr-PCR, a series of 10-fold
dilutions were given to ASFV-B646L-pUC57 (from 7.89 x 101°
to 78.9 copies/pl), ASFV-MGF_360-14L-pUC57 (from 4.70 x
1010 t0 47.0 copies/pl), and ASFV-CD2v-pUC57 (from 8.21 x
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1019 to 82.1 copies/jLl). Plasmids with different copy numbers
were then detected using tr-PCR. The results revealed that the
detection limits for B646L, MGF_360-14L, and CD2v were 78.9,
47.0, and 82.1 copies/pl, respectively (Figures 2A-C). Standard
curves plotted using GraphPad Prism software v. 8.0.1 showed
that there was a strong linear correlation (R? > 0.99) between
Ct values and the corresponding copy numbers of ASFV-
B646L-pUC57, ASFV-MGF_360-14L-pUC57, and ASFV-CD2v-
pUC5?7. The standard curves of the three standard plasmids were
plotted with slopes of —3.903, —4.037, and —3.969, respectively
(Figures 2D-F).

Stability, specificity, and sensitivity of the
triplex real-time PCR method

We chose different standard plasmids at ~102 copies/pl or
~10° copies/il as the DNA templates to test the coefficient
of variation (C.V.) values of the method. The results showed
that C.V. values determined within different detection groups
and between different detection groups were lower than 1.5%
(Table 2), indicating the developed method possesses a good
stability. Specificity tests revealed that only DNA samples
from ASFV showed positive amplification curves for the three
fluorescence channels of FAM, Cy5 and VIC; while those from
PRV, PRRSV, JEV, PPV, and PCV2 did not show amplification
curves (Figures 3A-C).

Next, we wused the synthesized plasmids pUC57-
AMGEF_360-14L, pUC57-ACD2y, pUC57-AMGEF_360-
14L/CD2v, and pUC57-MGF_360-14L/CD2v as the template
DNA to validate the method. The results revealed that the
method could differentiate the three types of gene-deletion
plasmids as well as the gene-completeness plasmid, suggesting
the method is able to differentiate ASFV wild type and
gene-deletion strains (Figure 4).

Comparison of the detection results of
different real-time PCR methods

To evaluate the accuracy of tr-PCR, inactivated ASFV strains
were mixed with soil samples (1 = 6), water samples (n = 6), pig
anticoagulant blood samples (1 = 6), pig fecal samples (n = 6),
table and floor swabs (spraying on the surfaces of tables and/or
floors then collecting the swabs), and/or pig tissue samples (n
= 6). Genomic DNA were extracted from these samples and
were detected using tr-PCR, r-PCR (5), and gb-PCR (16). The
results revealed that 17 samples, 17 samples, and 16 samples
were detected to be positive by using these three methods,
respectively, indicating that tr-PCR showed a similar result of
detection to r-PCR (Figure 5; Supplementary Table S2).
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TABLE 2 Validation of the Detection repeatability of the developed triplex real-time PCR method.

Genes DNA (copies/kL)  Roundsoftesting ~ Ctmean*  Ct Standard deviation ~ C.V.2  C.V. between groups

B646L 7.89 x 10 1 33.34 0.24 0.73% 0.74%
2 32.99 026 0.79%
3 3347 0.42 1.25%

7.89 x 10° 1 29.53 0.11 0.37% 0.49%
2 29.33 0.16 0.54%
3 29.60 021 0.70%

7.89 x 10* 1 26.68 0.09 0.33% 0.17%
2 26.59 0.08 0.29%
3 26.63 0.05 0.19%

7.89 x 10° 1 23.14 0.12 0.54% 0.19%
2 23.16 0.09 0.40%
3 23.07 0.02 0.11%

7.89 x 10° 1 19.15 0.13 0.67% 0.54%
2 18.95 0.15 0.77%
3 19.02 0.09 0.46%

MGE_360-14L 470 x 10 1 35.29 0.66 1.86% 1.35%
2 34.41 1.40 4.06%
3 34.58 0.20 0.56%

470 x 10° 1 30.53 0.06 0.18% 0.36%
2 30.62 0.05 0.16%
3 30.41 0.09 0.30%

470 x 10* 1 26.06 0.19 0.71% 0.28%
2 25.96 023 0.90%
3 26.10 0.06 0.24%

470 x 10° 1 22.46 0.04 0.16% 0.56%
2 22.49 0.09 0.41%
3 22.69 0.18 0.78%

470 x 10° 1 18.49 0.05 0.28% 0.14%
2 18.44 0.13 0.72%
3 18.48 0.05 0.28%

CD2v 821 x 10 1 32.18 0.16 0.51% 0.29%
2 32.03 0.20 0.63%
3 32.01 0.36 1.11%

8.21 x 10° 1 29.40 0.07 0.25% 0.31%
2 29.39 0.05 0.17%
3 29.55 0.11 0.36%

8.21 x 10* 1 26.48 0.17 0.64% 0.23%
2 26.43 0.30 1.15%
3 26.36 0.42 1.61%

821 x 10° 1 23.78 0.06 0.27% 0.01%
2 23.78 0.04 0.19%
3 23.78 0.06 0.25%

821 x 10° 1 19.76 0.07 0.35% 0.18%
19.69 0.02 0.10%
3 19.75 0.10 0.53%

2Ct, cycle threshold; C.V., coefficient of variation.
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MGF_360-14L; (C) amplification curves of CD2v; 1: ASFV; 2-7: PRV, PRRSV, JEV, PPV, PCV2, and DNA-free water.

The possible application of the triplex
real-time PCR method to detect ASFV
genotype | strains

Our above sequence alignment results revealed that the
genotype I strains reported in China (HeNZZ and SDDY)
lacked the MGF_360-14L gene, and the CD2v gene was different
between the genotype I and genotype II strains (Figure I;
Supplementary Figure S1). Therefore, the triplex real-time PCR
method developed in this study might have a possible use in
detecting ASFV strains. To explore this, the synthesized plasmid
pUC57-1-B646L-CD2v-MGF_360-14L was used as the template
to perform the PCR assays. The results revealed that the triplex
real-time PCR method was able to give amplifying curves of the
B646L and MGF_360-14L of ASFV genotype I strains but it did
not give the amplifying curve of CD2v (Figure 6).

Discussion

ASF is a World Organization for Animal Health (WOAH)
listed animal infectious disease and one of the most severe
threats to global pig industry. Despite of ~107 years of research,
there is still no effective vaccines and/or drugs available for
the treatment of the disease (20). Therefore, accurate detection
is important for the control and prevention of ASF (15, 21).
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Since real-time PCR method is one of the most-commonly used
method and also the recommended method for ASF detection
in China (16), we therefore constructed a triplex real-time PCR
method in this study.

The triplex real-time PCR method in this study was
developed based on three genes B646L, CD2v (EP402R), and
MGF_360-14L. Among them, B646L is a conserved gene
among different ASFV strains and is commonly used for the
detection and genotyping of ASFV (5, 16, 22, 23). According
to the published data, only ASFV genotype II and genotype
I strains have been reported in China until recently (12-14),
and genotype 1II is the epidemic genotype in the field (12, 24,
25). The three genes we selected for developing the real-time
PCR method were conserved among the wild type. Particularly,
recent studies have reported the prevalence of CD2v/MGF360-
deleted ASFV strains in pig farms in China (12, 14). Therefore,
the triplex real-time PCR method developed based on these
three genes might have a potential use for the detection of ASFV
gene deletion strains and wild type strains. It is worthy of note
that both CD2v (EP402R) and MGF_360-14L are important
genes most-frequently deleted for vaccine study (6-10). While
no approved commercial vaccine is currently available to protect
pigs from the virus in China, the triplex real-time PCR method
may also represent a potential choice to differentiate ASFV
vaccines strains and wild type strains in the future if there are
associated vaccines approved. However, considering many other
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FIGURE 6
Amplification curves of triplex real-time PCR assay on detecting B646L, CD2v, and MGF_360-14L from ASFV genotype | strains. The result of the
method using a plasmid containing B646L, CD2v, and MGF_360-14L (pUC57-1-B646L-CD2v-MGF_360-14L) from ASFV genotype | strains is
shown in blue, while result of the method using a plasmid containing B646L, CD2v, and MGF_360-14L (pUC57-11-B646L-CD2v-MGF_360-14L)
from ASFV genotype Il strains is shown in red.

genes, e.g., A137R (26), I177L (27), E184L (28), etc., have been
also demonstrated as suitable targets for deletion to develop
vaccine candidates, these genes should be also included for the
development of proper multiplex real-time PCR methods for the
differentiation of ASFV vaccines strains and wild type strains
in future.

Our whole genome sequence alignments also found B646L
and CD2v (EP402R) were relatively conserved between ASFV
genotype II and genotype I strains, but the two genotype I strains
recently isolated from China lacked the MGF_360-14L gene.
These findings are in agreement with the recent study reporting
the isolation of these two genotype I strains (14). Therefore, the
triplex real-time PCR method developed in this study may also
have a potential use to detect the recent emerging genotype I
strains in China.

Specificity and sensitivity are important measures of the
diagnostic accuracy of a test (29). In this study, we conducted
different assays to validate the specificity and sensitivity of
the developed triplex real-time PCR method. Detection results
of different types of swine viruses (ASFV, PRV, PRRSYV,
JEV, PPV, and PCV2) showed that the method only gave
amplification curves to ASFV, and the detection limits of the
for B646L, MGF_360-14L, and CD2v were 78.9, 47.0, and
82.1 copies/pl, respectively. These results are in agreement
with the recent reported triplex real-time PCR method (5).
Moreover, the triplex real-time PCR method developed in
this study displayed better results on detecting the laboratory
sample mocks. These findings suggest that the triplex real-
time PCR method developed in this study have good specificity
and sensitivity.
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A noteworthy point is that a target gene of the triplex real-
time PCR method developed in this study is MGF_360-14L.
While ASFV genotype II strains lacking this gene has been
reported in China (12), ASFV genotype I strains (HeNZZ and
SDDY) reported in China also do not contain this gene (14).
In this regard, the triplex real-time PCR method developed in
this study could either detect ASFV genotype II MGF_360-14L-
deletion strains or detect ASFV genotype I strains. In addition,
the triplex real-time PCR method developed in this study did not
give the amplifying curve of the CD2v gene of ASFV genotype
I strains. Considering a few cases report the isolation of ASFV
genotype I strains, the triplex real-time PCR method developed
in this study could be used as a supplemental method to detect
ASFV genotype I strains.

In summary, we developed a triplex real-time PCR method
to detect ASFV gene-deleted and wild type strains. This method
was found to be specific and sensitive, and it exhibited better
results on detecting both laboratory sample mocks than the
other used real-time PCR methods. Most importantly, the
triplex real-time PCR method also demonstrated a potential to
initially detect ASFV genotype I strains. It might also represent
an effective tool for the detection of ASFV gene-deleted and wild
type strains.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary material, further inquiries
can be directed to the corresponding author/s.

frontiersin.org


https://doi.org/10.3389/fvets.2022.943099
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Yang et al.

Author contributions

HY, ZP, and BW: conceptualization. HY, WS, CZ, JE
HoC, LH,
and

JP, and XT: methodology, formal analysis,
investigation. HY and ZP: writing—original draft
preparation. HuC, ZP,
editing. BW: funding acquisition. ZP and BW: supervision.

and BW: writing—review and

All authors contributed to the article and approved the
submitted version.

Funding

This
National

work

Natural ~ Science
U20A2059)

and

was supported in part by the

of  China

Provincial

Foundation
Hubei
Program

(grant no. and
Key  Research

no. 2021BBA085).

Development (grant

Conflict 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. Blasco R, Agiiero M, Almendral JM, Vifuela E. Variable and
constant regions in African swine fever virus DNA. Virology. (1989)
168:330-8. doi: 10.1016/0042-6822(89)90273-0

2. Galindo I, Alonso C. African swine fever virus: a review. Viruses. (2017)
9:103. doi: 10.3390/v9050103

3. Dixon LK, Chapman DA, Netherton CL,
swine fever virus replication and genomics.
173:3-14. doi: 10.1016/j.virusres.2012.10.020

Upton C. African
Virus  Res. (2013)

4. Gallardo C, Fernandez-Pinero J, Pelayo V, Gazaev I, Markowska-Daniel
I, Pridotkas G, et al. Genetic variation among african swine fever genotype
II viruses, Eastern and Central Europe. Emerg Infect Dis. (2014) 20:1544-
7. doi: 10.3201/eid2009.140554

5. Lin Y, Cao C, Shi W, Huang C, Zeng S, Sun J, et al. Development
of a triplex real-time pcr assay for detection and differentiation of gene-
deleted and wild-type African swine fever virus. J Virol Methods. (2020)
280:113875. doi: 10.1016/j.jviromet.2020.113875

6. Chen W, Zhao D, He X, Liu R, Wang Z, Zhang X, et al. A seven-
gene-deleted african swine fever virus is safe and effective as a live attenuated
vaccine in pigs. Sci China Life Sci. (2020) 63:623-34. doi: 10.1007/s11427-020-
1657-9

7. Reis AL, Abrams CC, Goatley LC, Netherton C, Chapman DG,
Sanchez-Cordon P, et al. Deletion of African swine fever virus interferon
inhibitors from the genome of a virulent isolate reduces virulence
in domestic pigs and induces a protective response. Vaccine. (2016)
34:4698-705. doi: 10.1016/j.vaccine.2016.08.011

8. Monteagudo PL, Lacasta A, Lopez E, Bosch L, Collado J, Pina-Pedrero S, et al.
Ba718cd2: a new recombinant live attenuated African swine fever virus with cross-
protective capabilities. J Virol. (2017) 91:e01058-17. doi: 10.1128/JV1.01058-17

9. Sdnchez-Cordoén PJ, Jabbar T, Berrezaie M, Chapman D, Reis A, Sastre P, et al.
Evaluation of protection induced by immunisation of domestic pigs with deletion
mutant African swine fever virus benindmgf by different doses and routes. Vaccine.
(2018) 36:707-15. doi: 10.1016/j.vaccine.2017.12.030

Frontiersin Veterinary Science

10

10.3389/fvets.2022.943099

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fvets.2022.943099/full#supplementary-material

SUPPLEMENTARY FIGURE S1
Sequence comparison of ASFV isolates from China.

SUPPLEMENTARY FIGURE S2
Results of the optimizations of the primer/probe concentrations (A) and
annealing temperatures (B).

SUPPLEMENTARY TABLE S1
The genome sequences of ASFV Chinese isolates used in this study.

SUPPLEMENTARY TABLE S2
Results of three real-time PCR methods detecting the laboratory sample
mocks.

10. Gladue DP, O’Donnell V, Ramirez-Medina E, Rai A, Pruitt S, Vuono EA, et al.
Deletion of Cd2-Like (Cd2v) and C-Type Lectin-Like (Ep153r) Genes from African
swine fever virus Georgia-A9gl abrogates its effectiveness as an experimental
vaccine. Viruses. (2020) 12:1185. doi: 10.3390/v12101185

11. Zhou X, Li N, Luo Y, Liu Y, Miao E Chen T, et al. Emergence of
African swine fever in China, 2018. Transbound Emerg Dis. (2018) 65:1482-
4. doi: 10.1111/tbed.12989

12. Sun E, Zhang Z, Wang Z, He X, Zhang X, Wang L, 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) 64:752-
65. doi: 10.1007/s11427-021-1904-4

13. Laboratory. NASFR. Technical Guidelines for Monitoring African
Swine Fever Variant Strains in Pig Farms. (2021). Available online at:
www.moa.gov.cn/govpublic/xmsyj/202103/t20210322_6364254.htm (accessed
March 22, 2021).

14. Sun E, Huang L, Zhang X, Zhang ], Shen D, Zhang Z, et al
Genotype I African swine fever viruses emerged in domestic pigs in
China and caused chronic infection. Emerg Microbes Infect. (2021)
10:2183-93. doi: 10.1080/22221751.2021.1999779

15. Gallardo C, Ferndndez-Pinero J, Arias M. African swine fever (Asf)
diagnosis, an essential tool in the epidemiological investigation. Virus Res. (2019)
271:197676. doi: 10.1016/j.virusres.2019.197676

16. Wu X, Li L, Hu Y, Fan X, Zou Y, Ren W, et al. Diagnostic Techniques for
African Swine Fever. National Standard GB/T 18648-2020 Beijing: Standardization
Administration. (2020).

17. Alikhan NE Petty NK, Ben Zakour NL, Beatson SA. Blast ring image
generator (Brig): simple prokaryote genome comparisons. BMC Genom. (2011)
12:402. doi: 10.1186/1471-2164-12-402

18. Lalitha S. Primer Premier 5. Biotech Softw Int Rep. (2004) 1:270-
2. doi: 10.1089/152791600459894

19. Wang R, Zhang W, Ye R, Pan Z, Li G, Su S. One-step multiplex
tagqman probe-based method for real-time pcr detection of four canine

frontiersin.org


https://doi.org/10.3389/fvets.2022.943099
https://www.frontiersin.org/articles/10.3389/fvets.2022.943099/full#supplementary-material
https://doi.org/10.1016/0042-6822(89)90273-0
https://doi.org/10.3390/v9050103
https://doi.org/10.1016/j.virusres.2012.10.020
https://doi.org/10.3201/eid2009.140554
https://doi.org/10.1016/j.jviromet.2020.113875
https://doi.org/10.1007/s11427-020-1657-9
https://doi.org/10.1016/j.vaccine.2016.08.011
https://doi.org/10.1128/JVI.01058-17
https://doi.org/10.1016/j.vaccine.2017.12.030
https://doi.org/10.3390/v12101185
https://doi.org/10.1111/tbed.12989
https://doi.org/10.1007/s11427-021-1904-4
www.moa.gov.cn/govpublic/xmsyj/202103/t20210322_6364254.htm
https://doi.org/10.1080/22221751.2021.1999779
https://doi.org/10.1016/j.virusres.2019.197676
https://doi.org/10.1186/1471-2164-12-402
https://doi.org/10.1089/152791600459894
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Yang et al.

diarrhea viruses. Mol Cell Probes. (2020) 53:101618. doi: 10.1016/j.mcp.2020.
101618

20. Bosch-Camé6s L, Loépez E, Rodriguez F. African swine fever
vaccines: a promising work still in progress. Porcine Health Manag. (2020)
6:17. doi: 10.1186/540813-020-00154-2

21. Li Z, Wei J, Di D, Wang X, Li C, Li B, et al. Rapid and accurate
detection of African swine fever virus by DNA endonuclease-targeted crispr trans
reporter assay. Acta Biochim Biophys Sin. (2020) 52:1413-9. doi: 10.1093/abbs/gm
aal35

22. Bisimwa PN, Ongus JR, Tiambo CK, Machuka EM, Bisimwa EB, Steinaa L,
et al. First Detection of African Swine Fever (Asf) Virus Genotype X and Serogroup
7 in Symptomatic Pigs in the Democratic Republic of Congo. Virol J. (2020)
17:135. doi: 10.1186/s12985-020-01398-8

23. Achenbach JE, Gallardo C, Nieto-Pelegrin E, Rivera-Arroyo B, Degefa-
Negi T, Arias M, et al. Identification of a new genotype of African swine fever
virus in domestic pigs from Ethiopia. Transbound Emerg Dis. (2017) 64:1393—
404. doi: 10.1111/tbed.12511

24. Ge S, Li J, Fan X, Liu E Li L, Wang Q, et al. Molecular characterization
of African swine fever virus, China, 2018. Emerg Infect Dis. (2018) 24:2131-
3. doi: 10.3201/eid2411.181274

Frontiersin Veterinary Science

11

10.3389/fvets.2022.943099

25. Teklue T, Sun Y, Abid M, Luo Y, Qiu HJ. Current status and evolving
approaches to African swine fever vaccine development. Transbound Emerg Dis.
(2020) 67:529-42. doi: 10.1111/tbed.13364

26. Gladue DP, Ramirez-Medina E, Vuono E, Silva E, Rai A, Pruitt S, et al.
Deletion of the A137r gene from the pandemic strain of African Swine fever virus
attenuates the strain and offers protection against the virulent pandemic virus. J
Virol. (2021) 95:¢0113921. doi: 10.1128/JV1.01139-21

27. Borca MV, Ramirez-Medina E, Silva E, Vuono E, Rai A, Pruitt S,
et al. Development of a highly effective african swine fever virus vaccine
by deletion of the 11771 gene results in sterile immunity against the current
epidemic Eurasia Strain. ] Virol. (2020) 94:e02017-19. doi: 10.1128/JVIL
02017-19

28. Ramirez-Medina E, Vuono E, Rai A, Pruitt S, Espinoza N, Velazquez-Salinas
L, et al. Deletion of E184l, a putative diva target from the pandemic strain of African
swine fever virus, produces a reduction in virulence and protection against virulent
challenge. J Virol. (2022) 96:¢0141921. doi: 10.1128/JV1.01419-21

29. Zhu W, Zeng N, Wang N. Sensitivity, specificity, accuracy, associated
confidence interval and roc analysis with practical sas implementations. NESUG
Proc Health Care Life Sci. (2010) 19:67. Available online at: https://www.lexjansen.
com/nesug/nesugl10/hl/hl07.pdf

frontiersin.org


https://doi.org/10.3389/fvets.2022.943099
https://doi.org/10.1016/j.mcp.2020.101618
https://doi.org/10.1186/s40813-020-00154-2
https://doi.org/10.1093/abbs/gmaa135
https://doi.org/10.1186/s12985-020-01398-8
https://doi.org/10.1111/tbed.12511
https://doi.org/10.3201/eid2411.181274
https://doi.org/10.1111/tbed.13364
https://doi.org/10.1128/JVI.01139-21
https://doi.org/10.1128/JVI.02017-19
https://doi.org/10.1128/JVI.01419-21
https://www.lexjansen.com/nesug/nesug10/hl/hl07.pdf
https://www.lexjansen.com/nesug/nesug10/hl/hl07.pdf
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	A triplex real-time PCR method to detect African swine fever virus gene-deleted and wild type strains
	Introduction
	Materials and methods
	Analysis on the genome sequences of ASFV isolates from China
	Standard plasmid construction, primer- and probe-design
	PCR reaction volume and optimization of amplification conditions
	Construction of standard curves
	Validation of specificity and sensitivity
	Evaluation of the possible application of the triplex real-time PCR method to detect ASFV genotype I strains
	Specific statements

	Results
	Sequence analysis indicates the condition of application
	Optimization of the amplification conditions
	Detection limit and standard curves
	Stability, specificity, and sensitivity of the triplex real-time PCR method
	Comparison of the detection results of different real-time PCR methods
	The possible application of the triplex real-time PCR method to detect ASFV genotype I strains

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


