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Editorial on the Research Topic
Diagnostics and detection of African swine fever virus

African swine fever virus (ASFV) is a large, enveloped, double-stranded DNA virus
that causes a contagious and lethal hemorrhagic disease. Since its first detected in the
sub-Saharan Africa, were remains endemic, ASFV rapidly spread to numerous countries
including Europe, Asia, and the Caribbean, causing substantial economic losses to the
swine industry. Currently, in the absence of commercially available efficacious vaccine, the
control of African swine fever (ASF) primarily relies on implementing strict biosecurity
measures. One of the key measures is the early and accurate diagnosis of ASF. Therefore,
the development of sensitive, rapid, and user-friendly detection methods is crucial. Despite
the widespread use of commercialized quantitative real-time PCR (qPCR) and ELISA kits
for ASFV detection, many clinical demands remain unmet.

This Research Topic, focused on novel diagnostic technologies for detecting ASFV, with
the aim of encouraging new ideas that can improve the prevention and control strategies
for ASF. This Research Topic included 13 articles, three of which presented novel ELISA
detection methods, three were focused on qPCR methods, two utilized the CRISPR-Casl12a
detection system, one evaluated both ELISA and qPCR methods, one article was related
to animal experiments, while two discussed sample collection, and one introduced a new
sequencing method.

Although there are many ELISA kits available on the market for detecting ASFV
antibodies, they mainly target the p72, p30, and p54 proteins (1). However, the discovery
of low-virulence, gene-deleted viruses has raised the demand for higher sensitivity and a
more comprehensive set of detection targets for ASFV detection.

Jiang et al. developed an indirect ELISA method for identifying wild-type and CD2v-
deleted ASFV strains using purified CD2v extracellular domain protein as detection antigen.
This method showed excellent specificity to detect CD2v-deleted ASFV, with no cross-
reaction with serum infected with other tested swine viruses, high sensitivity allowing
identification of ASFV-infected clinical serum samples diluted up to 1:2,560.

5 frontiersin.org
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Yang Y. et al. utilized the prokaryotic recombinant pB602L
protein, a late non-structural protein that displayed strong
antigenicity in ASFV, to develop an indirect ELISA method. The
results showed that this method exhibited high specificity and
sensitivity, with no cross-reactions with other antibodies from
other tested swine viruses. This method was able to detect anti-
ASFV antibody in serum samples diluted up to 1:6,400 times.

Using prokaryotic expression of proteins p22 and p30, Li J.
et al. developed an indirect ELISA kit. Through their investigation,
they discovered that optimal signal-to-noise ratios were achieved at
various coating volume ratios. The ELISA method they established
displayed high sensitivity and could detect positive serum samples
at dilutions as high as 1:12,800 times, which was more effective than
a commercial kit.

QPCR is the commonly used method for detecting ASFV, which
typically employs primer pair and fluorescent probe targeting p72
gene as described in the WOAH Terrestrial Manual (2). Although
this method is highly adaptable, it is quite time-consuming. In
addition, the emergence of mutated low-virulent strains which
induce intermittent detoxification in pigs, as well as the need
for gene-deleted vaccine strain development and evaluation, has
prompted the investigation of alternative detection techniques.

Hwang et al. developed a fast qPCR method for ASFV
detection, which has the advantage of completing the process in just
50 min, a significant improvement compared to conventional PCR
assays. The limit of detection (LOD) for genotype II ASFV is 6.91
genomic copies per reaction, while it ranges between 10 and 20 for
other ASFV genotypes.

Qi et al. established a qPCR assay based on the ASFV MGF505-
7R gene, which has recently been linked to ASFV virulence and
could be a valuable target for vaccine development (3). This
technique can detect ASFV-infected samples as early as 4h post-
infection, with the sensitivity of up to 10 copies/pL. Furthermore,
this method has potential for use in “DIVA’ (Differentiating
Infected from Vaccinated Animals).

Yang H. et al. established a triplex QPCR method targeting the
CD2v and MGF_360-14L and B646L gene of ASFV. The LOD of
the method for B646L, MGF_360-14L, and CD2v were 78.9, 47.0,
and 82.1 copies/pl, respectively. This technique has proven effective
in detecting both genotype I and genotype II ASFV strains and
holds potential for the identification of ASFV gene-deleted and
wild-type strains.

Due to variations in sensitivity and specificity among different
detection methods, it is difficult to confirm whether a sample
with low viral load is positive or negative using only one method.
Typically, the results are compared to a gold standard reference
test. In the study by Schambow et al, a Bayesian latent class
analysis (BLCA) model was used to utilized to assess the diagnostic
performance of a novel indirect ELISA and a qPCR test for
detecting ASFV during a cross-sectional field study in Vietnam.
Paired serum and oral fluid (OF) samples were collected from
pigs on 30 acutely ASF-affected farms, 37 chronically ASF-affected
farms, and 20 unaffected farms, with both assays utilized. The
findings indicate that qPCR exhibited superior sensitivity than
ELISA for acutely affected pigs, while ELISA sensitivity was higher
in the chronically affected pigs. Specificity was nearly 100% for all
test/sample types. Additionally, the author compared five parallel
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testing schemes, which may provide valuable insight for selecting
appropriate surveillance strategies.

The Casl12a detection system is a recently developed technology
that has been applied to several pathogens. However, due
to the limited sensitivity of Casl2a, it is necessary to first
employ isothermal amplification methods, such as Recombinase
Polymerase Amplification (RPA) or Loop-Mediated Isothermal
Amplification (LAMP) amplification to amplify the target gene.
The combined use of these methods greatly improves the detection
sensitivity and specificity (4). Additionally, the system is cost-
effective, does not require expensive amplification equipment, and
provides easy-to-read results, which makes it more suitable for
clinical applications.

Qin et al isothermal LAMP/RPA and
CRISPR/Casl12a-mediated cleavage detection system within a

integrated an

single reaction tube, enabling completion of the detection process
within 40 min. The results can be visually observed, and the
use of a single tube sealed with mineral oil reduces the risk
of contamination. Utilizing LAMP as isothermal amplification
method and with a reaction time of 60 min, the LOD is 5.8 x
10? copies/jLL.

Wang et al. developed a method based on CRISPR-Casl2a
combined with G-quadruplex allowing specific detection without
the need of fluorescence probes. When paired with RPA
amplification, the LOD of ASFV was 102 copies, and the LOD of
PCV2 was 10? copies.

To examine blood parameters, viral loads and pathology of the
first isolated ASFV in Vietnam, Oh et al. conducted an animal
study. The research indicated that the sensitivity to the ASFV
varies based on the individual predisposition of the host. The study
found that each pig had a different viral load in the blood at the
initial time of infection. Group I pigs, which died at 2-5 days
post-viremia (dpv), had a higher viral load in the blood at the
onset of viremia than Group II pigs, which died at 6-7 dpv. These
findings reveal that more genetic and immunological investigations
of ASFV-infected pigs are required to elucidate the dynamics of
virus susceptibility.

Detecting viruses in water can be challenging due to their
typically low concentrations, often falling below the detection
limit of qPCR methods. To address this issue, Wu et al
developed a method for detecting ASFV in water by combining
of Fe(OH); modified diatomaceous earth and qPCR. The authors
showed that this technique effectively enriched the virus in water
samples, increasing LOD in 10L of ASFV-contaminated water
by 1 x 10* times without additional PEG treatment and further
improvement with the addition of PEG. This method demonstrated
greater sensitivity than the previously reported Al (OH)3-modified
EGM filter cartridge system and proved capable of detecting
low levels of the virus in water samples that tested negative
without enrichment.

Collecting samples from suspected ASFV-infected animals
through necropsy in pig farms and the wild carries the risk
of environmental contamination. Li X. et al. developed a
non-invasive method for diagnosing ASFV infection in dead
pigs. The authors reported that inguinal lymph node samples,
collected using a minimally invasive sampler, contained more
ASFV nucleic acids than swabs and constituted an ideal tissue

frontiersin.org
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for diagnosing ASFV infection in dead pigs without the need
for necropsy.

Genome sequencing is an essential tool for studying viral
mutations and tracing their origins. However, traditional
methods require the isolation of the virus and ultracentrifugation
for enrichment, which can be time-consuming and must be
established

a method for sequencing ASFV positive blood and serum

conducted in ABSL-3 laboratory. Zhang et al

samples without isolating virus. The authors improved C18
spacer MDA (Multiple Displacement Amplification) combined
with host DNA exhaustion strategy to remove background
DNA and fit Next generation sequencing (NGS) and Third
generation sequencing (TGS). Furthermore, they developed
a software that enables real-time analysis of TGS depth and
coverage by utilizing cloud servers. Using this workflow, they
successfully sequenced two uncultured ASFV positive samples in
their study.
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African swine fever virus (ASFV) is a leading cause of worldwide agricultural loss. ASFV is
a highly contagious and lethal disease for both domestic and wild pigs, which has brought
enormous economic losses to a number of countries. Conventional methods, such as
general polymerase chain reaction and isothermal amplification, are time-consuming,
instrument-dependent, and unsatisfactorily accurate. Therefore, rapid, sensitive, and
field-deployable detection of ASFV is important for disease surveillance and control.
Herein, we created a one-pot visual detection system for ASFV with CRISPR/Cas12a
technology combined with LAMP or RPA. A mineral oil sealing strategy was adopted
to mitigate sample cross-contamination between parallel vials during high-throughput
testing. Furthermore, the blue fluorescence signal produced by ssDNA reporter could
be observed by the naked eye without any dedicated instrument. For CRISPR-RPA
system, detection could be completed within 40 min with advantageous sensitivity. While
CRISPR-LAMP system could complete it within 60 min with a high sensitivity of 5.8 x 102
copies/wl. Furthermore, we verified such detection platforms display no cross-reactivity
with other porcine DNA or RNA viruses. Both CRISPR-RPA and CRISPR-LAMP systems
permit highly rapid, sensitive, specific, and low-cost Cas12a-mediated visual diagnostic
of ASFV for point-of-care testing (POCT) applications.

Keywords: CRISPR/Cas12a, detection, African swine fever virus, RPA, LAMP

INTRODUCTION

African swine fever (ASF) is a highly lethal and contagious disease in domestic pigs caused by
the African swine fever virus (ASFV) and is a notifiable disease by the World Organization for
Animal Health (OIE) (1). ASFV is a large and complex double-stranded DNA arbovirus that is
the only member of Asfivirus genus (2). Based on the highly conserved gene B646L encoding the
viral protein p72, ASFV is currently classified into 24 genotypes. In 2018, ASF began to spread in
China, where the virus circulating was identified as genotype II (1, 3), an epidemic strain that was
100% consistent with that in Russia (4). Due to the absence of effective treatments or vaccines, ASF
disease control mainly relies on culling pigs (2, 5). With high infectivity and mortality, ASFV has
seriously affected animal husbandry.

The focus of prevention and control of ASF is currently still in the early diagnosis and outbreak
control stages. Therefore, accurate and efficient laboratory diagnosis is of vital importance.
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Quantitative PCR (qPCR) and conventional PCR, which are
also recommended by OIE (6-8), are sensitive methods for
the detection of ASFV. However, the dependence on expensive
thermocyclers and skilled operators limits the application
of these methods for point-of-care (POC) detection (9, 10).
Isothermal amplification techniques, such as recombinase
polymerase amplification (RPA) (11-13), loop-mediated
isothermal amplification (LAMP) (14, 15), polymerase cross-
linking spiral reaction (PCLSR) (16), and cross-priming
amplification (CPA) (17), have been suggested for the detection
of ASFV based on the highly conserved region of essential ASFV
genes, such as p72. However, the reaction temperature close to
room temperature can easily generate false-positive test results
(18, 19). Therefore, it is necessary to develop a sensitive, specific,
equipment-free, and visual method for the detection of ASFV.

Recently, clustered regularly interspaced short palindromic
repeat (CRISPR)-associated endonuclease (CRISPR/Cas) systems
have been developed to detect nucleic acid, including Casl3a
(20-26), Casl2a (27-31), Cas9 (32-34), Casl12b (35), and Casl4
(36). Casl2a, an RNA-guided DNA endonuclease, recognizes
a T nucleotide rich, such as 5- (T) TTN-3, protospacer-
adjacent motif (PAM) with the help of CRISPR RNA (crRNA)
(37). Then using a single RuvC catalytic domain (38-40),
the Casl2a generates a 5 -overhang staggered cut on the
target strand (TS) and the non-target strand (NTS). Both
the crRNA-complementary ssDNA or dsDNA (the activator)
activate the trans-cleavage to unleash the robust, non-specific
ssDNA trans-cleavage activity of Casl2a. The Casl2a-based
detection can be performed at physiological temperature or
even at room temperature; meanwhile, the non-specific cleavage
by these Casl2a enzymes occurs at a very high turnover rate
(41-43), significantly simplifying the detection procedure and
enabling the accurate detection of low-concentration targets.
Combined with fluorophore quencher (FQ)-labeled reporter,
the diagnostic technology based on CRISPR/casl2a has been
successfully applied for the detection of the porcine reproductive
and respiratory syndrome virus (PRRSV) (44), white spot
syndrome virus (WSSV) (45), tobacco curly shoot virus
(TCSV) (46), human papillomavirus 16 (HPV-16), parvovirus
B19 (PB-19) (47), Listeria monocytogenes (48), foodborne
bacteria (Escherichia coli and Streptococcus aureus) (49), and
Mpycobacterium tuberculosis (50).

To improve the convenience of existing tools and overcome
the limitations of ASF diagnosis, a one-pot visual detection
that integrates the CRISPR/Casl2a system with isothermal
amplification has been developed in this study. The one-
pot detection is sensitive, specific, low-cost, user-friendly, and
ready to be used for on-site ASFV detection or other DNA-
based pathogens.

MATERIALS AND METHODS

Preparation of Genomic DNA Samples

The 1941bp fragment (Genomic Sequence: NC_001659.2) of
the ASFV p72 gene (also known as B646L) was chemically
synthesized and cloned into pUC57 plasmid (herein referred to

as pUC57-p72 DNA) by Sangon Biotech (Shanghai). Co. Ltd. The
pUC57-p72 DNA was used as the template for the optimization
of the detection system, as well as for the determination of
sensitivity, as standard ASFV plasmid was used in previous
reports (16, 17). The DNA or ¢cDNA of the pseudorabies virus
(PRV), porcine reproductive and respiratory syndrome virus
(PRRSV), porcine epidemic diarrhea virus (PEDV), and porcine
deltacoronavirus (PDCoV) were obtained from the Shanghai
Veterinary Research Institute (Chinese Academy of Agricultural
Sciences), for the use as samples for specificity determination.

Oligonucleotide Primers for Amplification

and crBRNA Preparation

The most conserved region of the gene was subjected to
design isothermal amplification primers. The RPA primers were
designed using online software (Primer-blast) according to the
TwistAmp assay. These forward and reverse primers formed a
number of primer pairs, and the RPA products should be 100-200
bp. The LAMP primers were designed using PrimerExplorer V5
(http://primerexplorer.jp/e/), comprising of two outer primers F3
and B3, two inner primers FIP and BIP, and two loop primers LF
and LB.

Using CHOPCHOP (https://chopchop.cbu.uib.no/), the 23nt
crRNA targets were designed targeting the p72 gene, which were
also the targets of the RPA and LAMP. The primers and crRNAs
sequences, listed in Table 1, were synthesized by Sangon Biotech.

RPA, LAMP Assays, and Cas12a/crRNA

Nucleic Acid Detection

The RPA reaction was conducted using an RPA reaction mixture
(TwistDx) containing 1.2 pl of primer RPA-F (10 uM), 1.2 ul
of primer RPA-R (10 unM), 15 pl of primer-free rehydration
buffer, 5.35 ! of ultrapure water, 1.25 pl of magnesium acetate
(280 mM, MgOAc), and 1 ul of the template DNA or cDNA.
The RPA reaction was incubated by PTC-200 thermocyclers
(BIO-RAD) at a constant temperature of 37°C for 20 min.

The LAMP assay with the above designed LAMP primers
was performed in a 25 L reaction mixture containing 2.5 pl
of 10x reaction buffer [200 mM Tris-HCI, 100 mM (NH4),SO4,
500 mM KCl, 80 mM MgSOy4, and 1% Tween 20], 2.5 pl of
10x LAMP primer mix [1.6 WM each of forward inner primer
(FIP) and backward inner primer (BIP), 0.2 wM each of forward
outer primer (F3) and backward outer primer (B3), 0.4 uM each
of forward loop primer (FP) and backward loop primer (BP)],
3 ul of each ANTP (10mM), 4 ul of Betaine (5M), 1 pl of
Bst3.0 DNA polymerase (New England Biolabs), and 1 pl of the
DNA or cDNA. The LAMP reaction was incubated by PTC-200
thermocyclers at a constant temperature of 65°C for 60 min.

The CRISPR/Casl2a-mediated cleavage assay (CRISPR
reaction buffer) contained 2.5 pl of LbaCasl2a (1 uM), 2.5 ul
of crRNA (1 M), 3 pul of ssDNA-FQ reporter (10 uM), 2 pl
of RNase inhibitor (4U/ul), 4 pl of 10xNEBuffer, and 6 pl of
ultrapure water. LbaCas12a, RNase inhibitor, and 10x NEBuffer
were purchased from New England Biolabs, while the ssDNA-FQ
reporter was synthesized with several nucleotides (5/—TTATT—3/)
labeled with FAM at the 5 end and a quencher at the 3" end. The
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TABLE 1 | Sequence of primers, crRNA, and FQ reporter in this study.

Name Sequence (5'-3))

RPA-F CGCAAATTTTGCATCOCAGGGGATAAAATGACTG

RPA-R GGATATTGTGAGAGTTCTCGGGAAAATGTTGTGA

LAMP-  CGGAAATTTTGCATCCCA

F3

LAMP- GGATATTGTGAGAGTTCTCGG

B3

LAMP- GAGAGGGCCACTAGTTCCCTAAAATGACTGGATATAAGCACTT
FIP

LAMP- CAAGCCGCACCAAAGCAAACGAATTTCGGGTTGGTATGG

BIP

LAMP- ACCGATACCTCCTGGCCGAC

LF

LAMP- TCTTACCGATGAAAATGATACGCAG

LB

crBNA UAAUUUCUACUAAGUGUAGAUCACAAGCCGCACCAAAGCAAACC
ssDNA 6-FAM/TTATT/BHQ-1

reporter

reaction was incubated in PTC-200 thermocyclers for 40 min
at 37 °C. In addition, the fluorescence signal of the ssDNA-FQ
report was visualized by the 2500B transilluminator under blue
light (Tanon).

Establishment and Optimization of the

One-Pot Visual Detection System

One-pot detection combines isothermal pre-amplification
and CRISPR/Casl2a-mediated cleavage detection in the same
reaction tube. Briefly, the RPA or LAMP pre-amplification assays
were added to an Eppendorf tube, and 35 pl of mineral oil
was covered on the pre-amplification assay. After the RPA or
LAMP reaction, 20 pl of CRISPR reaction buffer (pre-added
inside the lid) was mixed with 25 pl of the amplification assay by
hand shaking or spinning down in a minifuge for 5s. The tube
was put in PTC-200 thermocyclers at 37°C for 20 min, and the
fluorescence signal after the CRISPR/Cas12a-mediated cleavage
reaction was visualized using a transilluminator under blue light
(Figure 1).

For the Casl2a-RPA one-pot detection system, a CRISPR
reaction optimization experiment (incubated at 37°C for 5, 10,
20, and 30 min) was conducted to find an appropriate reaction
time to shorten the one-pot detection. In addition, with a
transfer step in between, the RPA and CRISPR reactions can
be run sequentially. To optimize the one-pot detection, a single
combined mixture of RPA and CRISPR reactions was carried out
at the same reaction temperature (37 °C), which was “one-step”
in one-pot detection. After 35 1 of mineral oil was used to cover
the surface of the combined mixture, the reaction tube was put
in PTC-200 thermocyclers at 37 °C for 20, 30, 40, and 50 min to
optimize the detection system.

The reaction time of the CRISPR-LAMP one-pot detection
system was optimized separately for different temperatures (65°C
for LAMP and 37°C for CRISPR reaction). Briefly, LAMP pre-
amplification was incubated at 65°C for 20, 30, 40, and 50 min,

and CRISPR/Casl2a-mediated cleavage reaction was incubated
at37°Cfor 5, 10, 15, 20, 25, and 30 min after an optimized LAMP
reaction time in one tube.

Evaluation of the One-Pot Visual Detection
System

The specificity of the one-pot visual detection systems was
determined by the optimized procedure, the genomic DNA or
cDNA of PRV, PRRSV, PEDV, and PDCoV. Further, pUC57-
p72 DNA and negative controls (ddH,O) were also used,
with the amount of genomic DNA or cDNA being 1 ul per
reaction. In addition, all the genomic DNA or ¢cDNA were
used as templates for the PCR with their own specific primers
(Supplementary Table 1) before evaluating the specificity of the
one-pot visual detection system.

The analytic sensitivities of the newly developed one-pot
visual detection systems were determined with the pUC57-p72
DNA ranging from 7 x 10° to 7 x 10° copies/jLl using multiple
dilution methods. The reaction mixtures were heated at 37 °C
or 65 °C for an optimal amount of time. The ASFV B646L gene
plasmid reference material [GBW(E) 091034], with high stability
and uniformity, as well as an extended uncertainty of 0.9 x 10
copies/pl (K = 2), was used for further determination of the
sensitivity of both the CRISPR-RPA and CRISPR-LAMP one-pot
detection systems. The reference material was diluted, ranging
from 5.8 x 104 to 5.8 x 10° copies/ul, and detected as previously
described in the method section.

For further evaluation, diluted pUC57-p72 DNA was used
as a template to compare the newly developed one-pot visual
detection system with SYBR real-time qPCR. Briefly, 10 ul of 2 x
ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing),
0.4 pl of primer F (10 M), 0.4 pl of primer R (10 uM), 2
il of DNA, and ddH,O were included. The reactions were
conducted in a 20 pl volume following the kit instructions.
The reaction cycle parameters were set as denaturation at
95°C for 30s, followed by 40 cycles of amplification, 95°C
for 10s and 60°C for 30s in a CFX Connect fluorescence
quantitative PCR detection system (BIO-RAD). The primers are
listed in Supplementary Table 1, and the result was analyzed by
GraphPad Prism 8.3.0.

RESULTS
Establishing the One-Pot Detection Assay

By adding isothermal pre-amplification and Casl2a-mediated
cleavage reaction together in one tube, with mineral oil covering
the surface of the LAMP/RPA amplification reagent, a one-
tube visual detection system was assembled. For optimizing the
CRISPR-RPA one-pot detection, the result (Figure 2A) showed
that the fluorescence signal increased rapidly with time until
it reached the peak value while the negative control remained
no fluorescence signal. Moreover, the fluorescence signal was
clear enough for the naked eye to detect at 20 min. Therefore,
a total of 40 min (RPA for 20 min and CRISPR reaction for
20 min) reaction time were established for the CRISPR-RPA one-
pot detection. Besides, after 40 min reaction time, the “one-
step” in one-pot detection also showed an increased pattern
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FIGURE 1 | One-pot visual detection system. One-pot visual detection system showing the process of DNA pre-amplification, Cas12a/crRNA cleavage reaction, and
fluorescence visualization. RPA or LAMP reagent, crRNA, Cas12a enzyme, and ssDNA-FQ reporter are all in one tube, with mineral oil sealing. Target binding of
Cas12a will unleash its ability to digest ssDNA-FQ reporter. The fluorophore FAM (F) is quenched by a quencher (Q) if intact and emits fluorescence when cleaved,
which is visual under the blue light.

in the same fluorescence signal until reaching the peak value Specificity of the One-Pot Visual Detection
(Supplementary Figure 1). System

For the CRISPR-LAMP one-pot detection system, the The specificity of the one-pot visual detection system was
optimization was separated into two parts, LAMP optimization  eyalyated using pUC57-p72 DNA and other porcine viruses
and CRISPR reaction optimization. After incubating at 65°C for genomic DNA or ¢DNA, including PRV, PRRSV, PEDV, and
different durations and a Casl2a-mediated reaction for 40 min,  ppCoV. The specific of all the genomic DNA or cDNA were
the result (Figure 2B) showed that 40 min is an appropriate  verified with PCR and the results of which are displayed in
pre-amplification time for LAMP. After LAMP pre-amplifying  Figure 3A. For both the CRISPR-RPA and CRISPR-LAMP one-
for the optimized time (40min), a CRISPR reaction was pot visual detections, after the template DNA was added and the
conducted to adjust the time. The result (Figure 2C) showed that  tybes were incubated at a suitable temperature in the reaction
20 min is an optimized time for CRISPR reaction. Eventually,  rder, the rapid reaction of pUC57-p72 DNA occurred and a
a total of 60 min (40 min for LAMP and 20 min for CRISPR strong fluorescence signal appeared while other genomic DNA

reaction) reaction time were established for CRISPR-LAMP . -DNA showed no signal (Figures 3B,C), which revealed

one-pot detection. there was no cross-reaction with other viruses. The results
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FIGURE 2 | Fluorescence signal image in optimization of detection system. (A) Optimization of RPA reaction time in CRISPR-RPA one-pot detection (5, 10, 15, and
20 min). (B) Optimization of LAMP reaction time in CRISPR-LAMP one-pot detection (20, 30, 40, and 50 min). (C) Optimization of CRISPR reaction time in
CRISPR-LAMP one-pot detection (5, 10, 15, 20, 25, and 30 min). The fluorescence signal monochrome and pseudo green images were taken from Tanon 2000M
camera, and the images at the bottom were taken behind the UV/blue light resistant observation window. Analysis of the value for the fluorescence image using the
Imaged software. Each measuring was run with three replicates (n = 3). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001, ns, not significant. Error bars represent
the means =+ s.d. from replicates. The unpaired two-tailed t-test was used to analyze the statistical significance.

demonstrated that both CRISPR-RPA and CRISPR-LAMP one- The limits of the LAMP-CRISPR detection system were
pot visual detection systems could be used for specific detection ~ determined using a 10-fold serial diluted pUC57-p72 DNA
of ASFV. template, ranging from 7 x 10° to 7 x 10° copies/pl. The

While estimating the sensitivity and specificity of the one-pot  results showed that the developed LAMP-CRISPR one-pot visual
visual detection system, it showed high specificity and accuracy,  detection system can detect as low as 7 x 10% copies/jul of the
as well as low detection limit, particularly the limit of CRISPR- ~ dsDNA template (Figure 4C). Using diluted ASFV B646L gene
LAMP was much lower. plasmid reference material as a template, the limit of one-pot

visual detection system based on the LAMP-CRISPR was 5.8 x
10? copies/pl within 60 min, as shown in (Figure 4D).
Sensitivity of the One-Pot Visual Detection
System Evaluating Consistency Between the
On combining the RPA and CRISPR cleavage reactions, the One-Pot Visual Detection and QPCR
sensitivity of the RPA-CRISPR reaction was determined with a ~ We further compared one-pot visual detection with the
10-fold serial diluted template at a concentration of 7 x 10%,7 x quantitative PCR (qPCR), the most commonly used detection
108,7 x 107,7 x 10°, 7 x 10°, 7 x 104, 7 x 10°, 7 x 10%,7 x  method, as the gold standard. The same target on p72 gene was
10', and 7 x 10° copies/ul of the pUC57-p72 DNA. The results  used for the RPA and LAMP amplification to determine the
showed that the developed RPA-CRISPR one-pot visual detection ~ analytical sensitivity of the qPCR. Serial dilutions were prepared
system can detect as low as 7 x 10* copies/pul of the dsDNA  from 10° to 10° copies/pl. The result showed that the limit of
template (Figure 4A). The ASFV B646L gene plasmid reference ~ qPCR detection was 7x10? copies/pl (Figure 3D). Compared
material was diluted with a 10-fold serial at a concentration of  to qPCR detection, the limit of one-pot detection was similar
58 x 10%, 5.8 x 102, 5.8 x 10!, and 5.8 x 10° copies/ul to  and the CRISPR-LAMP could attain a sensitivity of 5.8 x 10>
refine and accurate the limitation. The results showed that no  copies/pl. Moreover, both the CRISP-RPA and CRISPR-LAMP
significant fluorescence signal can be detected by the naked eye, ~ detection systems spent lesser detection time than the qPCR.
meaning that the limit of the one-pot visual detection based on
the RPA-CRISPR is 7 x 10* copies/j1l within 40 min (Figure 4B). DISCUSSION
Besides, the sensitivity of “one-step” in one-pot detection is 7 x
108 copies/jLl which is not an appropriate limit for virus detection ~ Since 2018, the rapid outbreak of ASF in China and in a number
(Supplementary Figure 1). of other countries has resulted in tremendous economic losses
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0.0001, ns, not significant. Error bars represent the means + s.d. from replicates. The unpaired two-tailed t-test was used to analyze the statistical significance.
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(51). At present, molecular diagnostic techniques for detecting
ASFV mainly rely on two OIE-recommended conventional
and real-time qPCR technique methods. Although these
techniques have been widely validated and are useful tools for
detecting this disease, they remain inconvenient because of
expensive instruments and professional operation systems. The
CRISPR/Cas systems are revolutionary tools allowing for precise
genome engineering, transcription regulation, and many other
applications (52, 53). The Casl2a recognizes specific dsDNA
sequences and then non-specifically cleaves the ssDNA, making
it particularly suitable for detecting dsDNA viruses.

The cleavage site specificity of the Cas/crRNA complex is
determined by the length of the crRNA and the sequence,
number, location, and distribution of mismatch (54, 55). The 20nt
or shorter nucleotide hybridizes with the dsDNA close to PAM
region, which determines that CRISPR/Cas has high specificity
(56). However, SNV in genome may cause off-target and false
negatives when mutating on the target or the PAM (54, 57).
The introduction of PAM through pre-amplification and multi-
crRNA strategies may break the limitation caused by both PAM
dependence and off-target, helping to improve the specificity
of the detection system. The Casl2a enzyme itself has weak

collateral cleavage activity; thus, it can only achieve low detection
sensitivity without pre-amplification (27, 58). Therefore, in
combination with isothermal amplification, such as RPA, LAMP,
strand displacement amplification (SDA) (59-61), rolling circle
amplification (RCA) (62, 63), exponential amplification reaction
(EXPAR) (64, 65), and recombinase-aided amplification (RAA)
(48, 66-68), we found that Cas12a was able to detect pathogens
with high sensitivity and precision. In this study, we found that
the CRISPR-RPA system is not highly sensitive, but it is faster
than CRISPR-LAMP, which means that CRISPR-RPA is possible
for rapid qualitative detection on the grassroots level.

Aerosol pollution, improper operation, and complex
detection environment may unavoidably cause false positives in
point-of-care testing (POCT), and two separate steps in CRISPR-
based detection may make it more serious. However, one-pot
detection could avoid false positives and high background
positives caused by cross contamination (69-72). This means
that template amplification, Cas-mediated enzyme cleavage
reaction, and signal output are completed in one tube without
opening or closing the cover (71, 73, 74). Moreover, to report
the presence of target DNA, ssDNA probe linking a fluorophore
(FAM in this study) and a quencher was used. After the
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FIGURE 4 | Sensitivity of one-pot visual detection system. (A) The sensitivity of CRISPR-RPA one-pot detection with 10-fold serial diluted pUC57-p72 DNA. (B) The
sensitivity of CRISPR-RPA one-pot detection with 10-fold serial diluted ASFV B646L gene plasmid reference material. (C) The sensitivity of CRISPR-LAMP one-pot
detection with 10-fold serial diluted pUC57-p72 DNA. (D) The sensitivity of CRISPR-LAMP one-pot detection with 10-fold serial diluted ASFV B646L gene plasmid
reference material. Analysis of the value for the fluorescence image using the ImagedJ software. Each measuring was run with three replicates (n = 3). *P < 0.05, **P <
0.01, **P < 0.001, ***P < 0.0001, ns, not significant. Error bars represent the means =+ s.d. from replicates. The unpaired two-tailed t-test was used to analyze the
statistical significance.
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Development of an indirect
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wild-type strains and
CD2v-deleted strains
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Jinxing Song*?, Zixiang Zhu>¢, Pengchao Jit?** and
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Joint Research Center of National Animal Immunology, College of Veterinary Medicine, Henan
Agricultural University, Zhengzhou, China, *Longhu Laboratory, Zhengzhou, China, “Henan
Engineering Laboratory of Animal Biological Products, College of Veterinary Medicine, Henan
Agricultural University, Zhengzhou, China, *State Key Laboratory of Veterinary Etiological Biology,
Lanzhou Veterinary Research Institute, College of Veterinary Medicine, Lanzhou University, Chinese
Academy of Agricultural Sciences, Lanzhou, China, °African Swine Fever Regional Laboratory of
China, Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Lanzhou,
China

African swine fever (ASF) is a potent infectious disease with detrimental
effects on the global swine industry and no currently vaccine available.
The emergence of low-virulence CD2v-deleted mutants manifested as non-
hemadsorption (non-HAD) strains represents a significant challenge to the
prevention and control of ASF. In this study, we aimed to establish an indirect
ELISA (IELISA) method for the identification of ASFV wild-type and CD2v-
deleted strains. We integrated the CD2v protein extracellular domain sequence
(CD2v-Ex, 1-588 bp) of the highly pathogenic strain China/2018/AnhuiXCGQ
into the genome of suspension culture-adapted Chinese hamster Ovary-
S (CHO-S) cells using lentivirus vectors (LVs). By screening, we identified a
monoclonal CHO-S cell line that stably expressed secretory CD2v-Ex Protein.
We then used the purified CD2v-Ex Protein as the detection antigen to establish
an indirect ELISA method (CD2v-IELISA) for identification of the ASFV wild-
type and CD2v-Deleted (CD2v™) strains. The CD2v-IELISA method showed
excellent specificity with no cross-reaction with serum samples infected
with ASFV (CD2v™), porcine reproductive and respiratory syndrome virus
(PRRSV), classical swine fever virus (CSFV), porcine circovirus (PCV), porcine
pseudorabies virus (PRV), swine foot and mouth disease virus (FMDV) and
porcine epidemic diarrhea virus (PEDV). Furthermore, this method showed
high sensitivity, allowing identification of ASFV-infected clinical serum samples
up to a dilution of 1:2,560. The coefficient of variation both in and between
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batches was <10% with good reproducibility and a high compliance rate of
99.4%. This CD2v-IELISA method developed here is of great significance for
the prevention, control and purification of ASFV.

ASFV, CD2v extracellular fragment, CHO cell line, indirect ELISA, identification, CD2v-

deleted

Introduction

African swine fever (ASF) is an acute and severe infectious
disease caused by African swine fever virus (ASFV), which can
infect domestic pigs and wild boars of all ages and cause up to
100% mortality (1). ASFV is the only currently known insect-
borne DNA virus with a genome size of 170-193 kb, encoding
more than 150 kinds of proteins although the functions of more
than half of these proteins remain to be clarified (2-4). There
are currently 24 known genotypes of ASFV based on genetic
differences in the protein 72 (p72) capsid protein, and eight
serotypes based on hemadsorption inhibition assays (HAI) using
ASFV reference immune antisera (5). No effective commercial
vaccine is currently available; therefore, effective and accurate
methods for laboratory diagnosis are of great significance for the
prevention and control of ASFV infection (6, 7).

ASFV was first reported in China in 2018 in an ASF outbreak
causing huge economic losses. This strain was identified as
p72 genotype II and CD2v serogroup 8, homologous to the
highly pathogenic Georgia/2007 strain (8). However, recent
studies have shown that ASFV strains with different deletions
or mutations of the EP402R gene are now spreading. These
variant strains show non-hemadsorption (non-HAD) and
certain differences in virulence and pathogenicity (reduced
pathogenicity but still obvious residues, longer incubation
period which can cause persistent infection and chronic disease
course, high transmission ability, and marked variation in
the clinical manifestations and morbidity between individuals)
compared with the earliest isolated highly pathogenic HLJ/2018
strain (9). Consequently, the early diagnosis and monitoring
of ASFV has become more difficult. A variety of methods for
ASFV antibody detection have been published. Almost all of
these methods were used to detect ASFV infection only, but
were not able to distinguish infection by ASFV wild-type and
CD2v-deleted strains.

ASFV has a complex icosahedral structure (~260-300 nm
in diameter) composed of a central nucleoid, core shell, inner
membrane, capsid and outer membrane (10). The CD2v protein,
encoded by the EP402R gene, is a characteristic glycoprotein
located in the outer capsule membrane of ASFV. It consists
of intracellular, transmembrane and extracellular regions, and
it is actively expressed in the late stage of the viral infection
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process (11, 12). The structure of the CD2v extracellular region
is homologous to that of the CD2 protein on the surface of
host T cells and natural killer cells. CD2v expression can cause
lymphocyte damage, which contributes to the immune escape of
the virus. In addition, CD2v binds specifically to CD2 receptors
on the surface of porcine red blood cells, leading to a blood
adsorption phenomenon and participating in the transport of
the virus in the infectious animal (13, 14).

The CD2v protein is an important structural surface antigen
of wild-type ASFV. Infection with wild-type ASFV induces
the production of specific antibodies that recognize the CD2v
protein. Therefore, we used CHO cells to express CD2v as an
extracellular protein, which we then used as a detection antigen
to establish an iELISA for rapid detection of CD2v antibodies.
This assay can be used to distinguish infection by ASFV wild-
type strains (HAD) and CD2v-deleted strains (non-HAD) and
might be of great importance in epidemiological investigation
and normalized monitoring of ASFV.

Materials and methods

Plasmid construction and LV production
The CD2v protein extracellular region (GenBank:
MK128995.1, CD2v-ex, 1-588 bp) gene sequence was optimized
according to the CHO expression system and a 6 x His-tag was
introduced at the carboxyl terminus. The recombinant CD2v-ex
gene sequence was then cloned into the pTRIP-Pure vector,
pTRIP-Pure-CD2v-ex (GenScript, Nanjing, China). Adherent
human embryonic kidney (HEK) 293T (ATCC, Manassas,
VA, USA) cells were maintained in high glucose Dulbecco’s
modified Eagle’s medium (DMEM; Solarbio, Beijing, China).
At 40-50% confluence, HEK 293T cells were seeded in 6-well
plates and co-transfected with pTRIP-Pure-CD2v-ex (0.65 pg),
psPAX (0.9 pg) and pMDG.2 (0.5 jug) using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA); a blank pTRIP-puro vector
was used as a control 6-8h after transfection, the medium
was replaced with maintenance medium (DMEM containing
2% FBS). Supernatant containing the pseudotyped LVs was
collected at 72h post-transfection, centrifuged at 4,000 rpm
for 10min at 4°C and filtered through a 0.22pum filter. The
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supernatant was then used fresh in experiments or stored at
—80°C as previously described (15).

Establishment of a stable CD2v-ex
protein expressing cell clone

CHO-S cells (Thermo Fisher Scientific, Waltham, MA, USA)
were passaged in 125-mL vent-cap cell shaker flasks (NEST,
Wuxi, China) containing 25 mL ExpiCHO Expression Medium
(Gibco, Grand Island, NY, USA) on an orbital shaker platform
(100 rpm). When the cell viability exceeded 95%, 2 x 10 cells
were mixed with the LV suspension at a ratio of 1:1 (16) in the
presence of 5pg/mL polybrene (Beyotime, Shanghai, China).
After 24h of culture in an orbital shaker at 37°C, the cells
were collected by centrifugation at 500 rpm for 10 min at 25°C
and resuspended in fresh ExpiCHO culture medium containing
puromycin (Beyotime).

The process for screening of a stable cell clone was
proceed as follows. Briefly, the transfected CHO-S cells were
passaged at a density of 0.5 x 10° viable cells/mL in ExpiCHO
culture medium containing 7.5 wg/mL puromycin. When the
cell viability exceeded 90%, a second round of screening was
performed in ExpiCHO Stable Production Medium (Gibco)
containing 22.5ug/mL puromycin. After 12h, expression
of CD2v-ex by cell clones was evaluated by western blot
analysis. Briefly, cell culture supernatants and cell fragmentation
supernatants were denatured at 98°C for 10 minand proteins
were separated by 7.5% SDS-PAGE before transfer to a
polyvinylidene fluoride (PVDF) membrane (Merck Millipore,
Billerica, MA, Germany). After blocking for 1h with 5%
skimmed milk (m/v, SM) in tris buffered saline containing 0.05%
Tween-20 (TBST, v/v), the membrane was incubated at room
temperature (RT) for 1 h with anti-His-tag antibody (1:5,000 in
5% SM, Proteintech, catlog number 66005-1-Ig, Wuhan, China)
or standard ASFV-positive serum (1:2,000 in 5% SM, CVCC,
Beijing, China). After washing with TBST, the membrane was
incubated at 37°C for 1h with the corresponding secondary
antibodies [HRP-conjugated goat anti-mouse IgG (1:5,000 in 5%
SM, Proteintech, catlog number SA00001-2) or mouse anti-pig
IgG (1:5000 in 5% SM, Immunoway, catlog number RS030232,
Plano, TX, USA)]. The antibody-reactive bands were detected
using beyoECL star solution (Beyotime) and visualized with a
multifunctional imaging system (GE Amersham Imager 600,
Boston, Massachusetts, USA).

After two rounds of drug screening, stably transduced cell
lines were generated by limiting dilution cloning. The cells
were seeded in 96-well plates (0.5 cell per well) with ExpiCHO
Expression Medium containing 6 mM L-glutamine (Gibco) and
statically incubated at 37°C. Clones expressing high levels of
the transfected protein were screened in 24-well and 6-well
plates. Finally, the clones expressing the highest levels of the
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transfected protein was selected in fed-batch culture in 125-mL
flasks by feeding with 5, 10, 15 g/L glucose (Gibco) and 2% (v/v)
GluMAX-1 (100x%, Gibco) on days 3, 5, 7 at 37°C. Dot blot and
western blot analysis were used to selecting the high-expressing
clones (17).

Genomic verification and protein
purification

CHO-CD2v cell lines were verified by measurement of
genomic DNA and RNA expression. For DNA verification,
genomic DNA was extracted from 1 x 107 stably transduced
monoclonal cells using the DNAiso Reagent (Takara, Tokyo,
Japan) and identified by PCR amplification. The identification
primers were designed based on the optimized gene sequence
(CD2v-ex-F: 5-ATGATCATCCTGATCTTCCTGATC-3;
CD2v-ex-R: 5-TCAGCTGGACAGTGTCAGGTA-3] Tsingke,
Beijing, China). The PCR mixture (final volume 20 pL)
contained 10 pL 2x PrimeSTAR MAX Premix (Takara), 1 pL
genomic DNA, 1 pL of each primer (10 wM), and 7 L ddH,O.
The PCR conditions were set as follows: 98°C pre-denaturation
for 30s; 30 cycles of denaturation at 98°C for 10, annealing of
58.5°C for 30s and extension at 72°C for 30s; final extension
at 72°C for 8 min. The PCR products were identified by 1%
(m/v) agarose and sequenced by Beijing Tsingke (Tsingke). For
RNA identification, total RNA was isolated using RNAiso Plus
(Takara) and cDNA was obtained by reverse transcription using
HiScript II One Step qRT-PCR Probe Kit (Vazyme, Shanghai,
China). The following PCR operations were the same as the
above mentioned.

To prepare purified CD2v-ex protein for subsequent tests,
the selected CHO-CD2v cell line was cultured for 7-10 days in a
shaking incubator (100 rpm) and fed with 5 g/L glucose (Gibco)
and 2% (v/v) GlutaMax-1 (100x, Gibco) every 2 days. After
centrifugation with 12,000 xg for 10 min, the supernatant was
collected and CD2v-ex protein was purified from the cell culture
supernatant using HisTrap excel (Cytiva, Sweden). The purified
protein was analyzed by SDS-PAGE.

Indirect ELISA method development

CD2v-ex protein was diluted with carbonate bicarbonate
buffer (CBS buffer, pH 9.6) and used to coat 96-well plates
(Beaver, Suzhou, China) at 4°C overnight. The plates were
then washed five times with TBST and patted dry. After the
plates were blocked for 1h at RT with 5% SM (in TBST) and
washed as above, serum samples were diluted with 1% bovine
serum albumin (1% BSA, m/v) in 1x phosphate buffered saline
(PBS) and then added to plates (100 pL/well) and incubated
for 30 min at 37°C. Subsequently, the plates were washed as
above and incubated with HRP-conjected monoclonal mouse
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anti-pig IgG (Immunoway) diluted to 1:10,000 with 5% SM.
After incubation for 40 min at 37°C and washing, the plates were
incubated with 3,3,,5,5,—tetramethylbenzidine (TMB, Solarbio)
at RT. The reactions were stopped after 10 min by adding 2
mol/L H3SO4 (50 wL/well). The optical density (OD) of each
well was measured at 450nm (ODys50) using a Multimode
Microplate Reader (Tecan 10M, Switzerland).

The antigen and serum concentrations were optimized by
checkerboard titration. Briefly, 96-well plates were coated with
the recombinant antigen titrated to concentrations of 0.5-
4 pg/mL (50-400 ng/well). ASFV-positive (ASFVT) and ASFV-
negative (ASFV™) standard sera were serially diluted 1:10-
1:320. Every combination was evaluated in duplicate.

The CD2v-iELISA reaction conditions were optimized
according to the optimal antigen coating concentration and
serum dilution determined as previously described. The optimal
assay conditions were identified as those that yielded the highest
ODysq ratio between the ASFVT and ASFV ™ serum samples
(P/N value) as previously described (18). Every sample was
evaluated in triplicate.

The status of 82 swine ASFV™ serum samples stored in our
laboratory was first confirmed using the P30-iELISA kit (Kernal,
US) according to the manufacturer’s instructions. These 82
serum samples were then analyzed using the optimized CD2v-
iELISA method. The cut-off value was defined as the mean
ODysg value + 3 x the standard deviation (SD), and samples
above this cut-off value were considered to be ASFVT (19).

Determination of the specificity,
sensitivity, reproducibility, and
compliance rate

The specificity of the established CD2v-iELISA method
was determined against the following serum samples: ASFVT
(positive control), ASFVT with CD2v deleted (CD2v™),
porcine reproductive and respiratory syndrome virus
positive (PRRSV™), classical swine fever virus positive
(CSFVT), porcine circovirus positive (PCV'), porcine
pseudorabies virus positive (PRV'), swine foot and mouth
disease virus positive (FMDVT) and porcine
diarrhea virus positive (PEDVT). The ODyso

pathogenic serum sample was compared with

epidemic
of each
the cut-
off value and samples above this cut-off value indicated
a cross-reaction.

The sensitivity of the CD2v-iELISA was evaluated using
three clinical ASFV™T and three ASFV™ serum samples diluted
from 1:160 to 1:5,120. The assay sensitivity correlated with
the highest dilution of serum detectable according to the cut-
off value.

Eight ASFV™T positive and/or ASFV™ serum samples
were randomly selected. Triplicate samples were assayed
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in one batch to evaluate intra-assay variation and in
three different batches were assayed separately to evaluate

inter-assay  variation expressed as the coefficient of
variation (CV).
A total of 179 clinical swine ASFV'T (n = 18),

ASFV— 112) and ASFVT (CD2v™) (n = 49)
serum samples determined by real-time quantitative PCR
(QPCR) and HAD tests were kindly provided by Lanzhou
Veterinary Research Institute and analyzed using the
established CD2v-ex-iELISA method the
compliance rate.

(n =

to determine

Statistical analysis

All statistical analysis was conducted using GraphPad Prism
8.2 software (Graph Pad Prism Inc., California, USA). Data were
presented as the mean + SD. Significant differences between
samples were assessed using Student’s ¢-test. P < 0.05 was set
as the threshold for statistical significance.

Results

Establishment of a stable CD2v-ex
protein expressing cell clone

To establish a stable CD2v-ex protein expressing CHO-
S cell line, CHO-S cells were first transduced with packaged
LV suspensions to generate CHO-S cells expressing CD2v-ex
(CD2v-ex) and CD2v-ex expression was verified by western blot
analysis. A specific diffuse band (70-95 kD) was detected in
CHO-CD2v cell culture supernatant (Figures 1A,B), consistent
with eukaryotic expressed glycosylated proteins’ characteristics
(16, 20), suggesting that CHO-CD2v cells successfully secreted
express glycosylated CD2v-ex. Furthermore, the protein was
recognized by anti-His-tag antibody and ASFV' serum. To
select a stable CD2v-expressing CHO cell line, monoclonal
cells were obtained by limiting dilution cloning and then
successively selected and expanded from 96-well plates (n
= 92), to 24-well plates (n = 26) and finally, to 6-well
plates (n = 8, 1C6, 2D2, 3B3, 3G4, 4D12, 5C5, 6E4, 7B5).
Three high-expression CHO-CD2v cell clones (1C6, 6E4, 7B5)
were then selected (Figure 1C), and the highest expression
monoclonal cell line in fed-batch culture was identified as 1C6
by western blot analysis (Figure 1D). In addition, viable cells
monitoring revealed that 1C6 showed a comparable growth
curve compared with blank CHO-S cells in fed-batch culture
(Figure 1E), suggesting that 1C6 was a high-expressing CHO-
CD2v clone with growth characteristics similar to those of the
parent line.
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FIGURE 1

Establishment of a stable CD2v-ex protein expressing cell clone.
Western blot detection of CD2v-ex protein expression after
transduction of CHO-S cells using an anti-His-tag antibody:
Lane 1: cell culture supernatant, Lane 2: cell fragmentation
supernatant (A). Western blot detection of CD2v-ex protein
expression using standard ASFV* serum (B). Western blot
comparison of expression levels of CHO-CD2v monoclonal cell
lines (1C6, 2D2, 3B3, 3G4, 4D12, 5C5, 6E4, 7B5) after culture for
5 days in a 6-well plate (C). Western blot detection of CD2v-ex
protein in culture supernatants of three high-expression cell
clones (1C6, 6E4, 7B5) collected on days 3, 5, 7, 10 (D). Viable
cell density of three high-expression CHO-CD2v clones after 3,
5,7, 10 days in culture. **p < 0.01, ***p < 0.0001, and ****p <
0.00001 (E). Blank CHO-S cells were treated as a negative
control; M: Protein marker 2,510.

Genomic verification and protein
purification

For further verification of the selected CHO-CD2v clone
(1C6), we extracted its genomic DNA and RNA, respectively.
Integration of the CD2v-ex gene sequence into CHO-S cell
genomic DNA was confirmed by PCR and transcription into
mRNA for protein expression was verified by RT-PCR, as
evidenced by detection of a specific band of the expected size
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(588 bp) (Figures 2A,B), and the sequencing results were correct.
The CD2v-ex protein was purified from cell culture supernatant
using HisTrap excel (Cytiva) in binding buffer (20 mM Tris-
HCL300mM NaCl, pH 8.0) to purified it from cell culture
supernatant. CD2v-ex was eluted from the column with the
same binding buffer supplemented with 75 mM imidazole and
SDS-PAGE confirmed the presence of the purified CD2v-ex
protein (Figure 2C).

Determination of the CD2v-IELISA
reaction conditions

To determine the optimal reaction conditions of CD2v-
iELISA, we first identified the optimal coating antigen
concentration and serum dilution factor by checkerboard
titration, with the coating antigen concentration at 0.5-
4pg/mL and serum dilution at 1:10-1:320. The maximum
(P/N) the
concentration of CD2v-ex protein was 2 pg/mL (200 ng/well)

positive/negative value was obtained when
and the serum dilution was 1:160 (Table 1). Using the same
criterion of the conditions that yield the maximum P/N value,
the remaining reaction conditions were successfully optimized
(Figures 3A-]) as described in Table 2. The cut-off value was
determined using the optimal CD2v-iELISA method to analyze
82 ASFV™ serum samples. The mean ODys( value was 0.1017
and the SD was 0.0616 (Figure 3K), resulting in a cut-off value
0f 0.2865 (0.287, mean + 3 x SD). Therefore, only samples with
ODys values >0.287 were considered to be ASEVT; all others

were classified as ASFV ™. negative.

Determination of the CD2v-IELISA
specificity, sensitivity, reproducibility, and
compliance rate

To determine the CD2v-iELISA method specificity, we
analyzed ASFVT(CD2v™), PRRSV™T, CSFVT, PCVT, PRV T,
FMDV™T and PEDV' serum samples; ASFVT was used as the
positive control. All pathogen positive sera tested negative with
the exception of the ASFV™T control (Figure 4A), indicating
excellent assay specificity.

To determine the CD2v-iELISA sensitivity, we analyzed
three clinical ASEVT and three ASFV ™ serum samples (diluted
from 1:160 to 1:5,120) using the determined cut-off value. The
highest dilution of the ASFV™T sample that was detected in the
assay was 1:2,560 (Figure 4B), indicating an assay sensitivity up
to 1:2,560.

The reproducibility of the CD2v-iELISA was determined
based on intra- and inter-assay CV values calculated by
analyzing eight randomly selected ASFV' and/or ASFV™
serum samples in a single batch and three different batches,
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FIGURE 2
Genomic verification and protein purification of a high-expression CHO-CD2v cell line. The total genomic DNA and RNA of 1C6 cell line were
extracted from the 1C6 cell line and the presence of the CD2v-ex at the genomic DNA and mRNA levels confirmed by PCR (A) and RT-PCR (B)
analyses, respectively; blank CHO-S cells were treated as a negative control. SDS-PAGE analysis of purified CD2v-ex protein (C).

TABLE 1 Determination of the optimal reaction conditions of the CD2v-iELISA.

Antigen concentration

(ng/mL)

1:10 1:20

4 pe 2.740 2,673
N® 0.942 0.588

P/NP 2.910 4.547

2 p 2.736 2.561
N 1.119 0.666

P/N 2.445 3.844

1 p 2.646 2.599
N 1.220 0.729

P/N 2.169 3.564

0.5 P 2.337 2318
N 1.282 0.775

P/N 1.823 2.993

Serum dilution

1:40 1:80 1:160 1:320
2.635 2.580 2.549 2.455
0.328 0.209 0.177 0.192
8.041 12.347 14.429 12.805
2.584 2.553 2.524 2.335
0.346 0.167 0.113 0.119
7.465 15.266 22.429 19.665
2.606 2.507 2.456 2.256
0.307 0.213 0.140 0.145
8.491 11.777 17.485 15.611
2.392 2.300 1.403 1.102
0.401 0.222 0.144 0.137
5.966 10.354 9.729 8.046

Each data point represents the mean of two replicates. "P/N value data represent the ratios of positive mean value (P) to negative mean value (N).

respectively. As shown in Table 3, the intra- and inter-assay
values were both <10%, suggesting a high repeatability and
low variability.

To determine the CD2v-iELISA compliance, was analyzed
ASFVT (n = 18), ASFV™ (n = 112), and ASFV*t (CD2v™)
(n = 49) serum samples. The assay showed 100% sensitivity
and specificity in identification of ASFVF and ASFVT (CD2v™)
serum samples, and the total compliance rate was 99.4%
(Figure 4C).

Discussion
ASFV was first reported in Kenya in 1921 (21) and reached

Europe in the 1950s, where it persisted and became endemic
(22-24). China was the first country in Asia to report the
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occurrence of ASE which subsequently spread to 16 Asian
countries including Korea, Japan, and Vietnam by 2021. Since
2005, ASF has been reported in 73 countries around the world
according to the World Organization for Animal Health (OIE),
resulting in huge economic losses to the pig industry. Laboratory
assays are designed primarily to detect nucleic acids, antigens
and antibodies. The ASFV detection tests recommended by
the OIE include virus isolation, fluorescent antibody testing
(FAT), and real-time and routine PCR testing, which is the
most widely used technique at the EU National Reference
Laboratory (NRL) level (25). Although the ELISA method is
not as sensitive as PCR, it has important application value due
to its ease of operation and potential for analysis of large-scale
samples (26).

The CHO cell expression system is widely used in
recombinant protein expression because of its ability to
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Optimization of CD2v-iELISA conditions. The CD2v-iELISA method was optimized by changing the following parameters: antigen coating
solutions (A), antigen coating temperature and time (B), blocking solution (C), blocking time (D), serum dilution (E), incubation time (F);
secondary antibody dilutions (G), secondary antibody dilution factor (H), secondary antibody incubation time (I), TMB substrate incubation time
(J). P and N value data represent mean + SD and P/N value data represent the ratios of positive mean value (P) to negative mean value (N). A
total of 82 negative sera were analyzed to determine the cut-off value (K).

TABLE 2 Optimized conditions of the CD2v-iELISA.

Reaction conditions Evaluation options Optimized results
Antigen coating solution PBS (pH 7.2), CBS (pH 9.6) PBS (pH 7.2)
Coating temperature and time 37°C 2h, 4°C overnight, 37°C 1h and then 4°C overnight 4°C overnight
Blocking solutions 2% SM, 5% SM, 2% BSA, 5% BSA, 1% casein (Cas) 2% SM
Blocking time 30, 45, 60, 75 and 90 min 60 min

Serum diluent PBS, TBST, 2% SM, 5% SM, 1% BSA and 5% BSA 1% BSA
Serum incubation time 15, 30, 45 and 60 min 30 min
Secondary antibody dilution PBS, TBST, 2% SM, 5% SM, 1% BSA and 5% BSA 5% SM
Secondary antibody dilution factor 1:5000, 1:10,000, 1:15,000 and 1:20,000 1:15,000
Secondary antibody incubation time 15, 30, 45 and 60 min 45 min

TMB substrate reaction time 5,10, 15 and 20 min 15 min

SM was diluted in TBST (m/v), BSA and Cas was diluted in PBS (m/v), FBS was diluted in PBS (v/v).

maintain appropriate post-translational modifications, and
glycosylation in particular (27). Furthermore, recombinant

protein expression can be
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target gene into the host genome to generate a stable
cell line (28). CHO cells are used most widely used in
mammalian expression systems involved in the production

frontiersin.org


https://doi.org/10.3389/fvets.2022.1006895
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Jiang et al.

10.3389/fvets.2022.1006895

C
—— (ASFV') 1 39
-~ —=— (ASFV*'i-2
T - ASVI3
-v- (ASFV) 1 8 7
-+ (ASFVY) -2 g
Ao -8 (ASFV) -3 1]
i = ul-cff vélue & Cut-off value
e X - i ' Tl:::nnql.-.. 0- * +
N\ NI I N Q ) S o - ' ' -
A AT L S of oS ASFV ASFV' ASFV'(CD2v’)
CFTESCELE S AT gF T
(\\ < N N N
¥
FIGURE 4
Determination of the specificity, sensitivity, and compliance rate of the CD2v-iELISA. The CD2v-iELISA did not detect ASFV*(CD2V~), PRRSVT,
CSFV*, PCVT, PRVT, FMDV* and PEDV* serum samples at 1:160 dilution (A). Three clinical ASFVT and three ASFV~ serum samples were diluted
from 1:160 to 1:5,120 to determine the highest dilution of serum detected in the assay according to the cut-off value (B). The CD2v-iELISA was
used to detect ASFV* (n = 18), ASFV~ (n = 112), ASFVT (CD2v™) (n = 49) serum samples to determine the assay compliance rate of the assay
according to the cut-off value (C).

TABLE 3 CD2v-ex-iELISA repeatability.

Sample Intra-assay repeatability Inter-assay repeatability
number
Mean£SD?  CVP  MeanxsD®  CVP

1 0.686 == 0.040 5.80 1.372 £ 0.023 1.67
2 0.876 == 0.035 3.94 1.148 £ 0.041 3.56
3 1.865 4 0.039 2.07 2325+ 0.068 291
4 0.089 == 0.006 6.37 0.076 = 0.004 5.20
5 0.087 == 0.005 521 0.111 = 0.009 8.38
6 0.183 £ 0.011 6.11 0.250 = 0.021 8.29
7 0.076 == 0.007 9.62 0.103 = 0.009 8.89
8 0.103 = 0.008 8.14 0.115 £ 0.010 9.00

2Each data point represents the mean of three replicates. "CV (coefficient of variation) =
SD/Mean x 100%.

of >70% of recombinant biopharmaceutical proteins (29).
After genetic modification and domestication, several modified
CHO cell lines, such as CHO-K1, CHO-S, and CHO-
DG44, have been modified to generate genetically stable
systems for the production of a variety of different types
of proteins (30). The CHO-S cell line was adapted to
suspension culture and use in large-scale production of
recombinant proteins.

Blocking ELISA (bELISA) and iELISA methods are used
for the detection of ASFV-specific antibodies generated against
important structural antigens such as protein 30 (p30), protein
54 (p54) and p72 (31, 32). Among the commercial ASFV ELISA
kits currently available, the Ingenasa-bELISA is based on p72
(Ingenasa, Spain), while the IDvet-iELISA is based on protein
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32 (p32), protein 62 (p62) and p72 (ID-vet, France), and the
Svanovir-iELISA is based on p30 (Svanovir, Sweden).

With the prevalence of low-force ASFV CD2v mutants,
a detection method that can be used to distinguish wild-type
ASFV from CD2v-deleted strains of ASFV is urgently required
for effective monitoring. In previous research, a specific
quantum dot-based immunochromatographic assay was
developed using CD2v as the diagnostic antigen to detect
ASFV antibodies with a titer of 1:5.12 x 10> and a compliance
rate of 85.92% (33). A triplex real-time PCR assay that was
also successfully established to identify pigs infected with
wild-type ASFV strains and an ASFV double-gene deletion
strain (MGF360-505R and/or CD2v), was completely consistent
with the OIE-recommended assay (34). In this study, the
CD2v protein was truncated and the extracellular domain
was selected for expression with a signal peptide without an
intracellular cell-penetrating peptide (CPP), which not only
retained the key domain involved in blood adsorption, but
also improved protein secretion and expression (35). The
CHO-CD2v stable cell line established in this study not only
expressed a protein that was similar to the natural conformation,
but also ensured stable and high-level expression of the protein
of interest. Compared with transient transfection, this approach
is significantly more cost-effective. The recombinant CD2v-ex
protein was used as a coating antigen to establish and optimize
the ASFV CD2v specific antibodies detection method, showing
a pretty high concordance rate of 99.4 (178/179), and it was
more applicable to the detection of large-scale samples than the
PCR method.

In this study, we established an iELISA method using
CD2v-ex protein as a coating protein for rapid, specific
and sensitive diagnosis of ASFV CD2v antibodies. Compared
with commercial ELISA kits coated with conserved ASFV
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antigens (such as p30, p54, p72), this CD2v-iELISA provides
a method for specific identification of ASFV wild-type
and CD2v-deleted strain infections. Therefore, we propose
that the application this CD2v-iELISA with the traditional
ASFV detection method will have more effective diagnostic
value because of its negative results of ASFVT(CD2v™)
serum samples.
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African swine fever virus (ASFV) is a notable virus and one of the most serious
global threats to the pig industry. Improving awareness about host-virus
interactions could facilitate the understanding of the disease pathogenesis.
Therefore, we investigated changes in blood parameters, viral loads, and
pathological changes in ASFV-inoculated pigs according to the time of death
after the onset of viremia. For the analyses, the ASFV-infected pigs (n = 10)
were divided into two groups (five pigs/group) according to their time of
death after the onset of viremia. The blood cell count dynamics and serum
biochemistry profiles were similar between the groups; however, viral load
distribution was different. A comparison of the histopathological changes and
immunohistochemistry results between the two groups indicated that the
lymphoid system, particularly the spleen, was more damaged in the early
stage of the disease than in the last stage. Additionally, the virus-induced
lesions in other organs (liver and kidney) were more severe in the late
stage than in the early stage. Our findings provide invaluable information
on the characteristics of blood parameters and pathological lesions in pigs
infected with the Asia-epidemic ASFV strain and the course of ASF, targeting
internal organs in pigs. Overall, this study characterizes the host-pathogen
interaction in ASFV infection, offering insight for the establishment of ASF
control strategies.

KEYWORDS

African swine fever virus, pathology, blood count, biochemical parameter,
histopathology, viral load, pathobiology
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Introduction

African swine fever (ASF) is a serious infectious disease in
domestic pigs caused by the African swine fever virus (ASFV),
which has a fatality rate approaching 100%. ASFV is a large,
double-stranded DNA virus (170-193 kbp) that belongs to
the Asfivirus genus of the family Asfarviridae (1, 2). To date,
eight ASFV serotypes have been established based on the viral
hemagglutinin CD2-like protein (CD2v) and C-type lectin 24
genotypes with different levels of virulence are known (2, 3).
In 2007, genotype II ASFV was introduced into Georgia, which
spread to neighboring European countries, finally reaching
China in August 2018; the first outbreak of ASF in East and
South-East Asia was reported in Liaoning (4). In February 2019,
ASFV (VUNA/HY/Vietnam) was detected in a backyard pig
farm in northern Vietnam, located ~250 km from the Chinese
border (5). This Asian strain has the characteristics of the
intergenic region II variant of genotype II, with an additional
tandem-repeat sequence (5'-GGAATATATA-3') between the
173R and 1329L genes (6-8).

Since no treatment is available for ASFE, several studies have
attempted to develop ASF vaccines (9-11). However, currently,
there are no commercially available vaccines to prevent ASF
in pigs (12, 13). Therefore, the control of ASF outbreaks
depends on rapid and accurate diagnosis by veterinarians and
monitoring of healthy pigs (14). ASFV-infected pigs usually
develop viremia at 4-8 days post-inoculation (dpi). Considering
the absence of fully neutralizing antibodies, viremia could persist
for weeks or months (15). The lymph node macrophages and
monocytes nearest the point of entry are the primary cells for
ASFV replication (15, 16). The replicated virus spreads through
the blood and lymphatic system to all organs, including the
spleen, other lymph nodes, tonsils, lungs, liver, and kidneys
(15). Subsequently, ASFV-infected domestic pigs develop severe
clinical signs (e.g., fever, cough, difficulty breathing, decreased
appetite, and hemorrhagic skin, and finally die within 7-13 days,
with various histopathological features, including splenomegaly,
hemorrhagic lymph nodes, severe pulmonary edema, and
petechial hemorrhage in the kidneys (17, 18).

Understanding ASF pathogenesis may help predict the
course of the disease, laying the groundwork for developing
vaccines and therapies (15). Understanding pathology is crucial
for understanding pathogenesis and may complement other
approaches to better understand host-virus interactions (17).
Pathological lesions and clinical signs in ASFV-infected pigs
vary depending on the virulence of the virus strains, host

Abbreviations: ASFV, African swine fever virus; ASF, African swine fever;
dpi, days post-inoculation; dpv, days post-viremia; HADsy/ml, 50%
hemadsorbing dose per milliliter; EDTA, ethylene diamine tetra-acetic
acid; WBCs, white blood cells; RBCs, red blood cells; AST, aspartate

aminotransferase; ALT, alanine aminotransferase.
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characteristics, dose, and route of infection (19). Several studies
have reported the clinical signs, pathological changes, and
blood parameters in pigs experimentally infected with European
strains of ASFV (20-22). However, there have been few
pathophysiological studies on the comprehensive changes in
pigs which inoculated with the Asian-epidemic strain (4). In
Vietnam, some studies and case reports on the molecular profile,
pathogenicity, transmission, and pathology of ASF have been
published (8, 23-25), including our study that showed that the
VUNA/HY/Vietnam strain in the peracute/acute phase led to
the death of pigs at 7.0 & 1.2 dpi, with a short incubation time
(3.7 £ 0.5 dpi) (24). However, these results are insufficient to
understand the host-virus interactions of the Vietnamese strain.

To better understand these host-virus interactions, we
investigated changes in the blood parameters, viral loads,
and pathological lesions in pigs experimentally infected with
the VUNA/HY/Vietham ASFV strain, which were grouped
according to the time of death after the onset of viremia. The
findings provide invaluable information on the biochemical
parameters and pathological lesions in pigs experimentally
infected with the Asian ASFV strain (peracute to acute form)
and thus will help determine the course of ASF in the internal
organs of domestic pigs.

Materials and methods

Virus strain

In this study, domestic pigs were experimentally infected
with ASFV, VNUA/HY/Vietnam strain (GenBank accession
number: MK554698). The virus was isolated from the spleens
of naturally infected pigs during the first outbreak in Hung Yen
Province, north of Hanoi, Vietnam, in February 2019 (5). The
virus was propagated in porcine alveolar macrophages using
Dulbecco’s modified Eagle’s medium supplemented with 5% fetal
bovine serum and stored at —80°C. A hemadsorption assay
was used to titrate the virus, as previously described (26). The
isolated virus was added to 96-well plates containing primary
porcine alveolar cells in triplicate. Ten-fold serial dilutions
were performed. The 50% hemadsorbing dose per milliliter
(HADs5p/ml) was calculated for 7 dpi. Virus titers were calculated
using the method described by Reed and Muench (27).

Experimental design

We used 15 healthy 7-8-week-old pigs (Yorkshire x
Landrace x Duroc) obtained from two sows in the same herd
at a commercial pig farm. All pigs were confirmed to be
seronegative for the endemic pathogens in pigs from Vietnam:
ASFV, porcine circovirus 2, foot-and-mouth disease, classical
swine fever virus, and porcine reproductive and respiratory
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syndrome virus. All pigs were carefully monitored daily for
seven days before ASFV inoculation. The detailed experimental
procedure has been described previously (24). Ten pigs were
intramuscularly inoculated with 1 ml of ASFV at a titer of 103>
HADsp/ml per pig (ASFV-infected group), and five pigs were
not inoculated (negative control group). The ASFV-infected
group was assigned to an animal biosafety level 2 facility at the
National Institute of Veterinary Research, Hanoi, Vietnam. The
study was conducted according to the guidelines of the National
Institute of Veterinary Research, Vietnam, and approved by the
Institutional Animal Care and Use Committee of the National
Institute of Animal Science, Republic of Korea (approval
number: NIAS 2020-463). Whole blood was collected daily from
the 10 ASFV-infected pigs after experimental inoculation with
ASFV. DNA was extracted, and the presence of ASFV was
assessed using a VDx ASFV qPCR kit (Median Diagnostics,
Chuncheon, Korea) following the manufacturer’s instructions.
The onset of viremia in each pig was determined as the day
when the cycle threshold value of the collected blood sample
was <40. ASFV-infected pigs were divided into two groups
according to the time of natural death after the onset of viremia.
Group I contained five pigs that died 2-5 days post-viremia
(dpv), and Group IT comprised five additional pigs that died at
6-7 dpv.

Blood count analysis

Blood samples were collected daily from the jugular vein of
each pig before feeding in the morning. Blood samples were
placed into BD Vacutainer K2 ethylene diamine tetra-acetic
acid (EDTA) tubes (BD Biosciences, Franklin Lakes, NJ, USA)
containing 2 ml anticoagulant solution (EDTA). An automated
hematology analyzer (Mindray BC-2800 Vet; Mindray Bio-
Medical Electronics Co., Ltd., Shenzhen, China) was used
to perform a complete blood cell count [white blood cells
(WBCs), red blood cells (RBCs), hemoglobin levels, and platelet
counts] (22). Results were compared to the calibrated Mindray
references for pigs.

Serum and biochemical parameters

Blood samples were collected daily from the jugular vein
of each pig before feeding in the morning and placed in plain
(5ml) BD Vacutainer tubes (BD Biosciences, Franklin Lakes,
NJ, USA). Serum was separated by centrifugation at 1,800
x g for 10min and stored at —20°C. Biochemical analyses
were performed using a semi-automatic biochemical analyzer
(Mindray BA-88A; Mindray, Shenzhen, China). Measurements
of aspartate aminotransferase (AST), alanine aminotransferase
(ALT), creatinine, and urea were used to diagnose organ damage,
especially to the liver and kidneys. All procedures for the analysis
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of biochemical parameters were performed at the Viet Pet Clinic
in Hanoi, Vietnam.

Gross pathology and tissue collection

Complete necropsies were performed on all pigs according
to the standardized macroscopic lesion guidelines for ASFV
infection in pigs (28). Gross lesions were observed in ten organs,
including the spleen; submandibular, mesenteric, and inguinal
lymph nodes; liver, lungs, kidneys, tonsils, heart, and colon.
During necropsy, tissue samples of the ten organs were collected
from four pigs according to their time of death [Group I (n =2,
died at 3-4 dpv); Group II (n = 2, died at 6-7 dpv)].

Viremia and viral gene (p72) detection in
tissue samples

To detect viremia, DNA was extracted from whole blood
using a nucleic acid extraction kit (DNeasy Blood & Tissue
Kit; Qiagen, Hilden, Germany). A total of 100 tissue samples
(~1g each) from ten necropsied pigs were homogenized in
3ml of sterile phosphate-buffered saline. DNA was extracted
from 100 pl aliquots of each homogenized tissue sample
according to manufacturer instructions (DNA Mini Kit; Qiagen,
Hilden, Germany). The extracted DNA was analyzed for
the presence of ASFV DNA using a VDx ASFV qPCR kit
(Median Diagnostics). Briefly, 5 ul DNA was placed in a tube
containing 10 pl 2x master mix and 5 pl 4x oligo mix. A
quantitative polymerase chain reaction was performed using
the IQ5 Multicolor Real-Time PCR Detection System (Bio-Rad
Laboratories Ltd., Hercules, CA, USA). The reaction conditions
used have been described previously (24). Blood samples with a
cycle threshold value of <40 were considered positive for ASFV.
Copy numbers were calculated based on the standard samples
provided by the manufacturer.

Histopathology and
immunohistochemistry

Tissue samples (spleen; submandibular, mesenteric, and
inguinal lymph nodes; liver; lungs; kidneys; tonsils; heart; and
colon) were collected from four pigs (#54, #48, #60, and #43)
among the experimental 10 pigs and immersed in 10% neutral
buffered formalin. Pigs #54 and #48 were included in Group I,
and pigs #60 and #43 were in Group II. Representative sections
of each tissue sample were cut and embedded in paraffin.
Paraffin-embedded tissues were sectioned at a thickness of 3—
4pum and then subjected to hematoxylin and eosin staining
for histopathological examination. Histopathological changes
were categorized according to the protocols of Galindo-Cardiel
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et al. (28) and Sehl et al. (21), as follows: normal (0), mild (1),
moderate (2), and severe (3).

For ASFV immunohistochemistry, a monoclonal antibody
against the p72 major capsid protein (clone 1BCl11; Ingensa,
Madrid, Spain) was used as the primary antibody. The Simple
Stain MAX PO method with Histofine Simple Stain MAX PO
(MULTL Nichirei Biosciences, Tokyo, Japan) was used as the
secondary antibody. Briefly, tissue sections were deparaffinized
and immersed in 3% hydrogen peroxide and methanol to
block endogenous peroxidase. The tissue sections were rinsed
with Tris-buffered saline containing 5% Tween 20 (TBS-
T) before antigen retrieval by heating the slides in citrate
buffer (pH 6.0; 0.05% Tween 20) at 120°C for 10 min. The
tissue sections were incubated with 10% normal goat serum
at 25°C for 15min prior to primary antibody incubation
overnight at 4°C. The primary antibody was diluted 1:300
in TBS containing 1% bovine serum albumin. As negative
controls, duplicate sections were incubated with 1% bovine
serum albumin in TBS instead of the primary antibody.
The tissue sections were thoroughly rinsed with TBS-T and
incubated with the secondary antibody, Universal Immuno-
enzyme Polymer (Simple Stain MAX PO), for 30 min. After
rinsing the tissue sections with TBS-T, 3,3’-diaminobenzidine
(Dako, Tokyo, Japan) was used as the chromogen. Finally, the
tissue sections were rinsed with tap water and counterstained
with Mayer’s hematoxylin. ASFV antigen detection using
the immunohistochemical method was scored according to
the proportion of positively stained mononuclear cells or
macrophages in three fields under x400 magnification, as
follows: no positive cells (0), 1-10 positive cells (1), 11-20
positive cells (2), 21-30 positive cells (3), 31-40 positive cells (4),
and > 41 positive cells (5).

Statistical analyses

All statistical analyses were conducted using SPSS (version
26.0; IBM Corp., Armonk, NY, USA). Biochemical parameters
and mean viral copies in blood for Group I, Group II, and the
negative control group were analyzed using one-way analysis of
variance and Duncan’s test. The viral load in the 10 collected
tissue samples was analyzed by Student’s ¢-test between Groups I
and II. A p-value < 0.05 was considered statistically significant.

Results

Viral detection in blood

A rapid increase in virus titers was observed in both groups
of ASFV-infected pigs (Figure 1). Notably, Group I (died at 2-5
dpv) pigs had an ~103-fold higher copy number of the ASFV
than Group II (died at 6-7 dpv) pigs (8.5 x 10° £ 8.2 x 10°
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FIGURE 1

Viral load in pigs experimentally infected with African swine
fever virus. Mean viral copy humber per microliter in two groups
divided by the number of days between the onset of viremia and
death. *p < 0.05. dpv, days post-viremia.
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FIGURE 2

Clinical sign scores in two groups. The red line (Group 1)
represents the pigs that died at 2—-5 days post-viremia (dpv), and
the blue line (Group Il) represents the pigs that died at 6-7 dpv.

vs. 7.0 x 102 £ 6.5 x 10% copies/jul, respectively; p = 0.336).
Virus titers markedly increased 1 day after the onset of viremia.
Pigs started dying when the copy number exceeded 4.3 x 10°
copies/iul in Group I and 6.0 x 10° copies/pl in Group II.
The mean viral load in the blood of dead pigs in Group I was
significantly higher than that in the blood of dead pigs in Group
ITat1dpv(p=0.011),2 dpv (p = 0.032), and 3 dpv (p = 0.021).
The mean ASFV copy number dramatically increased between
0 (8.5 x 108 £ 6.9 x 103 copies/pl) and 1 dpv (3.3 x 10° +
5.2 x 108 copies/ul) in Group I, and between 0 dpv (6.9 x
102 + 6.5 x 102 copies/jLl) and 2 dpv (2.3 x 10° + 7.5 x 108
copies/pl) in Group II. The viral load subsequently increased
until all pigs died [Group I: 5 dpv (1.1 x 107 copies/jLl); Group
II: 6 dpv (1.1 x 107 +2.4 x 10° copies/l)]. The detailed results
of the viral detection in blood samples from each pig are shown
in Supplementary Table 1.

Clinical sign score

The clinical signs exhibited by each pig were scored
according to a method described in our previous study (24). The
average onset time of clinical symptoms (over 3 scores) was 1.4
=+ 0.6 dpv (Group I: 1.2 + 0.7 dpv; Group II: 1.6 & 0.5 dpv). The
dynamics of the clinical sign scores in both groups were similar
(Figure 2).
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Blood counts

White blood cell (WBC) counts varied according to the stage
of ASFV infection. WBC counts rapidly increased at 0-1 dpv
in both ASFV-infected groups and sharply declined at 2-4 dpv
in Group I and 4-6 dpv in Group II (Figure 3). Leukocytosis
occurred mainly during the first few days after the onset of
viremia in eight ASFV-infected pigs [Group I (4/5) and Group II
(4/5)]. Leukocytopenia was observed during the last few days of
life in one pig in Group I; however, a tendency toward leucopenia
was notable in Groups I and II. The WBC count in Group
II was significantly higher than that in the control group at 4
dpv (p = 0.040) and 5 dpv (p = 0.001). Erythrocytopenia was
observed during the last few days of life in five pigs [Group
I (4/5) and Group II (2/5)]. The lowest number of red blood
cells (RBCs) was detected in pig #40 in Group I (3.1 x 10!2
RBCs/L on the last day of life), which also presented with
erythrocytopenia one day before death (3.6 x 10'2 RBCs/L). A
significant decrease in RBC count was recorded at 3 dpv (p <
0.001) in Group I and at 4 dpv (p < 0.001), 5 dpv (p = 0.037),
and 6 dpv (p = 0.035) in Group II, compared with the control
group. A strong tendency toward reduction in hemoglobin levels
was identified. Four pigs [Group I (2/5) and Group II (2/5)]
developed anemia during the last few days of life. There was a
significant difference between Group II and the control group at
4 dpv (p = 0.020). The analysis performed 6 days after the onset
of viremia showed a marked tendency toward decreased platelet
count in the two ASFV-infected groups compared with that in
the control group. Only two pigs presented thrombocytopenia
before they died [Group I (1/5) and Group II (1/5)]. The platelet
count was significantly lower in Group I than in the control
group at 1 dpv (p < 0.001), 2 dpv (p < 0.001), and 3 dpv
(p = 0.003), and in Group II than in the control group at
2 dpv (p < 0.001), 3 dpv (p = 0.003), 5 (p = 0.018), and
6 dpv (p = 0.048).

Biochemical parameters

Although the ALT levels of all ASFV-infected pigs were
included in the reference range, ALT levels gradually increased
after 2 dpv (Figure 4). ALT levels in Group I pigs significantly
differed from those in Group II and control pigs. A different
pattern was observed in the levels of AST. AST levels peaked
shortly after the onset of viremia (1 and 2 dpv in Groups I and
11, respectively), followed by a reduction (below the reference
range) during the last few days of life [Group I (2/5) and Group
II (5/5)]. AST levels were significantly lower in Group II than in
the control group at 5 dpv (p < 0.001) and 6 dpv (p = 0.008). The
ALT/AST ratio dramatically increased in both ASFV-infected
groups at 2 dpv. ALT/AST ratios in the ASFV-infected groups
were significantly higher than that in the control group at 4 dpv
(p =0.013) and 5 dpv (p = 0.040).
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A strong tendency toward increased creatinine levels was
observed in Group II pigs during the last few days of life. The
creatinine levels in Group I were significantly higher than those
in Group II and the control group at 3 dpv (p = 0.029). The
creatinine levels in Group II were significantly higher than those
in the control group at 5 dpv (p = 0.008) and 6 dpv (p < 0.001).
High urea levels (above the reference range) were observed
in Group I pigs on the last day of life. Although urea levels
were included in the reference range, they tended to increase in
ASFV-infected pigs after the onset of viremia.

Gross lesions

Post-mortem examinations were performed on all pigs
according to a previous study (26). ASFV-infected pigs had
hemorrhagic lymphadenitis in the submandibular, mesenteric,
and inguinal lymph nodes (Table 1). Although splenomegaly
was common in both ASFV-infected groups, Group I pigs
had more severe lesions (necrosis and hemorrhage) in the
spleen than Group II pigs, whereas more macroscopic lesions
were observed in the various organs of Group II pigs than
in the tissues of Group I pigs: pericardial fluid [Group I
(2/5) and Group II (5/5)], severe pneumonia [Group II only
(1/5)], petechial hemorrhages in the kidneys [Group II only
(1/5)], and hemorrhage in the colon [Group I (1/5) and
Group II (2/5)].

Organ viral loads

ASFV DNA was detected in all 10 organs evaluated in ASFV-
infected pigs (Figure 5). In the spleen, the mean viral load was
significantly higher in Group I pigs than in Group II pigs (9.6
x 10° £ 1.3 x 10° vs. 3.4 x 10° £ 9.0 x 10* copies/jl,
respectively; p = 0.013). Moreover, the mean viral load in the
spleen tended to decrease from the early to the late stage of
infection (death at 2, 3, 4, 5, 6, and 7 dpv: 1.4 X 109, 1.3 x
10%, 7.2 x 10°, 6.7 x 10°, 3.7 x 10°, and 3.1 x 10° copies/yul,
respectively). Detailed information for each pig regarding the
onset of viral detection in blood and time of death is shown in
Supplementary Table 1. The mean viral load in submandibular
and mesenteric lymph nodes, lung, and tonsil exhibited minimal
difference between the two groups. Although the mean values
from the inguinal lymph node, liver, kidney, heart, and colon
between pigs from Group I and II were different, which could
have been caused by one or two pigs having particularly high
virus titers, the median values of viral titer in the spleen,
mesenteric lymph node, and tonsil were higher in Group I
than in II, whereas those in the lung were higher in Group II
than in Group I. Overall, according to the analyses based on
median viral titer values, there were no differences between the
two groups.
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Histopathology

Hematoxylin and eosin-stained spleen; submandibular,
mesenteric, and inguinal lymph node; liver, lung, kidney, tonsil,
heart, and colon sections from four ASFV-infected pigs [Group
I (#54 and #48) and Group II (#60 and #43)] were examined
and scored semi-quantitatively based on previous reports (21,
28). Supplementary Table 2 presents the histopathological lesion
scores for the four pigs. Figure 6 presents the histopathological
findings of various tissues in the ASFV-infected pigs in
this study.

Mild-to-severe vascular damage was observed in the
spleen of all necropsied pigs. In Group I pigs, moderate
lymphocytolytic lesions were present; however, in Group
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II pigs, the lesions were mild. Lymphoid depletion was
moderate-to-severe in Group I, whereas it was mild-to-
moderate in Group II pigs. Necrosis of lymphocytes was
moderate-to-severe in Group I pigs and mild in Group
II pigs.

Moderate-to-severe vascular congestion was also observed
in the submandibular lymph nodes of Group I pigs,
whereas mild congestion was observed in Group II pigs.
Lymphocyte apoptosis (lymphocytolysis) was detected in
the lymphoid follicles of one pig in Group I (#54) that
died soon after the onset of viremia. Mild-to-moderate
necrosis of endothelial cells was detected in Group I pigs,
whereas severe necrotic lesions were observed in Group

II pigs.
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In the liver, diffuse congestion and hemorrhage were
observed in one pig in Group I (#48) and both pigs in Group II
(#60 and #43). In pig #54, which died at 3 dpv, mild congestion
and hemorrhage were observed in the absence of hepatocyte
necrosis. Histopathology showed lymphoid infiltrates, mainly in
the hepatic sinus. The extent of the lesion gradually increased
from mild (pig #54, which died at 3 dpv) to severe (pig #43,
which died 7 at dpv).

Histopathological analysis of the lungs showed moderate-to-
severe pulmonary congestion in all necropsied pigs in this study.
Hemorrhagic lesions were observed in one pig in each of the
two groups (#54 and #60, respectively). These pigs also exhibited
moderate-to-severe pulmonary edema and interstitial lung
inflammation. Mild alveolar edema and interstitial pneumonia
were detected in pigs without lung hemorrhagic lesions (#48
and #43).

Hemorrhagic lesions were observed in only one pig by
examining gross renal lesions. However, histopathological
examination detected mild-to-severe kidney vasculopathy in
all ASFV-infected pigs. Group II pigs also had moderate-to-
severe interstitial nephritis, which was not observed in Group
I pigs. Accordingly, the mean total histopathological score in
Group II was considerably higher than that in Group I (8.0 vs.
3.5, respectively).
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Immunohistochemistry

The immunohistochemical analysis detected numerous p72-
positive cells in the spleens of three pigs that died at 3 dpv
(#54), 4 dpv (#48), and 6 dpv (#43), respectively (score, 4-5;
Figure 7A). A relative reduction was observed in pig #43, which
died at 7 dpv (score 3). Compared to the other three pigs,
pig #54, which died at 3 dpv, had fewer p72-positive cells in
the submandibular lymph nodes. A higher proportion of ASFV
antigen-positive cells was observed in the submandibular lymph
nodes of Group II pigs (score 4; Figure 7B). Few p72-positive
cells were observed in the liver of pig #54 (score 2). Conversely,
abundant p72-positive cells were observed in the livers of
the other three pigs (score 4; Figure 7C). In the lungs, viral
antigens were detected multifocally in the mononuclear cells of
all ASFV-infected pigs (score >3; Figure 7D). A particularly high
proportion of p72-positive cells was detected in the lungs of pig
#43, which died at 7 dpv (score 5). In the kidneys, the proportion
of p72-positive cells was smaller in Group I (average score 2)
than in Group II (average score 3.5), which exhibited a similar
trend to that in the histopathological analysis (Figure 7E). The
immunohistochemical scores of the mesenteric and inguinal
lymph nodes, tonsils, heart, and colon of ASFV-infected pigs are
shown in Supplementary Table 3.
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TABLE 1 Gross organ lesions.

Organ Gross lesion Number of pigs (%)*
Group I Group II Control
Spleen Swelling 2/5 (40%) 5/5(100%) 0/5 (0%)
Congestion 4/5 (80%) 4/5 (80%) 0/5 (0%)
Hemorrhage 1/5 (20%) 0/5 (0%) 0/5 (0%)
Necrosis 1/5 (20%) 0/5 (0%) 0/5 (0%)
Lymph nodes® Swelling 5/5 (100%) 5/5 (100%) 0/5 (0%)
Hemorrhage 5/5 (100%) 5/5 (100%) 0/5 (0%)
Tonsils Swelling 5/5 (100%) 5/5 (100%) 0/5 (0%)
Hemorrhage 5/5 (100%) 5/5 (100%) 0/5 (0%)
Liver Swelling 5/5 (100%) 5/5 (100%) 0/5 (0%)
Hemorrhage 1/5 (20%) 0/5 (0%) 0/5 (0%)
Lungs Swelling 4/5 (80%) 4/5 (80%) 0/5 (0%)
Hemorrhage 4/5 (80%) 4/5 (80%) 0/5 (0%)
Pneumonia 0/5 (0%) 1/5 (20%) 0/5 (0%)
Kidneys Swelling 4/5 (80%) 4/5 (80%) 0/5 (0%)
Hemorrhage 0/5 (0%) 1/5 (20%) 0/5 (0%)
Heart Pericardial fluid 2/5 (40%) 5/5 (100%) 0/5 (0%)
Colon Hemorrhage 1/5 (20%) 2/5 (40%) 0/5 (0%)

T Macroscopic lesions were analyzed according to a previously published guideline (26).
#Group I, ASFV-inoculated pigs (died 2-5 dpv); Group II, ASFV-inoculated pigs (died
6-7 dpv); Control, negative control group (not inoculated with ASFV).

§Submandibular, mesenteric, and inguinal lymph nodes.

ASFV, African swine fever virus; dpv, days post-viremia.

Discussion

The diagnosis of ASF in pigs may be complicated if
pigs are infected with an ASFV strain that has not yet been
characterized. Moreover, ASFV can cause death in the host
within a short period after infection. Therefore, a complicated
diagnosis can lead to delayed identification of a novel ASF
outbreak. After experimentally infecting pigs with the highly
virulent VNUA/HY/Vietnam ASFV strain, we analyzed blood
counts and serum chemistry in blood samples from the
inoculated pigs. In addition, we observed the pathological
changes and host-virus interactions in pigs that died naturally
of viral infection.

Numerous studies have shown that the development of
clinical signs and the onset of death after ASFV infection depend
on the virulence of the virus strain, the dose of the virus, routes
of infection, and individual predisposition of pigs (11,29-31). In
this study, we determined the onset of viremia and viral loads in
pigs infected with the same ASFV strain (VNUA/HY/Vietnam)
using identical doses and routes of infection. A recent study
revealed that the 50% pig lethal dose (PLDs5g) was 1 ml of ASFV
at a titer of 1017 HADsg/ml. Hence, a dose of 1.0 x 103
HADsp/ml virus (1 ml) was used in this study to observe a
sufficient pathophysiological changes by ASFV infection in the
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virus inoculated pigs (32). In addition, a frequently selected
age (7-8-week-old) of animal for ASFV inoculation experiment
was chosen to compare the pathophysiological changes between
pigs infected with Vietnam’s first isolated ASFV and those with
virus from other countries (11, 32-34). Ten ASFV-infected pigs
were divided into two groups, according to the time of natural
death after the onset of viremia. Interestingly, Group I pigs,
which died at 2-5 dpv, had a higher viral load in the blood
at the onset of viremia than Group II pigs, which died at 6-
7 dpv. These results were similar to those of previous studies
which reported that pigs infected with a higher dose of ASFV
showed a higher viral load in the blood and earlier time of
death than those infected with a lower dose (32, 35). Our
study also showed that Group I pigs had a markedly higher
viral load in the blood at 1-3 dpv, compared to Group II pigs.
Although all pigs in this study were inoculated with same dose
of ASFV, a different viral load in the blood was observed in each
individual pig at the initial time of infection. The discrepancy
of the viral susceptibility in each pig may explain these findings,
because the severity of ASFV is known to differ based on the
individual predisposition of the host (29, 30). Overall, these
findings suggest that the initial viral load in the blood of ASFV-
infected pigs is an important factor in determining the severity
of the clinical course and time of natural death. In addition, each
pig had a distinct level of susceptibility to ASFV infection, which
implied that the timing of natural death would vary among
individuals even though the pigs were infected with the same
amount of virus. Further genetic and immunological studies
of ASFV-infected pigs are needed to elucidate the dynamics of
virus susceptibility.

Macrophages and monocytes are the primary target cells
for the replication of ASFV. Therefore, the virus induces the
activation and destruction of monocytes and macrophages
(36). The infected monocyte-macrophage system secretes
proinflammatory cytokines such as interleukin-1/6 and tumor
necrosis factor-alpha, which strongly induce lymphocyte
apoptosis (37). Severe leucopenia is considered the result of the
abovementioned immunological processes (22, 36, 37). Recent
studies of European strains of ASFV showed that WBC counts
in ASFV-infected pigs gradually decreased after the onset of
viremia (22, 35). However, a sharp increase in WBC counts
was observed in this study early after the onset of viremia
(until 1-2 dpv) in both groups, resulting in leukocytosis in
ASFV-infected pigs up until the last day of life. A previous
study of an atypical strain from Armenia in 2011 reported
that this strain (a more chronic form) showed moderate
leukocytosis with a slight left shift (38). Hithr et al. (39), in
contrast, reported that leukocytosis was observed in ASFV-
infected wild boars but was not detected in domestic pigs.
These results suggest that, compared to the European strains,
the Vietnamese strain exhibits different patterns of changes
in WBC counts (inflammatory processes). ASFV infection in
pigs also increases vascular permeability, leading to hemorrhage
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and organ devastation (36). This may result in a reduction
in RBC counts and hemoglobin levels, which are consistent
with the findings of this study. Erythrocytopenia was observed
in all ASFV-infected pigs (Groups I and II) from 2 days
before death, similar to the results of a previous study on
pigs infected with high-dose ASFV from Poland (22). The
platelet count was significantly lower in the two ASFV-infected
groups than in the control group and markedly decreased
after the onset of viremia. These results were concordant with
those of previous studies of other European strains (22, 35).
The tendency toward thrombocytopenia may be caused by
disseminated intravascular coagulation, as well as the apoptosis
of megakaryocytes (36).

Serum biochemical profiles were examined to determine
ASFV-induced damage to internal organs (especially the liver
and kidneys) and to determine the clinical course of ASF. In
the case of ALT, a marked increase was observed in all ASFV-
infected pigs during the last 2-3 days of life, which is consistent
with the findings of a previous study by Semerjyan et al. (40) on
the Georgia strain in 2007. We also observed a marked increase
in AST levels [Group I (1 dpv) and Group II (2 dpv)], which was
consistent with the findings of a previous study by Walczak et al.
(18). After 2 dpv, the AST levels decreased markedly until the
last day of life. The high ALT and near-absent AST levels (range,
1-3 U/L) in ASFV-infected pigs during the last 1-2 days of life
suggest that liver function was almost completely lost before
death. The ALT/AST ratio was used to measure viral hepatitis.
The ALT/AST ratio rapidly increased in Group I compared
to Group II. Urea levels tended to increase more gradually in
Groups I and II, as they had previously (22). However, a sudden
increase in creatinine levels during the last 2-3 days of life was
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observed in Group II pigs, which was not detected in Group I
pigs. This suggests that kidney failure was more severe in the
later stages [Group II (died at 6-7 dpv)] than in the early stages
[Group I (died at 2-5 dpv)] of infection.

Previous studies have reported a sharp increase in the
number of macrophages in ASFV target organs, which is
associated with the presence of the virus (36). We hypothesized
a time-based relationship between the presence of ASFV in
various internal organs and the time of death in ASFV-infected
pigs. ASFV replicates mainly in mononuclear phagocytic cells in
the tonsils or submandibular lymph nodes and then spreads to
various internal organs through the blood and lymphatic system
(36). In this study, the viral load in the tonsils and lymph nodes
did not differ significantly between the two groups. However, it
is noteworthy that a significantly higher viral load was detected
in the spleens of Group I pigs than in those of Group II pigs
(p = 0.013), suggesting that the spleen may be more severely
affected by ASFV in the early stages of infection. These findings
are similar to those reported in a 2014 study of a moderately
virulent ASFV strain in Estonia (21). Although the mean values
for the lungs, liver, kidney, and colon showed no significant
difference, the median value for the lungs was markedly higher
in Group II than in Group I. These findings are inconsistent with
those of another study on the Estonian strain, which showed
that pigs sacrificed at 4 dpi had a higher viral load than those
sacrificed at 7 or 10 dpi (21). Differences in the virulence of
the ASFV strains may explain the discrepancy in the results
between the two studies. Moreover, the tissue samples in our
study were collected from pigs that died naturally from the
infection, whereas the previous study collected samples from
sacrificed pigs (21). Further studies examining the viral loads
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FIGURE 6

Histopathological findings in pigs experimentally infected with African swine fever virus. (A) Spleen [pig #54: died at 3 dpv [(Group I)]: Severe
lymphoid depletion with the presence of pyknosis and karyorrhexis in the lymphoid follicle (Lf); (B) Spleen [pig #60: died at 6 dpv (Group I1)]:
Mild lymphocytic depletion in germinal center (Gc), The marginal zone (Mz) infiltrated by erythrocytes, severe and diffuse engorgement in the
red pulp (Rp); (C) Spleen [pig #48: died at 4 dpv (Group I)I: Necrosis of lymphocytes (arrow) within the lymphoid follicle (Lf); (D) Submandibular
lymph nodes (pig #54): Severe congestion (arrows); (E) Submandibular lymph nodes (pig #60): Focal necrosis (arrow); (F) Liver (pig #54):
Neutrophils (arrows) in sinusoids. (G) Liver (pig #60): Multifocal congestions (dash circle) and the cytoplasmic vacuoles (arrows); (H) Liver (pig
#43: died at 7 dpv [Group I1]): Vacuolar degeneration with necrotic hepatocytes (arrow); (1) Lungs (pig #54): Pulmonary hemorrhages with
edema (arrows); (J) Lungs (pig #60): Moderate pulmonary hemorrhages with edema fluids (arrows) and interstitial pneumonia; (K) Kidney (pig
#48): Congestion (arrows) and interstitial edema (arrowhead) in the renal medulla.; (L) Kidney (pig #60): Multifocal hemorrhage (dash circles)
and mononuclear cell infiltration in the renal interstitium (arrows). Hematoxylin and eosin stain (x400 magnification; scale bar, 50 wm). dpv, days
post-viremia; Gc, germinal center; Lf, lymphoid follicle; Mz, marginal zone; Rp, red pulp.

in organs from a large number of sacrificed pigs per day are To determine which internal organs were most affected by
required to elucidate the mechanism of ASFV spread in the ASFV in the early and late stages of infection, we examined
organs of ASFV-infected pigs. the histopathological lesions and viral antigen distributions in
Frontiersin Veterinary Science frontiersin.org
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various organ tissues of four ASFV-infected pigs [Group I: died
at 3 dpv (#54) and 4 dpv (#48); Group II: died at 6 dpv (#60)
and 7 dpv (#43)]. Group I pigs had more diverse and severe
histopathological lesions in the spleen compared to Group II
pigs. Apoptotic or necrotic lymphocytes were more prevalent in
the spleen of Group I pigs than in Group II pigs. The severity
of histopathological lesions in the spleen was seemingly related
to the number of immunolabelled cells. Immunohistochemical
analysis revealed fewer ASFV antigen-labeled mononuclear cells
or macrophages in the splenic red pulp of pigs that died at 7
dpv than in those that died before 7 dpv, suggesting that the
spleen could be more severely damaged within ~1 week after
the onset of viremia. These results are consistent with those of a
previous study (21). Regarding the submandibular lymph nodes
[known to be the first site of virus replication (15)], congestion
and hemorrhage gradually decreased with a delay in time to
death in individual pigs. In contrast, severe necrotic lesions in
the lymphoid follicles were observed more frequently in Group
II pigs than in Group I pigs, and apoptosis was only observed in
the submandibular lymph nodes of pig #54, which died at 3 dpv.
Massive destruction of lymphoid organs and tissues by ASFV
infection is attributed to necrotic lymph nodes (41). Similar
histopathological lesions were observed in the tonsils and
mesenteric and inguinal lymph nodes (Supplementary Table 2).
Overall, the results suggest that histopathological lesions of the
lymphoid system are more severe in the early stages (Group I)
than in the later stages (Group II) of infection. The findings of
a previous study support the hypothesis that the apoptosis or
necrosis of myelomonocytic cells in spleen tissue peaks at 7 dpi
and then decreases at 10 dpi (21).

In the liver, mild-to-moderate and moderate-to-severe
lymphocytic infiltrates were present in the sinus of pigs that died
in the early (Group I) and late (Group II) stages of infection,
respectively. Sinusoidal inflammatory infiltrates are commonly
observed in pigs infected with other strains of ASFV (including
genotype II in Europe and genotype X in Africa) (17, 42).
Notably, pig #54, which died at 3 dpv, showed mild vasculopathy,
whereas the other three pigs had severe hemorrhagic lesions.
The results were similar to those of a histopathological study
of an ASF outbreak at a swine farm in Vietnam (23). The p72
antigen was more pronounced in Group II than in Group I,
implying that the liver was more damaged in the later stages than
in the early stages of infection. In the lungs, the histopathological
changes differed according to the above findings in organs such
as the spleen, lymph nodes, and liver. There was no consistent
relationship between the lesions in ASFV-infected lungs and
the time of death after the onset of viremia. In particular, pig
#54 had severe lesions in all categories, including pneumonia,
indicating that this pig died from severe pulmonary failure.
These results were also evident when immunohistochemistry
and polymerase chain reaction were used to evaluate the viral
antigen distribution. The effect of ASFV on the lungs depends
on the characteristics of the host. Further studies are needed to
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analyze the host factors that could influence the susceptibility
of the lungs to ASFV. In contrast, all ASFV-infected pigs
had moderate-to-severe congestion in the liver, which was
inconsistent with the findings of a previous case study of pig
farms in Vietnam (23). Group II pigs presented more severe
kidney lesions than Group I pigs. Hyperemia and bleeding were
observed in all pigs, whereas necrosis and interstitial nephritis
were only observed in Group II pigs. Although there were no
significant differences in immunohistochemical findings or virus
titers, the results showed that ASFV could cause serious renal
lesions in the later stages of infection. ASFV antigen-labeled cells
were detected in the renal tubular epithelium of all pigs in this
study, a finding consistent with that in a previous report (23).

Through this pathological study, we aimed to elucidate
the course of ASFV infection and the cause of mortality by
comparing various organ tissue lesions in pigs that naturally died
at 3, 4, 6, and 7 dpv. Our findings provide insights into the
mechanism and viral course of systemic infection with ASFV
in domestic pigs. However, our study has some limitations
with respect to the elucidation of host-virus interactions. As
we investigated the pathological findings in only two pigs in
each group, no statistical significance could be observed in this
study. Consequently, the present findings could not definitively
conclude the detailed viral course of ASFV infection in pigs.
Additionally, the current data were obtained from pigs that died
naturally from ASFV infection; data were not collected from
pigs sacrificed daily. Despite close monitoring, the pigs died
before reaching the predetermined humane endpoints of the
study, which could have affected sample quality. Future studies
with large numbers of daily sacrificed pigs could provide a more
scientific basis for the pathogenesis of ASFV infection.

Conclusions

In this study, we investigated the ability of the ASFV strain
(VNUA/HY/Vietnam), the first ASFV isolated in Vietnam, to
develop pathological processes in infected pigs. Changes in
the patterns of complete blood counts and serum biochemical
profiles were similar between Group I (pigs that died at 2-5
dpv) and Group II (pigs that died at 6-7 dpv), according to
the time of natural death after the onset of viremia. Group I
pigs showed more rapid and severe changes in the biochemical
parameters of ASFV infection than Group II pigs. Moreover, the
mean number of viral copies in the blood of Group I pigs was
significantly higher than that in Group II at the onset of viremia,
suggesting that individual viral susceptibility was major factor
in the timing of death. The viral load of the spleens in Group
I was significantly higher than that of the spleens in Group
II, indicating that the spleen may be most severely affected
during the early stages of ASFV infection. Histopathology and
immunohistochemistry also revealed that the spleens and lymph
nodes of Group I pigs were more severely affected by ASFV than
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those of Group II pigs, whereas the liver and kidneys of Group
I pigs were less severely affected than those of Group II pigs.
These results suggest that the virus could affect the lymphoid
system in the early stages of infection and then spread to various
internal organs via the blood and lymphatic system. However,
our study has several limitations with respect to the number
of necropsied pigs and the lack of evidence for elucidating the
host characteristics according to the time of natural death after
the onset of viremia. Therefore, further studies are required to
examine pathological lesions in large numbers of sacrificed pigs
per day.
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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,
gene-deleted and wild type strains

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;

Frontiersin Veterinary Science

10.3389/fvets.2022.943099

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-ul, 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
MGE-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~ ) 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/jl)
was used as the template for PCR detection. The triplex real-
time PCR assay was performed in a 25-jl 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/jul
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/uL)  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%

8.21 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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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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from ASFV genotype Il strains is shown in red.

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)

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 ASEV 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.
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African swine fever (ASF) is a highly lethal and contagious disease caused
by African swine fever virus (ASFV). Whole-genome sequencing of ASFV is
necessary to study its mutation, recombination, and trace its transmission.
Uncultured samples have a considerable amount of background DNA, which
causes waste of sequencing throughput, storage space, and computing
resources. Sequencing methods attempted for uncultured samples have
various drawbacks. In this study, we improved C18 spacer MDA (Multiple
Displacement Amplification)-combined host DNA exhaustion strategy to
remove background DNA and fit NGS and TGS sequencing. Using this
workflow, we successfully sequenced two uncultured ASFV positive samples.
The results show that this method can significantly reduce the percentage
of background DNA. We also developed software that can perform real-time
base call and analyses in set intervals of ASFV TGS sequencing reads on a
cloud server.

KEYWORDS

African swine fever, next generation sequencing (NGS), genome sequencing,
nanopore sequencing, workflow

Introduction

The African swine fever virus (ASFV) is the only member of the Asfarviridae family
that causes contagious and lethal diseases. The first case of ASF was reported in Kenya
in 1921 (1), while it was first documented in 2018 in China (2). Since then, 14 countries
reported an ASFV outbreak between 2018 and 2021 in Southeast Asia (3). The disease
has caused significant economic loss to the pig industry worldwide. So far, there have
been no commercially effective vaccines, although inactivated, subunit, DNA, and gene-
deleted vaccines that could offer at least partial protection against ASF exist (4, 5). A few
gene-deletion vaccines and poxvirus vector-based vaccines have shown promising results
in animals (6, 7), but further research is needed before their commercialization. Until
now, ASFV has still been considered the most threatening virus for the pig industry.
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ASFV is a double-stranded DNA virus of about 180-220-nm
long. Its genome size is around 170-190kb and encodes
150 proteins. Based on the 3’-term of the B464L gene,
ASFV can be divided into 24 genotypes (8).
previous studies have indicated that B464L is a relatively

However,

conserved gene. Research has been conducted to study different
isolates, and it has been concluded that even those with
the same genotype can have different phenotypes. A study
showed several recombination possibilities between different
strains (9). Experiments confirmed that some gene deletion
viruses show widely varying virulence (6, 10, 11). Whole
genome sequencing is considered necessary to better analyze
this variation.

The first research on the ASFV genome using Sanger
sequencing was published in 1995 (12). Nowadays, we can
easily use high throughput sequencing platforms like MGI,
Ilumina, and Ion torrent to perform NGS sequencing. However,
unlike the human or bacterial genome, the ASFV genome is
small, and the uncultured clinical tissue and blood samples
have a considerable amount of background DNA from the
host, causing the ASFV reads to occupy between 0.01 and
0.1% of the total DNA (13, 14). Sequencing that can reach
a hundred times the sequencing depth of the ASFV genome
is usually needed to obtain a high-quality genome, implying
that about 20-200 G of data is required to obtain the ASFV
genome. This process, including the analysis and storage of
data, can be very costly. Many attempts are being made to
obtain the ASFV genome with low-cost techniques. Some
experiments were conducted based on un-methylated DNA
enrichment in sequencing. This implies removing the highly
methylated host DNA (13, 15). Other trials were based on
bait hybridization and used 11,958 biotinylated RNA-baits and
Streptavidin beads to bait the DNA library that can hybridize
with these baits (16). Long amplicon sequencing can also be
applied, where only 40% of the region of the ASFV genome is
focused on by using 6 pairs of primers to cover those regions
(17). We compare these methods in Table I and conclude
that researchers either faced difficulties with biased results,
limited application, or the need to synthesize an extensive
bait library.

Unlike the NGS sequencing method based on terminal
end fluorescent-labeled dNTP and optical signal reader, TGS
sequencing technology is developed on nanopore and electrical
signal analysis. In this case, the sequencing equipment is smaller
and can respond to real-time analysis. It can also generate
longer reads and is not affected by GC bias. Long reads
simplify the appraisal of deletions, insertions, translocations,
and other genome-wide changes (18). They can also help
cross high complex and repeated regions of the ASFV genome
in the assembling stage (14). A study was conducted to
sequence the ASFV genome using the Nanopore sequencing
method and obtained 0.15% of the reads mapped to the
ASFV genome (19). TGS needs high quality and a sufficient
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amount of long DNA to ensure it can successfully build the
library and obtain satisfactory sequencing efficiency. Compared
with NGS, which involves parallel sequencing of millions
of reads, TGS has only 512 (the MinION and GridION
flow cell) and 2,675 (the PromethION flow cell) nanopores
to perform sequencing at the same time, implying that
it is more sensitive to background DNA when sequencing
an impure sample. Furthermore, the chip’s life is highly
affected by accumulated sequencing time and background
DNA, indicating a need for longer sequencing time and
higher cost.

After removing background DNA, the DNA concentration
is usually < 200 pg/ul, making it challenging to build the
TGS library for sequencing. MDA (multiple displacement
amplification) is a method for DNA amplification that is
widely used in genome amplification. MDA is based on a
DNA polymerase called phi29 found in the Bacillus subtilis
phage. This DNA polymerase is low biased and, compared
to other DNA polymerases, has advantageous features, such
as high fidelity, strong strand displacement, and ongoing
isothermal amplification. DNA can be amplified a thousand
times in a typical overnight reaction, and DNA larger than
10KDb can be yielded, making it optimum for TGS sequencing.
However, MDA is unsuitable for ultra-low DNA input (<10
ng), which is the starting material obtained after treatment
with our nuclease digestion strategy. This is due to the high
percentage of junk DNA generated by template-independent
amplification (20, 21). Researchers found that using a 5
end block with a C18 spacer random primer can eliminate
template-independent amplification (22). However, as the stand
procedure of Oxford nanopore protocol requires the adaptor
and barcode to ligate to 5 ends of DNA, it is assumed
that the 5 end block with a spacer can avoid DNA ligation
with adaptor and nanopore sequencing. Moreover, hyper-
branched DNA, the final form of MDA product, will also
block the nanopore, resulting in low sequencing efficiency
and potential death of the nanopore. These issues need
to be solved so that nanopores can be used to sequence
ASFV samples.

In this study, we combine nuclease enzyme mix digestion
and double MDA to generate low host percentage and enough
long DNA for NGS and TGS library building (Figure 1).
We successfully used our LHDM workflow to sequence two
uncultured ASFV positive samples. Because of the significant
reduction of background DNA percentage, we were able to
obtain the genome of ASFV from the uncultured sample
at low costs in the sequencing throughput, smaller storage
space, and computing resources. TGS can provide an early
estimate of samples before NGS and help in the assembly
because of its flexibility and its ability to sequence long
reads. Using the LHDM TGS software we developed, real-
time analysis can be done for ASFV TGS sequencing on the
cloud server.
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TABLE 1 Sequencing strategy for an uncultured sample compared with LHDM.

10.3389/fvets.2022.936781

Required Bias Cost Fit with third
sequencing data generation
sequencing
Directly sequencing Very high Low High (sequencing cost) Yes, but not
recommended
Hybrid capture method Low Relatively high High (library) No
Long distance PCR Low High(can get full Low Contrived
method genome)
Un-methylated DNA Relatively high Low Relatively high Yes
enrichment (sequencing cost)
LHDM (workflow in this Relatively low Low Low Yes
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Materials and methods

Sample collection and preparation

Blood samples were collected from suspected ASF-infected
pigs, Sample 1 being a serum sample and Sample 2 an
anti-agglutinated blood sample. Two cycles of freezing and
thawing were carried out to induce cell rupture. The samples
were centrifuged at 8,000 x g for 10min and then filtered
using a 0.45-pm filter. A 100-pl sample was diluted to 200
il to obtain a solution of 15-mM Tris-HCL, 30-mM MgCl,,
2x anti-anti (Thermofisher15240062). Approximately, 11 pl
of enzyme mix [5-pul DNase I (Takara 2270A), 5-ul Turbo
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DNAse (ThermofisherAM2239), 1-pl ultranuclease (Hzymes
HBP000107)] were added, and the sample was placed in an
incubator at 37°C for 1h. After adding 15-ul 0.5-M EDTA,
DNases were inactivated by Qiagen buffer AL and Proteinase K
at 60°C for 20 min, and the DNA was extracted using the Qiagen
DNA mini kit (51304).

DMDA amplification

Approximately 10.6-ul DNA and a 5-pl 100-pM 5’end
block with a C18 spacer random primer were denaturalized
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at 95°C for 5min. Approximately, a 2-pul 10 x Phi29DNA
polymerase buffer, 0.4-pul BSA, 1-pul 10-mM DNTP, and 10-
U Phi29DNA polymerase were added to each sample, and
then incubated under 28°C for 15h. The sample was purified
using the Monarch PCR & DNA cleanup kit (NEB T1030S). A
volume of 10.6-pl purified DNA, and a 5-pl 100-pM random
primer were used, and the first round of reaction repeated at
an incubation temperature of 30°C for 6h. The Equalbit 1 x
dsDNA HS Assay Kit (Vazyme EQ121-011) was used to qualify
DNA concentration. Approximately, 10-U S1 Nuclease (Takara
2410A) for 1-ug double-strand DNA was added to the DNA to
remove hyper-branched parts of DNA. After digestion at 23°C
for 20 min, the sample was purified using the Monarch PCR &
DNA cleanup kit (NEB T1030S).

TGS library preparation

A TGS library was prepared using the Oxford nanopore
technology Native barcoding amplicons (with EXP-NBD104,
EXP-NBD114, and SQK-LSK109) protocol. Approximately,
600-ng DNA was used as starting material. The Monarch PCR &
DNA cleanup kit (NEB T1030S) was used to purify the samples
rather than AMPure XP beads after the DNA repair and end
preparing step. In the last step, the beads were washed using SFB
(Short Fragment Buffer).

NGS library preparation

An NGS library was constructed using VAHTS Universal
Plus DNA Library Prep Kit (Vazyme, NDM617). Approximately,
10-ul DNA was added to FEA reaction and incubated at 37°C
for 17 min for fragmentation. Approximately, 1:20 diluted DNA
Adapters for MGI (vazyme, NM108) was used in Adapter
Ligation. Approximately, 17 PCR cycles were used in the library
amplification stage. Size selection was then carried out using 68
ul in the first round and 20 ul in the second round. For samples
not treated by DNase mix, 1:10- and 1:2-diluted DNA Adapters
were used, separately.

TGS sequencing

Sequencing was performed on an R9.4.1 flowcell with
The
Minokow software was used to collect the raw signal

a Minion device (Oxford nanopore technology).
on a laptop. Approximately, 4,000 reads were set for a
fast5 file. Basecalling in Minokow was disabled. Using
our software, raw fast5 files were uploaded to a cloud
computer with 2080ti GPU to perform real-time basecall and

coverage analysis.
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Results

NGS sequencing result

NGS sequencing was performed on the MGI T7 platform.
Approximately, 15.17-M and 31.94-M reads from Samples 1
and 2 were obtained, respectively. After removing adaptors and
the low-quality base, Sample 1 maintained 13.66-M high-quality
reads, and Sample 2 maintained 29.36-M high-quality reads.
By mapping to reference, both paired reads were considered
as Mapped reads. Approximately, 1.4% of reads from Sample
1 were mapped to the ASFV genome, and Sample 2 had 44.9%
reads mapped to the ASFV genome. Compared with the sample
not treated by DNase mix, the ASFV reads had been raised
46 and 112 times, respectively. Detailed results are shown in
Table 2.

TGS sequencing result

After 8-h run, sequencing was stopped, and the R9.4 flow
cell was washed. Base-calling and barcoding were performed. A
total of 1.97-G data and 1.5-M reads were obtained. The longest
read was 325,663 bp, which was not ASFV nuclear acid. After
mapping to the Pig/HLJ/2018 strain, the mapping rate was 3.62
and 0.02%. Details of sequencing are shown in Table 3. Read
length and quality are shown in Figure 2.

Real-time analysis by TGS

Our set in Minokow was generating one fast5 for every 4,000
reads. Our software (Figure 3) was set to upload new files to
cloud GPU in the 1st hour after 5 new fast5 had been generated.
This takes about 5min. Based on real-time analysis by our
software, the first ASFV reads were detected for Sample 2 and
Sample 1 after 5 and 10 min, respectively. Approximately, 30-
x depth is the requirement for the assembly in most assembled
software. Genome coverage of Sample 2 reached 81% within
the first 5min, 92% within 10 min, and 99% within 40 min.
Position with 30-x depth reached 90% in 2.5h and 99% in
7.7 h. Detailed results are shown in Figure 4 below. The dataflow
and the interface of LHDM-ASFV-TGS software are shown in
Figure 3.

Metagenomic analysis of NGS and TGS
data

Because of the low-mapping rate of Sample 1, and reads
mapped ratio difference between TGS and NGS, a metagenomic
analysis was performed using Kraken2 and the minusb database,
which contains all the virus genomes. Results (Figure 5) showed
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TABLE 2 NGS sequencing data information and the mapping rate to ASFV genome.

Raw Raw Reads after Base After Q30 base after Mapped readsand
reads base filter by fastp filter by fastp filter mapping rate to ASFV
genome
Sample 1-untreated 30.93M 463G 3091 M 451G 432G 11.25K (0.03%)
Sample 1 15.17M 228G 13.66 M 1.94G 1.73G 0.19M (1.4%)
Sample 2-untreated 37.89 M 5.68G 37.87M 546 G 516G 157.60 K (0.4%)
Sample 2 31.94M 479G 29.36 M 412G 3.65G 13.20 M (44.9%)
TABLE 3 TGS sequencing data information and the mapping rate to ASFV genome.
Reads Reads Longest Total base Reads mapped Mapped Longest
N50 read length rate to ASFV reads N50 read length
genome
Sample 1 658,546 2,264 325,663 0.90G 126 (0.02%) 4,113 12,714
Sample 2 925,609 2,175 30,327 117G 33,482 (3.62%) 2,464 27,106
Read lengths vs Average read quality plot using dots
3 e
- a - -
Read lengths vs Avernge read quality plot using dots
FIGURE 2
Read Length and the average read quality plot. The read length and quality were visualized by nanoplot.

that Torque teno sus virus (42% in Sample 1 and 53% in Sample
2), a single-stranded circular DNA virus, occupied most reads in
the TGS result.

There was no Sus Scrofa genome in the kraken2 database.
Hence, bowtie2 was used to map unclassified reads to the sus
scrofa genome. The mapping rates were 61.84 and 72.37% for
Sample 1 and Sample 2, respectively, implying that most of the
unhit reads belonged to unknown species in our sample.
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Assembled genome information

Considering that not all the background DNA belongs
to pig and that a high percentage of reads belonged
to unknown species, we chose to map all the reads to
the ASFV genome before assembly. Because of the high
depth, NGS Assembly was relatively easy. TGS reads of
Sample 1 were insufficient for assembly. Hence, no TGS
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The analysis dataflow and the interface of LHDM-ASFV-TGS software.
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scaffold. The final genomes of Sample 1-NGS, Sample

contig of Sample 1 was generated. Assembly was done
2-NGS, and Sample 2-TGS were 187,984, 188,050, and

by canu and Flye, respectively. NGS and TGS contigs

were connected by ragtag and hand. Medak polished TGS 186,575, respectively.
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FIGURE 5

ASFV shown in light brown color.

Metagenomic analysis of sequencing data with the Minisub database and kraken2. Different species are shown in different colors. (1)
Metagenomic classification results of Samplel NGS sequencing results; results for ASFV shown in blue. (2) Metagenomic classification results of
Sample 1 NGS sequencing results, results for ASFV shown in pink. (3) Metagenomic classification results of Sample 1 TGS sequencing results,
results for ASFV not shown due to low-percentage reads. (4) Metagenomic classification results of Sample 2 TGS sequencing results, results for

Genome phylogenetic and mutation
analysis

Based on the genome phylogenetic tree in Figure 6, it was
deduced that the two isolates of Sample 1 and Sample 2 were
closest to ASFV-SY18 and HRB/2020 isolates, respectively. The
two isolates might be the Offspring of the first reported isolate
PIGHLJ/2018 in China. Full genomes offer more information for
virus evolution and traceability.

Compared to PIG/HLJ/2018, Sample 1 had 5 single
sites in genes MGF_110-3L, MGF_360-6L, A240L and
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C475L, and Sample 2 had 8 single-site mutations in genes
MGF_300-1L, MGF_505-2R, MGF360-15R, F1055L, CP530R,
NP1450L, and I215L. Sample 1 had 3 single nucleic acid
deletions in genes MGF 300-2L, MGF 110-7L, and MGF
110-14L and 1 partial deletion in gene MGF 110-114L.
Sample 2 had 1 single site deletion in gene I11L, 2 single-
site insertions in gene MGF110-7L and gene DI1133L,
and 2 partial deletions in gene ASFV_G_ACD_00350 and
MGF_110-13L. There was no gene-wide gene deletion in
the two isolates. Detailed information can be
Supplementary Tables S1, S2.

found in
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FIGURE 6
The genome phylogenetic tree. The phylogenetic tree was constructed by igtree and visualized by ITOL. Sample 1 was marked as green, and
Sample 2 was marked as blue.

Comparison between TGS assemble and
NGS assemble

site when comparing TGS with the NGS assemble. All the indel
information can be found in Supplementary Table S3.

Compared to the NGS assemble, the TGS assemble has 110
indel sites, out of which 14 were insertion sites, all being in
the poly region. Approximately, 96 nucleotides were deleted,
out of which 44 were from the poly region, 1 from the non-
poly region, and 51 from the segment deletion. There is no SNP

Discussion

It is possible to obtain low-host DNA with a high percentage
of the ASFV genome using our enzyme mix and buffer settings.
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ASFV occupied 1.4 and 44% of the total reads in the two
NGS samples, which is a significant improvement compared to
the untreated sample. However, the elimination of background
DNA depends on digesting cell-free nucleic acids and requires
complete unbroken virion. The DNA of inactivate virus can also
be digested, depending on how the virus was inactivated. This
workflow needs a sample with a lived virus, implying that it
needs to be processed in an ABSL-3 laboratory and might limit
its usage.

It was observed that the concentration of Mg?* in the buffer
depended on the common sample type. Mg?T is also critical
to enzymatic activity. Since most blood samples were collected
using the EDTA anticoagulation tube, a reaction buffer with a
final concentration of 30-mM Mgt and 15mM of Tris-HCL
was used in this study. NGS data show that the ASFV DNA
percentage was at the same level as the host, showing that the
enzyme was used at its optimum efficiency in our experiment.

It is also important to consider that this workflow sequences
all DNA viruses, including bacteriophages. If the sample was
contaminated, bacteria and bacteriophages could replicate very
fast. Phages cannot be removed using this workflow, so it is
crucial to ensure that an unspoiled sample is used.

TGS can generate very long reads, and we obtained the
longest read of 27 Kb, covering 14% of the ASFV genome.
The long reads can help us easily cross repeated regions when
assembling and quickly find the indel gene.

The TGS sequencing base call requires a high-performance
GPU. Most laptops might not be able to carry out this process
effectively due to the need for long hours of continuous work,
increasing the risk of overheating. This partly limits the usage
of nanopore technology. In this study, we wrote the script to
automatically upload the sequencing data and analyses to other
Linux GPU servers, which is the most accessible solution to
this issue.

More than 24-30h was needed to finalize the NGS
PEI50 sequencing, especially for the sequencing of a low
host sample that only needs a very low output yield. In this
case, a large amount of samples is necessary for one run.
TGS sequencing can be stopped at any time, and the chip
reused, making the sequencing process more flexible. Our
software can help decide when to stop sequencing. Sample 1
of TGS showed a low percentage of ASFV reads. We did not
keep sequencing to get enough ASFV depth. At this stage,
sequencing follows the Bernoulli process. Its sensitivity depends
on the target-sample background ratio. Only increasing the
sequencing output has a limited effect (23). Our software
can be downloaded on the following link https://github.com/
chauncyzhang/LHdMDAsoftware.

Running the NGS equipment whenever needed is neither
practical nor cost-effective in most cases and laboratories.
It usually takes more than 3 weeks to get NGS data from
commercial companies on the market, especially considering
the low data requirements for each sample. We can use TGS to
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decide whether the sample should be sequenced and how much
data are suitable for the sample.

Because the DNA input is usually lower than all commercial
kit ranges, it may fail when building the NGS library. We
successfully built the NGS library using our protocol because a
junk DNA phenomenon is prevented by the C18 spacer random
primer. The output of Step 1 MDA or Step 2 can also be used as
the starting material to build the NGS library.

According to our TGS results, the torque teno sus virus
(42% reads in Sample 1 and 53% reads in Sample 2) has
a single-stranded circular DNA, occupying a considerable
percentage of total reads. Single-stranded circular DNA cannot
be built into the NGS library using our method but can
be amplified by the TGS workflow. Meanwhile, all double-
strand DNA can be built into the TGS Library, the same as
NGS. Because of high-background DNA and amplification of
ssDNA and circle DNA, the sequencing results are unacceptable,
so we did not perform TGS on the untreated sample by
DNAse mix. Considering the high positive rate of this virus
in pigs (40-100%) (24, 25), AMPure XP Beads or high
molecular weight DNA extract kits (e.g., Qiagen 12462 or
NEB T3060L) can be used to remove the TTSV DNA from
the virus for further experimentation. These kits can assist
in the removal of small circular DNA and increase the input
DNA length.

Growth of ASFV in PAM cells and ultracentrifuge can
also be used to obtain low-host high amount of ASFV DNA
but requires the use of an ABSL-3 lab for virus isolation and
passage. However, there is no ultracentrifuge equipment in
some ABSL-3 laboratories. It has been reported that ASFV
may lose some genes in the MGF region in the passage in
293T cells (26). Nevertheless, according to our results, there are
only a few mutations in these two isolates, and other isolates
sequenced by some research also only have a few mutations
(19, 27). Considering that ASFV may mutate during the passage,
it might be a better strategy to carry out sequencing before
virus isolation.

Compared to the NGS assemble, we found that most false
sequencing occurs in repeat poly regions by TGS, which is
one of the drawbacks of TGS. We still need NGS data to
polish the TGS genome at this time, but the quality of the
TGS assemble is high and can also provide a certain amount
of information. With the release of the R10 flow cell and
Q20+ reagent, it is possible to obtain higher-quality TGS
sequencing data.
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African Swine Fever (ASF) is an acute, highly contagious and deadly infectious
disease that has a huge impact on the swine industry. It is caused by the
African swine fever virus (ASFV). The most acute forms of ASF in domestic
pigs have mortality rates of up to 100%. The lack of a commercial vaccine
and effective therapeutic drugs has brought great challenges to the prevention
and control of ASF. Current, the African swine fever virus requires a huge
amount of detection, so there is a need for more sensitive and accurate
detection technology. The protein pB602L, as a late non-structural protein, has
a high corresponding antibody titer and strong antigenicity in infected swine.
In this research, the B602L gene was constructed into the pColdl prokaryotic
expression vector, and prokaryotic expression of the soluble pB602L protein
was induced by IPTG. Western blot analysis demonstrated that the protein
had strong immunogenicity. We established an indirect ELISA method for the
detection of anti-ASFV using purified recombinant pB602L protein as antigen.
The detection method showed excellent specificity without cross-reactions
with antibodies against PRRSV, CSFV, JEV, and GETV. The method could detect
anti-ASFV in serum samples that were diluted up to 6,400 times, showing high
sensitivity. The coefficients of variation of the intra-assay and inter-assay were
both <10%. The assays had excellent specificity, sensitivity, and repeatability.
In summary, we developed an accurate, rapid, and economical method for
the detection of anti-ASFV in pig serum samples with great potential for ASF
monitoring and epidemic control.

KEYWORDS

African swine fever virus, indirect ELISA, B602L, prokaryotic expression system,
antibodies in serum
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Introduction

(ASF) is
hemorrhagic and transboundary viral disease of swine for

African swine fever a highly contagious
which currently no preventive vaccine is available (1). It is a
devastating disease with mortality rates close to 100% in young
herds, causing severe socioeconomic losses. Since it was first
reported in Kenya in 1921 (2), ASF has become endemic in
many African countries (3). Recently, ASF emerged in Asian
countries, including China (4), where it spread rapidly to many
parts of the country (5). At present, ASF continues to place a
huge burden on the pig industry in the affected areas (6).

Current approaches to control and prevent ASF include
early diagnosis, rapid elimination of infectious sources, and
interruption of transmission routes. Therefore, the development
of rapid, sensitive, and field-deployable African swine fever
virus (ASFV) assays are important for disease surveillance and
control (7, 8). Currently, there are several early diagnostic
techniques available to detect ASFV, including PCR, loop-
mediated isothermal amplification, fluorescence quantitative
PCR, colloidal gold rapid strip, hemadsorption, enzyme-
linked immunosorbent assay (ELISA), and other serological
tests (9). Serological testing is been widely used in ASF
eradication and control programs; since no vaccine is available,
the presence of ASF antibodies implies previous infection.
Therefore, serology is suitable for detecting potential virus-
carrying animals in epidemic situations. ELISA is the most
commonly used serological test, so it can be widely used for
screening purposes (10).

ASFV is the sole member of the genus Asfarvirus within
the family Asfarviridae and is a unique and genetically complex
virus (11). ASFV is a large, double-stranded, linear DNA virus
with a complex structure. The genome size is about 170-190 kb.
ASFV encodes more than 150 proteins, of which more than
50 are structural proteins (12). ASFV can be divided into 23
different genotypes according to the ASFV B646L gene encoding
the p72 major capsid protein (13). Morphologically, ASFV
has a icosahedral shape and a complex structural architecture
composed of several concentric layers (14, 15). ASFV infects
mononuclear macrophages mainly through megalocytosis and
clathrin-mediated endocytosis (1). pB602L is a nonstructural
protein that functions as a molecular chaperone of the major
structural protein p72, forming aberrant “zipper-like” structures
instead of icosahedral virus particles in the absence of pB602L
(16). B602L contains a central variable region (CVR) that allows
frequently subgenotyping of ASFV isolates based on this region
(17). The central variable region (CVR) within the B602L gene
of the African swine fever virus (ASFV) is highly polymorphic
within the ASFV genotypes defined by sequencing of the C-
terminal end of the p72 locus (17, 18). Previous studies have
shown that pB602L is strongly antigenic and can be used to
develop diagnostic tools for ASFV. Previously, a pB602L-based
ELISA assay was employed to detect serum antibodies against
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ASFV, and the test results were mostly consistent with those
obtained using the gold standard, western blot assays (16). B
Gutiérrez-Castainieda et al. showed that pB602L is recognized
by hyperimmune antisera from domestic pigs and bushpigs at
late time points after infection, suggesting it may be useful
diagnostically to distinguish animals persistently infected with
virus (17). pB602L may be a suitable target for the development
of diagnostic tools to assess the humoral immune responses to
these vaccines, as antibodies against pB602L are only produced
after this protein is expressed in host cells (1, 17).

In this study, we successfully expressed and purified the
ASFV pB602L protein and established an indirect ELISA method
for the detection of anti-ASFV using purified pB602L as a
diagnostic antigen, laying the foundation for the development
of early diagnosis kits for ASFV and functional research of the
pB602L protein.

Materials and methods

Serum samples

ASFV (SY-18) infection inactivated sera (n =
obtained from the China Animal Health & Epidemiology Center

30) were

(Qingdao, China). All positive sera were tested by gold standard.
And all positive sera were tested by the Svanova ASFV p30
antibody detection kit and the Ingenasa ASFV p72 ELISA kit.

Positive sera against pathogenic Japanese encephalitis virus
(JEV), classical swine fever virus (CSFV), Getah virus (GETV),
Porcine circovirus 2 (PCV2), Porcine parvovirus (PPV)-, and
Pseudorabies virus (PRV) were prepared in our laboratory.

All 120 negative serum samples were collected before the
outbreak of ASFV in China from 2016 to 2017 and were
confirmed to be negative by the Svanova ASFV p30 antibody
detection kit and the Ingenasa ASFV p72 ELISA Kkit.

Cloning and expression of pB602L

The transmembrane region of pB602L protein was
predicted through TMHMM-2.0 (Denmark,
cbs.dtu.dk/servicess TMHMM/).  The  full-length  B602L
coding of ASFV SY-18 (GenBank accession,
MH766894.1) was synthesized by Tsingke Biotechnology
(Shanghai, China) and amplified using primers. F (5/-
CTCGGTACCCTCGAGGGATCCATGGCAGAATTTAATATT
GA—S/) andR (5,—GACTGCAGGTCGACAAGCTTCTACAATT
CTGCTTTTGTAT-3').

The recombinant expression plasmid was constructed by
ligating the PCR product of the B602L gene into the vector
pCold I. The ligation product was transformed into E.coli DH5a,

http://www.

region

and the recombinant plasmid was successfully constructed by
sequencing. Next, the constructed plasmids were transformed
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into E.coli BL21, and then protein expression was induced
for 14-16h with 0.5mM IPTG at 16°C. The recombinant
pB602L protein was purified by NiT affinity chromatography
and identified by SDS-PAGE and western blots. ASFV-positive
pig serum (dilution of 1:5,000) and anti-His (dilution of 1:5,000)
were used as the primary antibodies for the western blot assays.

Establishment of an indirect ELISA
antibody detection method for ASFV
pB602L protein

Square titration

The working concentration of pB602L protein antigen and
serum dilution were optimized using square titration. In short,
the antigen pB602L was coated on plates at concentrations of
0.625, 0.32, 0.16, 0.08, and 0.04 pg/mL. Anti-ASFV positive and
negative standard sera were diluted at 1:50, 1:100, 1:200, and
1:400. The condition with the highest OD450 ratio of positive
and negative sera (P/N value) and an OD450 value of positive
sera close to 1.0 was selected as the best working condition.

Working conditions for pB602L-ELISA

In addition to optimal pB602L protein coating concentration
and serum dilution, different blocking solutions (5% skim milk,
1% gelatin, and 2% BSA) and reaction times of various materials
were also explored, and the optimal reaction time of serum
was also tested. The optimal concentration and reaction time
of HRP-conjugated anti-pig antibody were tested using the
following dilutions: 1:2,500, 1:5,000 and 1:10,000. Furthermore,
the TMB response time was optimized. The OD450 and P/N
values of these groups were compared to determine the best
working conditions.

Cut-off value for pB602L-ELISA

The optimal cutoff value for iELISA was determined using
a total of 64 negative serum samples from ASFV-uninfected
swnie. The OD450 values were measured, and statistical analysis
was performed to calculate the average value (AV) and standard
deviation (SD) of the OD450 values. The cut-off value was
determined as AV + 3SD (19, 20).

Specificity and sensitivity of pB602L-ELISA

The constructed pB602L-ELISA method was applied against
porcine reproductive and respiratory syndrome virus (PRRSV)-,
Japanese encephalitis virus (JEV)-, classical swine fever virus
(CSFV)-, Getah virus (GETV)-, Porcine circovirus 2 (PCV2)-,
Porcine parvovirus (PPV)-, and Pseudorabies virus (PRV)-
positive sera,ASFV-positive and -negative sera. We diluted
ASFV-positive serum from 1:100 to 1:204,800 to determine the
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highest dilution of serum. We diluted ASFV-positive serum from
1:100 to 1:204,800 to determine the highest dilution of serum.
Based on the critical value, the sensitivity of the constructed
ELISA method was appraised. Statistical analysis Coefficient
of Variation.

Reproducibility of pB602L-ELISA

Six random serum samples were randomly selected, and
the established pB602L-ELISA assay was used to conduct intra-
assays repeatability tests on three different ELISA plates coated
in the same batch. In addition, three different batches of
coated ELISA plates were randomly selected for inter-assay
repeatability experiments. Statistical analysis was performed
to calculate intra- and inter-assays variation [coeflicient of
variation (CV)] between runs.

Comparison of pB602L-ELISA with commercial
kits

All 150 clinical serum samples were tested applying the
pB602L-ELISA methed. The results were compared with the
results of a commercial ELISA kit for anti-ASFV detection to
evaluate the performance of pB602L-ELISA by calculating the
concordance rate as follows: [(true positive + true negative) /
(true positive + true negative + true negative + false positive)
x 100%].

Statistical analysis

All data were analyzed using Prism 5 software (GraphPad
Software, La Jolla, CA, USA). All data were analyzed using
a two-tailed Student’s t-test.

statistically significant.

P < 0.05 was considered

Results

Expression and purification of pB602L
protein

The pB602L protein had no transmembrane region
(Figure 1A). In this study, we expressed the full length of
pB602L protein (Figure 1B). The 65-kDa ASFV pB602L protein
was successfully expressed. It was detected in the soluble
supernatant fraction by WB analysis applying anti-His and
ASFV-positive pig serum (Figure 1C).
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FIGURE 1
Expression and purification of the pB602L protein. (A) Prediction of the full-length transmembrane region of pB602L protein (B) Expression of
pB602L protein in vector pCold I. (C) Protein marker, 1- transformed cells of BL21/pCold after IPTG induction for 16 h, 2- whole bacteria
without induction, 3- BL21/pCold-B602L whole bacteria after IPTG induction for 16 h, 4-BL21/pCold-B602L supernatant after induction at
16°C, 5-BL21/pCold-B602L precipitation after IPTG induction for 16 h, 6-Purification of recombinant pB602L protein flow-through by Ni™ spin
column affinity chromatography, 7-Ni* spin column affinity chromatography purification of recombinant protein pB602L 40mM imidazole
washing solution, 8, 9-purified recombinant pB602L protein by affinity chromatography of Nit spin column, 10-Western blot analysis of p602L
protein using ASFV-positive pig serum, 11-Western blot analysis of p602L protein using anti-His. A prominent band with the expected size 65
kDa appeared after incubation.

Establishment of the pB602L-ELISA
method

The working concentration of pB602L protein antigen
and serum dilution were optimized using square titration.
The experimental results show that the optimal coating
concentration of antigen for the pB602L-ELISA method
is 0.04pug/mL, the optimal dilution of serum is 1:100
(Table 1). In addition, other conditions of the pB602L-ELISA
method were improved. In brief, the best blocking solution
is 2% BSA in PBST, and optimal blocking incubation is
2h at 37°C (Figure 2A). The optimal reaction time for
serum was lh at 37°C (Figure 2B). The optimal dilution
of HRP-conjugated anti-pig was 1:5,000, and the optimal
reaction condition was 1h at 37°C (Table2). Finally, the
optimal reaction time for TMB solution was 15 min at 37°C
(Figure 2C).
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Optimization of the cut-off value

The average OD450 value of negative sera (n = 64) was
0.192, and the SD was 0.049, so the cut-off value of the pB602L-
ELISA method was AV + 3SD = 0.340 (Figure 3A). Therefore,
samples with an OD450 value of the tested serum of >0.340 are
considered positive. Conversely, samples with an OD450 value
of <0.340 are considered negative.

Diagnostic specificity of pB602L-ELISA

The established pB602L-ELISA method was used to test anti-
PRRSV-, anti-JEV-, anti-GET V-, anti-CSFV-, anti-PCV2-, anti-
PPV-, and anti-PRV-positive pig serum. Except for the ASFV-
positive control, all sera were negative (OD450 < 0.340), which
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TABLE 1 P/N values at different conditions.

Serum dilution

10.3389/fvets.2022.971841

Antigen coating concentration (ng/mL)

0.625 0.320 0.160 0.080 0.040
P 3.585 3.209 2.715 2424 2.363
1:50 N 0.086 0.105 0.086 0.08 0.088
P/N 41.686 30.562 31.570 30.300 26.852
P 3.095 2410 1.775 1.555 1.483
1:100 N 0.093 0.120 0.088 0.066 0.080
P/N 33.279 20.083 20.170 23.561 18.538
P 2.359 1.764 1.211 1.116 1.056
1:200 N 0.076 0.078 0.08 0.084 0.073
P/N 31.039 22.615 15.138 13.286 14.466
P 1.599 1.240 0.951 0.740 0.769
1:400 N 0.077 0.080 0.072 0.066 0.055
P/N 20.766 15.500 13.208 11.212 13.982
A B (o
- 20+
. _ . 20
-8~ 5% skimmed milk
- 2%BSA 154
10 -4 1% gelatin
z
E S e = 10
5+
5_
0 T T T T 1 0~
0.0 0.5 1.0 15 2.0 2.5 0.5h 1h 1.5h 2h 10 15 20 25 30
Reaction time (h) Reaction time (h) Reaction time (h)
FIGURE 2
Optimization of pB602l-ELISA method conditions. (A) Optimization of the type of pB602L-ELISA blocking solution and working conditions. The
best blocking solution was 2% BSA in PBST, and optimal blocking conditions are 2 h at 37°C. (B) Determination of serum action conditions. The
optimal reaction time for serum was 1 h at 37 °C. (C) Determination of TMB solution action conditions. The optimal reaction time for TMB
solution was 15 min at 37°C.

TABLE 2 HRP-conjugated anti-pig working conditions.

HRP anti-pig antibody dilution

HRP anti-pig antibody action conditions

37°C0.5h 37°C1h 37°C1.5h 37°C2h

1:2,500 P 1.082 1.268 1.263 1.464
N 0.300 0.255 0.233 0.268

P/N 3.607 4.973 5.421 5.463

1:5,000 P 0.774 1.048 1.192 1.248
N 0.183 0.163 0.195 0.203

P/N 4.230 6.429 5.519 6.148

1:10,000 P 0.526 0.784 1.003 1.065
N 0.169 0.175 0.234 0.176

P/N 3.112 4.480 4.286 6.051
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FIGURE 3

the dashed line indicates the cutoff value of the pB602L-ELISA.

Sensitivity and specificity of the pB602L-ELISA method. (A) Determination of the cut-off value of pB602L-ELISA (OD450 = 0.340). Distributions of
OD values determined for ASFV-negative (n = 64) serum samples using pB602L-ELISA. The average value (AV) of the negative sera was
calculated, and the cutoff value was set at 0.340 (AV+3xSD). (B) The specificity test of the pB602L-ELISA method. ASFV-positive serum,
ASFV-negative serum and PRRSV, JEV, GETV, CSFV, PCV2, PPV, PRV antibody-positive swine serum were measured using the pB602L-ELISA, and
the OD450 values with all antisera except the ASFV-positive serum were lower than the cutoff value (0.340). (C) Sensitivity of the pB602L-ELISA
method. Two-fold serial dilutions from 1:100 to 1:204,800 of ASFV-positive serum were tested by pB620L-ELISA method, and the highest
dilution that could be detected using the cutoff value (0.340) was found to be 1:6,400, ***p < 0.001. Each dot represents a serum sample, and

indicated that the established ELISA method has good specificity
(Figure 3B).

Diagnostic sensitivity of pB602L-ELISA

The ASFV-positive serum was diluted according to different
dilutions. The results showed that the maximum dilution of
serum that still had an OD450 value above the cutoff value of
0.340 was 1:6,400, so the sensitivity of the established pB620L-
ELISA method was 1:6,400 (Figure 3C), indicating that the
established indirect ELISA method is extremely sensitive.

Repeatability of the pB602L-ELISA
method

Intra-assay variation and inter-assay variation were
calculated to verify the repeatability of the pB602L-ELISA
method. The maximum CV of the intra-assay repeatability
test was 4.27% (Table 3), and the maximum CV of the inter-
assay repeatability test was 5.82% (Table 3), both <10%.
These results indicate that the established ELISA method has
good repeatability.

Comparison of the pB602L-ELISA
method to commercial kits
The performance of the pB602L-ELISA method was

compared with that of a commercial ELISA kit (ID Screen
African Swine Fever Competition) for anti-ASFV detection in
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terms of specificity and accuracy. The results are shown in
Table 4. The concordance rate of the detection results of these
two methods is 97.33%.

Discussion

ASF is a devastating and economically significant disease
that can affect domestic and wild swine (7, 8). It was introduced
in China in 2018, and because of its high fatality rate, disease
prevention and control has become extremely important for the
Chinese pig industry (4). At present, the control of the disease
mainly relies on rapid diagnosis and culling of infected pigs
and those in close contact with them. ASFV has caused huge
economic losses to the global swine industry (21).

ASFV is complex, and its genome encodes many proteins
related to immune evasion. There is currently no safe and
effective vaccine available (3132). Consequently, it is very
significant to develop a method that can quickly and accurately
detect ASFV. At present, serological detection techniques and
molecular diagnostic methods are still regarded as the main
means of identifying infected animals and preventing and
controlling ASF (12, 22). There are many methods for detecting
viral DNA, including real-time quantitative PCR and in situ
hybridization with nucleic acid probes (23). Although these
methods have high sensitivity, they also have high requirements
on experimental operation technology and the experimental
environment (23, 24). Serological diagnosis based on ELISA
is not only stable detection means, but it also has good
specificity, high sensitivity, simple operation, and low cost, so
it is appropriate for the detection of large batches of samples,
and hence it is widely used in practice (22). Therefore, the
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TABLE 3 The results of the repeating test.

Sample number The result of intra

10.3389/fvets.2022.971841

The result of inter

Average Standard Coefficient Average Standard Coefficient
value deviation variation value deviation variation
1 2.062 0.088 4.27% 2.674 0.099 3.73%
2 1.809 0.012 0.68% 2512 0.057 2.25%
3 1.754 0.045 2.56% 1.218 0.049 4.09%
4 2.160 0.044 2.05% 2.541 0.078 3.08%
5 3.064 0.047 1.55% 0.877 0.051 5.82%
6 0.805 0.017 2.05% 1.129 0.033 2.95%

TABLE 4 Comparison of the pB602L-ELISA method and a commercial
ELISA kit.

Detection method Commercial ASFV ELISA
antibody kit
Positive Negative Total
pB602L-ELISA Positive 29 3 32
Negative 1 117 118
Total 30 120 150
Relative sensitivity 96.66%
Relative specificity 97.50%
Compliance rate 97.33%

OIE considered ELISA as the first serological method for the
diagnosis of ASF (23). Most commercial ELISA assays have been
developed based on recombinant ASFV structural proteins such
as p72, p54, and p30, and these assays have been used for clinical
diagnosis of porcine ASFV infection (25). At present, studies
have shown that in addition to the structural proteins of ASFV,
such as P72, p54, and p30, its non-structural proteins, such as
pK205R and pB602L, also have good immunogenicity, so an
effective ELISA method could be established based on these
proteins (17, 23).

The pB602L protein of ASFV is encoded by the B602L gene,
which contains a central variable region and is frequently used
for subgenotyping of ASFV isolates (26). One of the proven
markers to characterize this virus is the central variable region
(CVR) within the B602L gene (17, 27). pB602L is an important
nonstructural protein and a molecular chaperone of the major
structural protein p72, which is required for the formation of
the icosahedral capsid structure of ASFV (16). The B602L gene
contains a central variable region, so the amino acid sequence
alignment analysis of the B602L protein of different genotypes
of ASFV strains was carried out. The results are shown in
of the Supplementary Figures 1, 2. The B602L protein of the
strain has only a few amino acid differences, and the B602L
protein has a high homology in different genotype. We also
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performed an amino acid sequence alignment analysis of the
B602L protein of the genotype II ASFV strain prevalent in
China. The results are shown in of the Supplementary Figure 3.
The alignment results show that the B602L protein of the
known prevalent strains in China is not different. In conclusion,
the overall antigenicity of ASFV B602L protein is relatively
high, and there is only genotype II ASFV strain in China, so
the selection of B602L protein has high sensitivity. Previous
studies have shown that pB602L has good antigenicity and
immunogenicity; the protein can be recognized by domestic pig
and wild boar immune sera, and it may serve as a candidate
antigen for the development of diagnostic methods for ASFV
(28). Consistently high serological responses against pB602L
were observed at time points later in infection than responses
against the structural proteins in domestic pigs and bushpigs
infected with a range of different viral isolates (29, 30). B
Gutiérrez-Castafieda et al. show that ASFV B602L protein
can be applied to antibody kinetics (17). Consistently high
serological responses against pB602L was observed at time
points later in infection than responses against the structural
proteins in domestic pigs and bushpigs infected with a range
of different viral isolates (17). So Gutiérrez-Castafieda et al.
(17) suggests that an ELISA against these proteins may be
of use in distinguishing animals persistently infected with
virus from animals immunized with vaccines incorporating
virus structural proteins (17). This suggests that an ELISA
against these proteins may be of use in distinguishing animals
persistently infected with virus from animals immunized with
vaccines incorporating virus structural proteins. Previously, a
pB602L-based ELISA assay was used to detect ASFV serum
antibodies, which also distinguished pigs persistently infected
with native ASFV strains from pigs immunized with subunit
vaccines of structural proteins (16). Compared with eukaryotic
expression systems, prokaryotic expression systems have lower
production costs, simple operation, stable protein preparation,
and easy purification and are suitable for large-scale production
(31
system was used to express the ASFV pB602L protein. The

, 32). Therefore, in this study, a prokaryotic expression

results revealed that the obtained B602L protein was soluble
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and strong antigenicity, and the B602L protein could be served
as an ELISA antigen to create and improve an indirect ELISA
detection assay.

The indirect ELISA antibody detection method established
in this study has a sensitivity of up to 1:6,400. The established
method does not cross-react with antibodies against other
related swine viruses such as PRRSV, JEV, CSFV, GETYV, PCV2,
PPV, and PRV. The CV in not only intra-batch but also
inter-batch repeatability tests were <10%, which indicated that
the pB602L-ELISA method constructed in this research has
favorable repeatability. The concordance rate with a commercial
ELISA kit (ID Screen® African Swine Fever Competition)
for anti-ASFV detection was 97.33%. In conclusion, the
recombinant ASFV pB602L protein prepared in this study has
good antigenicity, and the established indirect ELISA antibody
detection method has good sensitivity, good specificity, and
high efficiency, and hence it is suitable for the on-site detection
of anti-ASFV. This will provide an experimental basis for the
detection of ASFV and the specific diagnosis of the disease. It
has the potential to become an effective tool for evaluating the
humoral immune response in pigs and the protective effects of
live attenuated vaccines. Similarly, the construction of ELISA
detection method is of great implication for the prevention and
treatment of ASF.

Conclusion

In this study, the pB602L-ELISA method for indirect
ASFV  detection was successfully established. It has
good reproducibility and specificity, and production and
operation are simple. This study lays the foundation
for the development of a kit for large-scale detection
of anti-ASFV.
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Inguinal lymph node sample
collected by minimally invasive
sampler helps to accurately
diagnose ASF in dead pigs
without necropsy

Xiaowen Li*%*', Yang Li**!, Mingyu Fan?, Shiran Fan*,

Wenchao Gao?, Jing Ren®, Qingyuan Liu'?, Jingtao Li*,
Weisheng Wu*, Junxian Li*, Qiannan Yu?, Xinglong Wang** and
Zhichun Yan**

!Shandong New Hope Liuhe Agriculture and Animal Husbandry Technology Co., Ltd., (NHLH
Academy Swine Research), Dezhou, China, ?Xiajin New Hope Liuhe Agriculture and Animal
Husbandry Co., Ltd., Dezhou, China, 3College of Veterinary Medicine, Northwest A&F University,
Yangling, China, “New Hope Liuhe Co., Ltd., Chengdu, China, *Swine Health Data and Intelligent
Monitoring Project Laboratory, Dezhou University, Dezhou, China

African swine fever (ASF) is a highly contagious hemorrhagic and
transboundary animal disease, and it threatens global food security. A
full necropsy to harvest the sample matrices for diagnosis in the farm may
lead to contamination of the premises and directly threaten to the herds. In
the present study, we compared the ASFV loads of the common samples
that can be collected without necropsy. The unmatched nasal, throat, rectal
samples were randomly taken using cotton swabs, and inguinal lymph node
samples were collected by the minimally invasive samplers from the dead pigs
of an ASF field outbreak farm. The ASFV loads of the samples were detected
by gPCR and the results suggested that the overall ASFV nucleic acids levels
of inguinal lymph node samples were higher than the swabs. What's more,
sets of matched nasal swabs, rectal swabs, throat swabs, inguinal lymph
nodes, serums, spleens and lungs samples were collected from 15 dead
ASFV naturally infected pigs. Similarly, the results showed that inguinal lymph
node samples, together with serum, spleen and lungs samples, contained
more ASFV nucleic acids than the swabs. Our findings demonstrated that the
inguinal lymph node collected by minimally invasive sampler is an ideal tissue
for diagnosing ASFV infection in dead pigs without necropsy.

KEYWORDS

African swine fever, inguinal lymph node, minimally invasive sampler, qPCR, diagnosis

Introduction

African swine fever (ASF) is a devastating swine viral disease that is reportable
to the World Organization for Animal Health (WOAH). It causes high fever, severe
depression, ataxia and hemorrhages in domestic swine and results in a mortality rate
approaching 100% (1). Since its emergence in Kenya in the 1920’s, ASF remains endemic
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in sub-Saharan Africa, the Indian Ocean region and Eastern
Europe (2-4). In 2007, ASF was confirmed in Georgia and
Russia, posing the risk of further dissemination into neighboring
countries (5). Since August 2018, ASF has spread to China,
the world’s largest pork producer and a leading pork importer
(6). Ongoing outbreaks of ASF afflicted the livestock industry
and wiped out 40% of the nation’s pigs, leading to severe
socioeconomic losses (7-9).

The causative agent of the disease, ASF virus (ASFV),
belongs to the genus Asfivirus within the Asfarviridae family
(10). ASFV is a complex enveloped virus containing a large
double-stranded DNA genome that ranges in length from
170 to 193 kbp (11, 12). Although scientists worldwide have
made great efforts to study the etiology and immunology of
ASFV, no prophylactic vaccine or treatment option is widely
accepted and used. Clinical diagnosis is impractical for the
similar classic symptoms of ASF and classic swine fever, swine
erysipelas and highly pathogenic porcine reproductive and
respiratory syndrome. Laboratory diagnosis is indispensable
to make a definite diagnosis for the dead ASF suspected
pigs. WOAH recommends two types of laboratory diagnosis,
including etiological diagnosis and serological diagnosis. To
date, qPCR has been widely used to detect ASFV nucleic acids
due to its simple, rapid, highly sensitive and specific features.
Nevertheless, the quantity and quality of conventional samples,
such as oral, nasal and rectal swabs vary from pig to pig. False-
negative results pose a concerning threat to herds. High ASFV
loads was found in organs, including brain, heart, spleen, tonsil,
bone marrow, lung, liver, kidney and lymph node (10, 13-
15). However, opening up the carcasses is time-consuming and
skilled, which often leads to contamination of the premises
and increases the risk of ASFV infection in the herds (16).
Researchers reported that the average viral loads of lymph nodes
were comparable with internal organs (14, 15). The purpose of
this study was to compare the ASFV loads of inguinal lymph
nodes and the common swabs that can be collected without a
full necropsy.

Method

This study was performed in line with the principles
of the Declaration of Helsinki. Approval was granted by
the Technology Ethics Committee of the Dezhou University
(DZU/TACUC_2022-2-18-1). The unmatched inguinal lymph
node samples, throat swabs, nasal swabs and rectal swabs were
collected randomly from the dead-ASFV positive pigs of a
naturally infected 1-2-year-old Landrace-Duroc-Large white
crossbred swine herd in Xiajin County, Shandong Province,
China (116016/67”E, 37013/17//N). For inguinal lymph node
samples, the minimally invasive sampler was used which consists
of a needle, a syringe, a handle and a connection rod inside
the needle (Figure 1A). The needle contains a barb, which can
remove the lymphoid tissue from the muscle. The connection
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rod can be inserted into the needle to extrude the tissue. As
shown in Figure 1B, the skin was punctured vertically with the
sampler to ensure that the barb entirely entered the tissue. The
sampler was pulled out, and the handle was pressed to push the
tissue out of the needle. The tissue was placed into a centrifuge
tube and submerged in 0.5 mL saline solution. For throat swab
sample, a long swab was inserted into the throat and moved back
and forth for five times. The mucus was eluted with 1 mL saline
solution in a sealing bag and the eluate was transferred into a
centrifuge tube (Figure 1C). The nasal swabs (Figure 1D) and
rectal swabs (Figure 1E) were collected using the short swabs
and eluted with 0.5mL saline solution. The matched inguinal
lymph node samples, throat swabs, nasal swabs and rectal swabs
were collected from 15 naturally infected dead-ASFV positive
pigs using the same methods. Blood in thorax were centrifuged
at 3,000 g for 2 min to separate serum. Sliced spleen and lung
samples were collected from a full necropsy in a slaughterhouse.

To determine the viral loads in each sample, the following
primers specific for ASFV B646L gene were designed based
on the ASFV isolate Pig/HLJ/18 (GenBank: MK333180.1)
(10) and used for qPCR: 5-AAAATGATACGCAGCGAAC-3’
(forward), 5-TTGTTTACCAGCTGTTTGGAT-3’ (reverse), 5-
FAM-TTCACAGCATTTTCCCGAGAACT-BHQ1-3’ (probe).
The qPCR was carried out in a Step One Plus instrument
(ABI) with PerfectStart — II Probe qPCR SuperMix (TransGen
Biotech, China) according to the manufacturer’s instructions.
To process the samples, homogenates of lymph nodes, spleens
and lungs were prepared using Precellys lysing kits with the
Precellys tissue homogenizer (Bertin, France). Swab samples
were oscillated and then centrifuged at 8,000 g for 2 min. The
total DNA of each sample (200 L) was extracted by Virus
DNA Extraction Kit II (Geneaid, Taiwan) as described in the
handbooks without modification. Five microliters of extracting
solution was taken for qPCR detection. Results of gPCR were
initially recorded as quantification cycle values.

Partial sequences of ASFV B646L were cloned into the
pMD18-T vector (Takara) to construct the ASFV DNA standard
plasmids (Supplementary material 1). Briefly, B646L gene
partial sequences were amplified using the following primers: 5’-
TACGAATTCGTTGGCCAGGAGGTATCGGT-3" (forward),
5-AGAGGATCCAAGAGGGGGCTGATAGTATT-3’ (reverse).
Amplification was carried out using a pre-mixed PCR solution
(P111-01, Vazyme) according to the instructions. As a standard
procedure, 40 consecutive cycles of thermal denaturation
at 95°C (15s), primer annealing at 60°C (15s) and primer
extension at 72°C (30 s) were carried out in a PCR thermocycler
(C1000, Bio-Rad). PCR products and pMD18-T plasmids were
digested with same restriction enzymes (EcoR I and BamH 1,
Takara). Fragments were purified by agarose gel electrophoresis
and linked by DNA ligases (C301-01, Vazyme) according to
the standard procedure. Positive clones were screened out
with Ampicillin culture dish and identified by sequencing. The
standard curve was obtained using a known concentration
of the recombinant T vector, which was serially diluted from
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A
B
C
D
E
FIGURE 1
Sampling tools and methods. (A) The structure of minimally invasive sampler. The sample contains three parts: the needle, the body and the
screw cap. The connection rod can insert into the needle to extrude the tissue. (B) Collect the inguinal lymph node sample with the minimally
invasive sampler. First, fix the inguinal lymph node and puncture the skin with the sampler. Then pull out the sampler and extrude the tissue into
(Continued)
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FIGURE 1 (Continued

swabs were then eluted in 0.5 mL saline solution

0.5 mL saline solution. (C) Collect the throat sample with a long swab. Insert the swab into the throat and moved back and forth for five times.
The swab was then eluted in 1 mL saline solution in a sealing bag. The eluate was stored in the centrifuge tube. Collect the nasal swab sample
(D) and rectal swab sample (E) with short swabs. The swabs were inserted into the nostril or anus and moved back and forth for five times. The
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FIGURE 2

ASFV contents in lymph nodes and swabs. Throat, nasal and
rectal samples were randomly collected by swabs and inguinal
lymph nodes were collected by minimally invasive sampler from
the dead pigs of an ASF field outbreak. ASFV contents were
detected by qPCR using specific primers and probes targeting
B646L gene. Individual CT values were converted to viral
genomic logig copy humbers based on an established standard
curve. The difference analysis was carried out by GraphPad
Prism v8.3.0 using unpaired t-test. ****p value < 0.0001.

108 to 10% copies/pL. The detection limit of qPCR assay is 2.5
copies/pL of the ASFV genome. The sample CT values were
converted to ASFV copy numbers based on the standard curve.
GraphPad Prism v8.3.0 was used to make graphs and analyze
the data by ¢-test.

Results
A total of 175 lymph node samples, 137 throat swab, 134

nasal swab, 71 rectal swab samples randomly collected from
the ASFV infected dead pigs were tested to determine the copy
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numbers of ASFV by qPCR. The overall highest copy numbers
of ASFV were found in the inguinal lymph node samples (p
< 0.0001, unpaired t-test) compared with the swab samples,
and the lowest copy numbers were found in the rectal samples
(Figure 2). The nasal and throat swab samples had almost the
same ASFV copies, which were relatively lower than the lymph
node samples and higher than the rectal samples. These data
suggested that the overall ASFV loads of inguinal lymph node
were higher than the unmatched swab samples in the field.

To compare the ASFV loads in different samples more
directly, we collected the throat swab, nasal swab, rectal swab
samples and inguinal lymph node sample from the single dead
pig (n = 15). Pigs were then dissected to collect the matched
serum, lung and spleen samples. All samples were tested for
ASFV contents by qPCR. As is shown in Figure 3A, viral loads
of lymph node samples were comparable with serums, spleens
and lungs. All of the 15 inguinal lymph node samples had higher
ASFV copies than the swab samples. Over all, the ASFV copies
of the throat swabs were parallel with the nasal swabs, and
12 of 15 rectal swabs had the lowest ASFV copies. These data
demonstrated that inguinal lymph nodes contain higher ASFV
loads than the swab samples.

When the ASFV genome copy numbers in the inguinal
lymph node samples were compared with those of the throat
swabs, nasal swabs and rectal swabs, there was a weakly
positive correlation (r = 0.12, 0.39, and 0.12, respectively).
Though all of lymph nodes, spleens and lungs samples contain
high ASFV copies, there was no strong correlativity. However,
strong positive correlation was found between the viral contents
0.78).
Interestingly, strong positive correlation (r = 0.89) also existed

of serum and inguinal lymph node samples (r =

between the respiratory and alimentary samples, including rectal
swabs, throat swabs, nasal swabs and lungs (Figure 3B). These
results indicated that even though ASFV genomic copy numbers
of throat swabs, nasal swabs and rectal swabs were relative, but
they were less than the inguinal lymph node samples as well as
the serum and internal organs.

Discussion

ASF is an acute viral infection that has a major impact
on global pig production. The availability of effective and safe
ASFV vaccines would support and enforce control-eradication
strategies. Therefore, work leading to the rational development
of protective ASF vaccines is a high priority (17-20). It
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The comparison of ASFV contents of different sample types from the single pig. Sets of matched nasal swabs, rectal swabs, throat swabs,
inguinal lymph nodes, serums, spleens and lungs of 15 pigs were collected and the ASFV contents were detected by gPCR. (A) Individual CT
values were converted to viral genomic logip copy numbers. (B) The correlation values of ASFV genome copies between different types of
samples were calculated using GraphPad Prism v8.3.0. Deeper blue means there are stronger positive correlation between the viral contents of
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was recently reported that a promising recombinant vaccine
candidate, ASFV-G-AI177L, was developed by deleting the
I177L gene from the genome of the highly virulent ASFV strain
Georgia (21-24). However, the presence of efficacy, residual
virulence and the possibility of reversion to virulence must be
evaluated in the field, which will need much further research
before commercialization. Due to the lack of vaccine or effective
treatments, prevention, control and eradication measures are
mainly based on enhanced biosecurity and early detection by
efficient laboratory diagnosis (18).

qPCR assays have many advantages compared with
immunology methods, such as simple operation processes, high
sensitivity, high specificity and excellent repeatability. Thus,
qPCR is the most commonly used laboratory test method to
diagnose ASFV at present. The low viral load, of course, also
means infection, as long as the test results are indeed positive.
However, in fact, weakly positive results always puzzle the
experimenter because of the possible reagents contamination
and aerosol contamination. The most challenging thing of
qPCR is how to get the samples with higher viral loads. The
internal organs such as spleen, lymph nodes, bone marrow, lung,
tonsil and kidney contain high viral loads and are WOAH-
recommended samples for ASF dead pigs, however, opening
up the carcass is inevitable and risky (25). A robust viremia
generally occurs within 2 days post ASFV infection and serum
was an usual sample to diagnose the disease (26, 27). However,
blood clotting happens within hours after the death, which
means serum is always unavailable in dead pigs. ASFV spreads
through the lymph and blood to secondary lymphoid organs
within 2-3 days, thus the lymphoid grans were thought be an
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ideal tissue type for early detection of ASFV (28). It’s interesting
to note that viral content of inguinal lymph node sample
has strong positive correlation with that of serum (Figure 3B),
suggesting that inguinal lymph node sample can replace serum
to detect ASFV in dead pigs. Actually, lymph nodes were used
for viral loads measurements in many studies (29-31). Among
the superficial lymph nodes, inguinal lymph node is the largest
and the most accessible one. ASFV genome copy numbers in
superficial inguinal lymph nodes highly correlate with those
in the spleen and its sensitivity to diagnose ASF oro-nasally
infection is 100% (16).

For the absolute avoidance of environmental contamination,
the minimally invasive sampler instead of surgical operation was
utilized to puncture the skin in a minimally invasive manner
to obtain lymph node tissue in the present study. As a result,
10 of 15 inguinal lymph node samples showed much higher
ASFV genomic copy numbers than the swabs, while the other
five contains similar but no less viral loads compared with the
throat swabs and nasal swabs. This possibly due to the sampling
errors caused by the sampling position deviation, reminding us
that the operating personnel should be well-trained to puncture
the lymph node accurately with the minimally invasive sampler.

The needle of the minimally invasive sampler costs a bit
more than a normal steel syringe needle. The sampler body
and the needle can be recycled after cleaning and disinfection,
which helps to keep costs down. What's more, the sampler helps
to increase the confirmed diagnostic rate and avoid the risk of
ASFV spread, which may sometimes save the whole herd in the
ASFV epidemic area. We believe that the costs of minimally
invasive sampler are acceptable to most ASF-disturbed breeders.
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In conclusion, the ASFV viral loads was proved to be
higher in the inguinal lymph nodes than the throat, nasal
and rectal swabs samples. Considering the threaten of ASFV
contamination to the herds, the lymph node samples collected
by minimally invasive sampler can be an optional alternative
of a full necropsy or a surgical operation to diagnose ASF in
dead pigs.
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African swine fever (ASF) and postweaning multisystemic wasting syndrome
(PMWS) are acute infectious diseases caused by the African swine fever virus
(ASFV) and porcine circovirus type 2 (PCV2). At present, there are no effective
vaccines for the prevention of ASFV. PMWS, which is harmful to the domestic
and even the world pig industry, is difficult to cure and has a high mortality.
So, developing simple, inexpensive, and accurate analytical methods to detect
and effectively diagnose ASFV and PCV2 can be conducive to avoid ASFV and
PCV2 infection. CRISPR has become a potentially rapid diagnostic tool due to
recent discoveries of the trans-cleavage properties of CRISPR type V effectors.
Herein, we report the visual detection based on CRISPR-Cas12a (cpfl), which is
more convenient than fluorescence detection. Through in vitro cleavage target
DNA activation, Cas12a can trans-cleavage ssDNA G-quadruplex. TMB/H>0O»
and Hemin cannot be catalyzed by cleavaged G-DNA to produce green color
products. This protocol is useful for the detection of ASFV and PCV2 with high
sensitivity. This method can enable the development of visual and label-free
ASFV and PCV2 detection and can be carried out in the field without relying
on instruments or power. This method can complete nucleic acid detection at
37 °C without using other instruments or energy. Our research has expanded
the application of Cas12a and laid the foundation for the field's rapid detection
of viral nucleic acid in future.

KEYWORDS

ASFV, PCV2, detection, Cas12a, G-quadruplex

Introduction

African swine fever (ASF) and porcine circovirus-associated diseases are
infectious diseases caused by the African swine fever virus (ASFV) and porcine
circovirus. ASFV’s clinical symptoms vary from acute and subacute to chronic.
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It is characterized by high fever, cyanosis, widespread
internal organ bleeding, respiratory disorder, and neurological
symptoms. It is incidence and mortality rate are nearly 100%
(1). ASF has broken out in Europe, Africa, and Asia and
brought huge economic losses to the pig industry (2, 3). ASF
was first reported in China in 2018 and has caused huge social
and economic losses (4, 5). Recently, the low pathogenicity
of ASFV non-hemadsorbing isolates has been reported (6),
which makes the prevention and control of ASF more and more
difficult. Real-time polymerase chain reaction (PCR) assay and
chemiluminescence immunoassay have been reported for the
detection of ASFV (7, 8).

Porcine circovirus type 2 (PCV2) is classified in the
circoviridae family and ssDNA animal virus (9) and is associated
with postweaning multisystemic wasting syndrome (PMWS) in
the pig. PCV2 has caused severe losses in the global swine
industry in recent decades (10). Although the PCV2 vaccine
is available because of the short protection period and mixed

10.3389/fvets.2022.1036744

infection of different genotypes, it is not easy to eliminate
PCV2 from pigs by vaccination alone (11, 12). Loop-mediated
isothermal amplification (LAMP) and multiplex real-time PCR
assay have been used for PCV2 detection (13, 14).

Developing simple, inexpensive, and accurate analytical
methods to detect and effectively diagnose ASFV and PCV2 is
conducive to avoid ASFV and PCV2 infection. The diagnosis
of virus infection generally includes virus isolation and
identification, the detection of virus nucleic acid, antigen, and
the specific antibody, which not only takes a long time but also
requires high standards of medical equipment and operators.
Ideal diagnostic tests should deliver results quickly and be
enabled for instant use on a variety of sample types without
excessive reliance on a technician or an auxiliary device (15).

At the University of California, Jennifer Doudna, Alexandra
East-Seletsky, and their colleagues used Casl3a incidental
cleavage activity to detect RNA (16). Zhang Feng has
demonstrated that Casl3-based Specific High Sensitivity

Trans cleavage
G-quadruplex ssDNA

A

I Y A

The principle of DNA detection by CRISPR-Cas12a. (A) LbCas12a cis-cleavage target DNA and trans-cleavage non-specific G-quadruplex
ssDNA. (B) Completed G-quadruplex ssDNA has HRP activity in the presence of K* and hemin, which has the ability to catalyze TMB and H,O»
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to form green products. In contrast, cleavaged G-quadruplex ssDNA does not have this ability.

Cleavaged G4 ssDNA
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Enzymatic Reporter UnLOCKing (SHERLOCK) can be applied
for detecting Zika virus (ZIKV) and Dengue virus (DENV) in
patient’s samples (17). When Casl3a detects the target RNA
sequence, its indistinguishable RNAase activity (incidental
cleavage activity) also cleaves the RNA reporter molecule and
releases detectable fluorescent signals.

When Casl3a binds to crRNA and identifies the
corresponding RNA sequence, Casl3a RNAase activity is
activated, and the activity of Casl3a also cuts other untargeted
RNA. This phenomenon is called the “collateral effect.” At the
same time, Chinese and American researchers proposed that
FnCpfl and LbCpfl proteins (also known as FnCasl2a and
LbCasl2a) also have the “collateral effect” (18). These gene
detection techniques based on LbCas12a are named DETECTR
(DNA Endonuclease Targeted CRISPR Trans Reporter). The
principle of DETECTR is similar to SHERLOCK. Casl3a
recognizes target RNA and is activated for untargeted RNA
cleavage, while Casl2a recognizes target DNA and is activated
for untargeted ssDNA cleavage. F-Q label RNA/ssDNA cleavage
by Casl3a/12a is confirmed by fluorescence detection.

DNAzymes (19), DNA
hybridization assays, and catalytic beacons for the detection of

possess practical advantages
DNA and telomerase activity (20). As for metal ion detection,
K(+) sensitive G-quadruplex DNA PS5.M as a sensitive
element has promoted the development of K(+) detection
(21). Aptasensors for small molecules and proteins, utilizing
the bioelectrocatalytic function of hemin/G-quadruplex DNase
activity to develop glucose oxidation and biosensors detection
methods also can be used to detect DNA or low-molecular-
weight substrates (22). For example, visual detection of
single-nucleotide polymorphisms (SNP) (23). Therefore, they
can be promising candidates for practical applications.

Herein, we report the visual detection based on CRISPR-
Casl2a (cpfl), which is more convenient than fluorescence
detection. Through in vitro cleavage target DNA activation
Casl2a trans-cleavage ssDNA G-quadruplex. TMB/H,0, and
Hemin cannot be catalyzed by cleavage G-DNA to produce
green color products. This protocol is useful for the detection
of ASFV and PCV2 nucleic acid with high sensitivity. As
demonstrated, our research could enable the development of
visual and label-free ASFV detection and can be carried out in
the field without relying on instruments or power.

Materials and methods

The short G-rich DNA sequence (GDS) PWI17 5
GGGTAGGGCGGGTTGGG 3’ and primers used in this
study were synthesized and provided by Tsingke Biotech
Co. (Beijing, China) (Supplementary Table S1). Hemin, Tris—
HCI, DMSO (Dimethyl Sulfoxide), and KCI were purchased
from Sigma-Aldrich (Shanghai, China). TwistAmp ™~ Basic

recombinase polymerase amplification (RPA) was used to
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amplify clinical samples. LbCas12a was purchased from NEB
(MO0653T, Beijing, NEB). T7 high-yield RNA transcription kit
was purchased from Vazyme (Nanjing, China). 10 x reaction
buffer prepared with 100 mM Tris-HCI, 150 mM NaCl, 12 mM
MgCly, and 12 mM KCL

Determination of the optimum hemin
and G-quadruplex concentration

PW17 is a nucleic acid sequence often used to form
G-quadruplex monomer. Synthetic PW17 was dissolved in
100 uM DNA stock solution by ddH,O. PW17 was diluted
before use. Hemin was dissolved with DMSO to 50 mM,
stored at 4 °C, and diluted before use. In order to determine
the optimum hemin concentration, 1.0 uM G-quadruplex and
different concentrations of hemin were mixed, respectively, with
reaction buffer at a total volume of 50 WL at 37 °C for 60 min.
For checking the optimum G-quadruplex concentration, 2.0 uM
hemin was mixed with different G-quadruplex concentrations,
respectively. The reaction system is the same as above. The
optimal reaction time was measured to determine the best
detection time. We mixed 2.0 wM hemin with 0.4 pM G-
quadruplex at 37 °C, observed the color, and determined the
ODys5g at different times.

ASFV and PCV2 target DNA selected and
crRNA designed

The African swine fever virus VP72 protein gene and PCV2
capsid protein (Cap protein) gene are the conserved gene
sequences selected as target DNAs. The target DNAs were cloned
by PCR with primer pairs ASFV VP72 F/R and PCV2 Cap F/R
(Supplementary Table S1).

CRISPR-DT  online design website was used for
crRNA prediction (24). crRNA F and PCV2 crRNA R
primers were used for synthesizing crRNA, which targets
PCV2. cRNA F and ASFV cRNA R primers were
used for synthesizing crRNA, which targets ASFV. The
T7 high-yield RNA transcription kit for RNA synthesis
in vitro.

Analysis of crRNA cleavage efficiency and
optimal cleavage time

LbCas12a and crRNA cleaving target DNA activity in vitro
were verified by the following reaction system: 500 ng DNA
fragment, reaction buffer (10x) 2.5 wL, crRNA 1 pL (40 ng/pL
final), 1 uM LbCasl2a (Cpfl) 2.5 pL (100nM final), total
reaction volume 25 L at 37°C for 60 min, and 72°C for 10 min
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FIGURE 2
The analysis of optimal reaction time and target DNA sequence. (A) TMB is catalyzed by 0.4 uM G-quadruplex and 2 uM hemin. The color
gradually deepened with the increase of time, and the green color could be observed after incubation at 37 °C for 20 min. (B) crRNAs were
designed and synthesized according to the PCV2 Cap protein gene, and the cleavage efficiency of crRNA targeting PCV2 Cap was analyzed.
Lane M: 2000 DNA ladder; Lane 1: negative control, PCV2 Cap gene was cut by ASFV crRNA and Lbcas12a; Lane 2: PCV2 Cap gene was cut by
PCV2 crRNA and Lbcas12a. (C) crRNA was designed and synthesized according to ASFV VP72 protein gene, and the cleavage efficiency of
crRNA targeting ASFV VP72 was analyzed. Lane M: 2000 DNA ladder; Lane 3: negative control, ASFV VP72 gene was cut by PCV2 crRNA and
Lbcas12a; Lane 4: ASFV VP72 gene was cut by ASFV crRNA and Lbcas12a. (D) Evaluation of the efficiency of trans-cleavage G-quadruplex
ssDNA by LbCas12a with crRNA over time.

inactivation. Gel electrophoresis is used for the analysis of
cleaving efficiency.

A concentration of 50 nM ASFV VP72 DNA fragment,
2.5 pL of cleavage buffer (10x), 1 pL of crRNA at a final
concentration of 40 ng/pL, 2.5 pL of 1 pM LbCasl2a (Cpfl)
at a final concentration of 100nM, and 1 pL of G-quadruplex
and added up to 25 pL by HpO at 37 °C for different time
periods. Analysis of cutting efficiency is determined by adding
2wM of hemin, reaction buffer, and 100 wL of TMB/H,O,.
The reaction solution was incubated at 37 °C for 20 min.
The color and ODy59 were observed and determined at
different times.

Frontiersin Veterinary Science

RPA amplification and nucleic acid
extraction

Recombinase polymerase amplification was used to amplify
clinical samples in vitro (25). TwistAmp — Basic was applied for
amplification. PCV2 RPA F/R and ASFV RPA F/R primer pairs
were used for RPA. PCV2 Cap and ASFV VP72 DNA templates
were adjusted to 1.0 x 103, 1.0 x 102, and 1.0 x 10! copies,
and 2 pL of DNA template was added for RPA amplification.
MagBead DNA Purification Kit was applied for the purification
of the DNA fragments, which were resuspended and recovered
with 20 pL of ddH,O.
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FIGURE 3

A schematic illustration of DNA detection by CRISPR-Cas12a combined with G-quadruplex. (A) RPA amplified target sequence. (B) Target DNA
magnetic bead purification. (C) LbCas12a cleavage target DNA and non-specific cleavage G-quadruplex ssDNA incubated at 37 °C for 60 min.
(D) Color observation after incubation adding hemin, TMB, and K* at 37 °C for 20 min.

Sensitivity of PCV2 and ASFV DNA
detection by CRISPR-Casl12a combined
with G-quadruplex

Porcine circovirus type 2 capsid and ASFV VP72 DNA
templates were adjusted to 1.0 X 103, 1.0 x 102, and 1.0 x
10! copies, and 2 pL of DNA template was added for RPA
amplification. DNA fragments were purified by resuspending
and recovering by 20 pL HO. The 18 pL of RPA reaction
product was added with 2.5 pL of reaction buffer (10x), 1 pL
of crRNA at a concentration of 40 ng/uL, 2.5 pL of LbCasl2a
(Cpf1) at a concentration of 100 nM, and 1 wL of G-quadruplex
and incubated at 37 °C for 45min. 2.0 WM hemin, reaction
buffer, and 100 pL TMB were added and incubated for 20 min.
The observation of green-colored oxidized products determined
DNA detection.

Gel electrophoresis

Gel electrophoresis was to confirm the PCR and RPA
amplification and DNA cleavage. The 40 mL agarose
gel contains 1.2% agarose and 1xTBE at pH 8.0. The
electrophoresis was run with a voltage of 120V for

30 min.
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Results

Determination of the optimum hemin
and G-quadruplex concentration

Casl2a, upon cleaving the target dsDNA, will proceed to
cleave ssDNA in a nonspecific manner, the so-called “trans-
cleavage.” Using this principle, the target sequence, amplificated
by RPA, is cut by Casl2a and crRNA, activating the trans-
cleavage activities of Casl2a. The G-quadruplex ssDNA is cut
by activated Casl2a, so it cannot form a spatial structure
and loses the oxidase activity. If there is no target sequence,
the G-quadruplex ssDNA is not cut by Casl2a. Then G-
quadruplex forms a spatial structure and has oxidase activity.
The complete G-quadruplex and hemin combine to catalyze
TMB to show blue. In this study, the positive reaction is
colorless, and the negative reaction is blue. The principle of DNA
detection by CRISPR-Casl2a and the research scheme of this
study is shown in Figure 1. When the ODy450 was close to 1.0,
the minimum hemin concentration was the best dosage. We
determined that the optimal hemin concentration was 2.0 uM
(Supplementary Figure S1). When the reaction was obviously
green, the minimum G-quadruplex concentration was selected
as the best dosage. The optimal G-quadruplex concentration
was 0.4 WM (Supplementary Figure S2). With the prolongation
of reaction time, the color green gradually deepened, and OD
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FIGURE 4
Sensitivity of PCV2 and ASFV DNA detection by CRISPR-Cas12a combined with G-quadruplex. (A) RPA amplified target DNA. Lane M: 2000 DNA
ladder; Lane 1: negative control; Lane 2: RPA amplification of PCV2 target sequence; Lane 3: RPA amplified ASFV target sequence. (B) PCV2 DNA
detection by CRISPR-Cas12a combined with G-quadruplex. The least copies of this method were 10° copies. (C) ASFV DNA detection by
CRISPR-Cas12a combined with G-quadruplex. The least copies of this method were 102 copies.

increased; the figure shows the color development over the time crRNA cutting efficiency and optimal
period of 60 min (Figure 2A). Cleavage time

. CRISPR-DT  online  design  website was  used
ASFV VP72 protein gene and PCV2 cap for cRNA prediction. Two crRNAs were designed

prOtein gene as the target DNAs (Supplementary Figures 54, S5) and synthesized, respectively,
in each target DNA with primer crRNA F and PCV2 crRNA
VP72 and Cap are the conserved genes of ASFV and R/ASEFV crRNA R by T7 high-yield RNA transcription Kkit.

PCV2. To investigate the DNA cleavage feature of Casl2a, The activity of LbCasl2a and crRNA cleaving target DNA in
we employed LbCasl2a to cleave target DNA in vitro. vitro was verified. The results are presented in Figures 2B,C.
ASFV VP72 protein gene and PCV2 Cap protein gene are In the presence of LbCas12a and crRNA, the PCV2 Cap gene
the target DNAs and were cloned (Supplementary Figure S3) and ASFV VP72 gene target sequences were cut and generated
by PCR with primer pairs PCV2 Cap F/R and ASFV short products. The results indicated that target DNAs were
VP72 F/R. recognized by designing crRNA efficiently.
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Single-stranded DNA can be degraded by activated Casl2a
non-specifically. LbCasl2a and crRNA cutting PW17 G-
quadruplex ssDNA activity in vitro was verified. The results
indicated that G-quadruplex DNA was cut by activated
LbCasl2a. Once generated cleavage G-quadruplex, the green
color will not be observed. The best cleavage efficiency can
be achieved in 45 min (Figure 2D). Over time, the green color
could not be observed. In order to ensure the completion of G-
quadruplex cleavage, 45 min had been selected as the reaction
cleavage time.

Sensitivity of PCV2 and ASFV DNA
detection by CRISPR-Casl12a combined
with G-quadruplex

LbCasl12a is a fluorescence analyzer for gene detection, so it
is important to develop a detection method for LbCas12a nucleic
acid without power or instruments. Activated Casl2a can cut G-
quadruplex and make the color reaction disappear. It can be used
for unmarked naked-eye detection.

Casl2a nucleic acid detection scheme is shown in
Figure 3. RPA was used to amplify clinical samples in vitro
(25). TwistAmp ~ Basic was applied for amplification.
PCV2 Cap gene and ASFV VP72 gene were amplified
by RPA (Figure4A). PCV2 Cap and ASFV VP72 DNA
10°, 1.0 x 10%
copies, and 2 pL of DNA template

template were adjustment to 1.0 X
and 1.0 x 10!
was added for RPA amplification. The RPA maximum
amplification is 1.0 x 103 copies for the PCV2 Cap gene
(Supplementary Figure $6), and 1.0 x 10% copies for the ASFV
VP72 gene (Supplementary Figure S7).

MagBead DNA Purification Kit is used for purifying DNA
fragments, 20 WL of ddHO resuspend and recover DNA
fragments. The 18 wL RPA reaction product was added with
2.5 wL of reaction buffer (10x), 1 wL of crRNA at a final
concentration of 40 ng/nL, 2.5 pL of 1 pM LbCasl2a (Cpfl)
at a final concentration of 100nM, and 1 pL of G-quadruplex
and incubated in 37 °C 45 min. 2.0 pM hemin and 100 pL TMB
were added and incubated for 20 min. Green-colored oxidized
product was used for DNA detection (Figures4B,C). If the
reaction fluid is green, it indicates no target DNA, while colorless
indicates target DNA. The results showed that the least copies
of PCV2 DNA detected by CRISPR-Cas12a combined with G-
quadruplex was 103 copies, and the least copies number of ASFV
DNA detected by CRISPR-Cas12a combined with G-quadruplex
was 10% copies. Our results indicated that G-quadruplex could
be used as a substrate for color reaction, nucleic acid could
be detected without an instrument, and the reaction could be
carried out at room temperature. This method can be used
for field diagnosis with high detection speed and accuracy in
poor conditions.
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Discussion

The African swine fever virus, a double-stranded DNA virus
with a genome size of 170-193 kb, belongs to the ASF family
(26). The virus has five unique structural features, including
an outer membrane, capsid, double inner membrane, core-
shell, and genome. The virus particle contains more than 30,000
protein subunits and is assembled into spherical particles with a
diameter of about 260 nm. Most of the virus surface is composed
of the main capsid protein VP72 (27). At present, there are no
effective vaccines for the prevention of ASE so a rapid detection
for effective diagnoses of ASFV is conducive to the purification
of ASF.

At present, there are no specific treatments for PCV2. It
is easy for it to be coinfected with other viruses, such as
classical swine fever virus (CSFV), porcine reproductive and
respiratory syndrome virus (PRRSV), and porcine pseudorabies
virus (PRV), thus brings great difficulties to the diagnosis (28).
The virus was detected according to clinical symptoms, and
mixed infection was easy to lead to missed detection of the PCV2
virus. Some methods have been developed for PCV2 detection.
An isothermal RPA assay has been established (29). In addition,
the droplet digital polymerase chain reaction (30) and TB green
II-based duplex real-time fluorescence quantitative PCR assay
(31) were applied to detect PCV2 and PCV3.

African swine fever continues to mutate in China, and
there is no effective vaccine yet. Therefore, the farms need
to find it early and report it to the authorities as soon
as possible, to kill and disinfect the pigs in the epidemic
area, and to better limit the spread of the virus. As an
immunosuppressive disease, PCV2 needs to be isolated and
eliminated from infected pigs. This method can promote
the diagnosis of infected pigs and assist the management of
pig farms.

At present, the detection of ASFV and PCV2 has been
reported in many methods and with high sensitivity. The
detection sensitivity of DNA extraction-free qPCR, visual LAMP,
and fluorescent LAMP assays for the detection of ASFV could
detect 5.8 copies/\LL, the same as qPCR (32). The RPA-Casl2a-
fluorescence assay can be detected with as few as two copies
of ASFV (33). The One-pot platform for rapid detecting
viruses utilizing RAA and CRISPR/Casl2a could detect 3.07
copies/L (34). The detection sensitivity of EvaGreen real-time
PCR combined with melting curve analysis could detect 5.0
copies/pL (35). LAMP-coupled CRISPR-Cas12a can be detected
with a low detectable limit of 1 copy/iL of PCV2 (36). In this
study, the detection sensitivity of ASFV and PCV2 was 102
copies and 10® copies, respectively, which are lower than the
above detection methods. The above methods, especially the
qPCR method, which is the gold method for virus detection,
require instruments and are not conducive to field detection.
Our method can well avoid this problem. It does not rely
on instruments but only on reaction in tubes. Our method
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can directly observe the results with naked eyes, which is not
available in the above methods.

The HIyA gene is by hemin/G-quadruplex DNAzyme
and hybridization chain reaction signal amplification (37). G-
quadruplex-based biosensors have a particular focus on SARS-
CoV-2 detection (38). The detection of patulin toxin is by using
DNA G-quadruplex with aggregation-induced emission (39).

African swine fever and porcine circovirus are two infectious
diseases that China’s breeding industry pays more attention. The
rapid detection of ASF is helpful for the farms to report the
epidemic situation to the authorities. After the official diagnosis,
the pigs in the farms will be harmlessly treated as soon as
possible to limit the spread of ASFV. Porcine circovirus infection
leads to the decline of pig immunity, and it is easy to infect
other bacterial or viral infectious diseases. The method we
studied can quickly detect ASF and circovirus type 2 without
relevant instruments. At present, this method is aimed at DNA
viruses and mainly relies on the DNA amplification of RPA.
It cannot detect RNA vaccines. Therefore, it is necessary to
develop further the RNA virus detection method based on
this study.

Conclusion

At present, ASF is spreading in China and European
countries, and farms need to find and report quickly to better
limit the spread of the virus. PCV2 is an immunosuppressive
disease. This method can speed up the diagnosis of infected pigs
and isolate and eliminate infected pigs. In this study, effective
detection of ASFV and PCV2 nucleic acid as the target gene is
achieved. In addition, this method can complete nucleic acid
detection at 37 °C without using other instruments or energy.
Our research has expanded the application of Cas12a and laid
the foundation for the field rapid detection of viral nucleic acid

in future.
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SUPPLEMENTARY FIGURE S1
Determination of the optimum hemin concentration. Red curve with
1mM G4; Green curve without G4.

SUPPLEMENTARY FIGURE S2
Determination of the optimum G-quadruplex concentration. Red curve
with 2 wuM hemin; Green curve without hemin.

SUPPLEMENTARY FIGURE S3

Target gene amplification. Lane M: 2000 DNA marker; Lane 1: negative
control; Lane 2: PCV2 Cap protein gene PCR amplification; Lane 3: ASFV
VP72 protein gene PCR amplification.

SUPPLEMENTARY FIGURE S4
RPA primers and crRNA design of PCV2 Cap gene.

SUPPLEMENTARY FIGURE S5
RPA primers and crRNA design of ASFV VP72 gene.

SUPPLEMENTARY FIGURE S6

Sensitivity of RPA for PCV2. Different copies of PCV2 DNA were used as
template for RPA. The PCV2 lowest copies that could be determined by
RPA was 10° copies. Lane M: 2000 DNA marker; Lane 1: Negative
control; Lane 2: 10° copies; Lane 3: 10? copies; Lane 4: 10! copies.

SUPPLEMENTARY FIGURE S7

Sensitivity of RPA for ASFV. Different copies of ASFV DNA were used as
template for RPA. The ASFV lowest copies that could be determined by
RPA was 102 copies. Lane M: 2000 DNA marker; Lane 1: Negative
control; Lane 2: 10% copies; Lane 3: 102 copies; Lane 4: 10' copies.

SUPPLEMENTARY TABLE S1
Sequence information for primers.
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Combination of Fe(OH)3
modified diatomaceous earth
and gPCR for the enrichment
and detection of African swine
fever virus in water

Hao Wu'?, Zihan Tian'?, Lun Yao'?, Ahmed H. Ghonaim*?23,
Xiaoyu Chen'?, Shengnan Ruan’?, Huimin Li*?, Wentao Li'?
and Qigai He'%*

!State Key Laboratory of Agricultural Microbiology, College of Veterinary Medicine, Huazhong
Agricultural University, Wuhan, China, 2The Cooperative Innovation Center for Sustainable Pig
Production, Huazhong Agricultural University, Wuhan, China, *Desert Research Center, Cairo, Egypt

Water is one of the primary vectors for African swine fever virus (ASFV)
transmission among swine herds. However, the low concentrations of ASFV
in water represent a challenge for the detection of the virus by conventional
PCR methods, and enrichment of the virus would increase the test sensitivity.
In this study, aiming to enrich ASFV in water quickly and efficiently, a rapid and
efficient water-borne virus enrichment system (MDEF, modified diatomaceous
earth by ferric hydroxide colloid) was used to enrich ASFV in water. After
enrichment by MDEF, conventional real-time PCR (qPCR) was used for ASFV
detection. ASFV were inactivated and diluted in 10L of water, of which
4mL were collected after 60 min treatment using the MDEF system. Two
thousand five hundred times reduction of the sample volume was achieved
after enrichment. A high adsorption rate of about 99.99 (+0.01)% and a high
recovery rate of 64.01 (£10.20)% to 179.65 (£25.53)% was achieved by using
1g modified diatomaceous earth for 10 L ASFV contaminated water. The limit
of qPCR detection of ASFV decreased to 1 x 107111 GU ml~1 (genomic
units per milliliter) from 1 x 10271 GU ml~1 after concentrating the spiked
water from 10L to 4 ml. Preliminary application of MDEF allowed successful
detection of African swine fever virus (ASFV), porcine circovirus type 2 (PCV2),
and pseudorabies virus (PRV) in sewage. Thus, the combination of modified
diatomaceous earth and real-time PCR is a promising strategy for the detection
of viruses in water.

KEYWORDS

modified diatomaceous earth, Fe(OH)z colloid, virus enrichment, African swine fever
virus, waterborne viruses

1. Introduction

Pathogens in drinking water cause significant hazards to both human and animal
health. The causative agents of waterborne disease fall into three major categories,
namely, bacteria, viruses, and parasites (1). In 1993, Charles N. Haas estimated that
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human have a 5% lifetime risk of death from exposure to
waterborne viruses (2) and these risks have not changed
significantly over time (3). Most pathogens spread through
media contaminated by infected animals’ body fluids, exhaled
aerosols, and fecal or urinary excretions. Many viruses are
detected in water, including environmental waters, bath water,
river, and seawater (4). The use of sedimentation, filtration,
and other sanitization methods have decreased the risk of
infection by pathogens in human drinking water (5). However,
relatively little research has focused on the risk assessment of
pathogens present in water used for animal production. Most
livestock farms use untreated or inadequately treated river-
or groundwater, posing a high risk of diseases to livestock
and threatening food safety. P.F.M. Teunis reported that
traditional water treatment methods, such as long-term storage,
flocculation/precipitation, filtration, and ozone disinfection,
cannot fully disinfect water, and the low concentration of
pathogens in post-treatment samples frequently result in zero
counts during measurement (6).

Most current assessment procedures for water quality and
disease risk focus of the water’s bacterial CFU index. However,
there is no association between bacterial indicators and the
type and number of waterborne viruses, and consequently,
waterborne viruses are often ignored (7). Hence, efficient and
cost-effective enrichment methods are urgently needed for the
detection of waterborne viruses. Such procedures would allow
the assessment of the biosafety risk of water.

Pork is a leading source of high-quality protein in many
people’s diets and, thus, its supply and safety have significant
implications for human health. The emergence of several swine
viral diseases can potentially cause pork supply shortages and
international trade restrictions. In particular, an acute and highly
contagious viral disease (mortality rate exceeding 90%), African
swine fever (ASF), is currently causing severe economic losses
to the swine industry. It is especially serious since ASF was
reported to spread in China in 2018, which has half of the world’s
swine population. ASF has been listed as one of the notable
diseases by the World Organization for Animal Health (WOAH)
because of its significant economic, trade, and food-security
implications (8).

ASE, Dbelonging to the genus Asfivirus of the family
Asfarviridae is a large, enveloped, double-stranded DNA
virus. It can be transmitted through different routes, such
as direct or indirect contact with infected pigs and their
secretions, excretions, blood, tissues, pork, and pork products,
as well as being transported in contaminated water, vehicles,
feed, personnel, and other approaches (9). Strong biosecurity
measurements have been applied on swine farms in ASF-
affected areas to prevent the spread of the disease. Even though
personnel, vehicles, and goods can be managed, it is difficult
to avoid the spread of ASFV to a pig farm if flooding with
ASFV-contaminated water occurs. Within a farm, ASFV is
spread primarily through virus-infected saliva or feces. Sewage
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from washing pens, water trough residues (10), and other
manufacturing activity could easily lead to ASFV pollution
in affected pig farms. ASFV can infect pigs at a dose as
low as 1 TCIDsg; therefore, pigs can be easily infected by
ASFV-contaminated water (11). As the detection of ASFV at
low concentrations is challenging, an extra enrichment step is
required to increase the template concentration before virus
detection. Pei and colleagues reported that the number of
pathogens in river water, well water, and other water sources are
extremely low and often more than 10 L of water is required for
enrichment for pathogen detection (12).

Viruses and other bio-colloids have a pH-dependent surface
charge in polar media such as water. This electrostatic charge
determines the mobility of the soft particle in an electric
field, governing its colloidal behavior, which in turn plays
a key role in viral adsorption processes. The isoelectric
points (IEPs) of viruses range from 1.9 to 8.4, with most
in the region of 3.5 to 7.0 (13). Viruses can be adsorbed
on a solid matrix by electrostatic attraction or hydrophobic
interaction at a defined pH value. Because of this electrochemical
property, charged filter material can be used for adsorption
of viruses in water. The adsorbed virus can then be eluted
from the membrane for detection. Two types of filters are
used to concentrate viruses, namely, electro-positively charged
filters to concentrate viruses at around pH 7.0 (14-16) and
electronegatively charged filters to concentrate viruses at lower
pH (17). The adsorption efficiency can be further enhanced
by modifying the surface charge of the filter with divalent and
trivalent cations such as aluminum (AI’1), magnesium (Mg2+),
ferric iron (Fe>1), and other ions (18). A combination of
charged membrane filters and microfluidic filtration techniques
have also been used to process large volumes of water. These
methods are particularly useful when processing large sample
volumes and can be used on a scale of liters. However,
the miniaturization of filtration techniques into microfluidic
devices may result in clogging, limiting their applications to
clinical samples (1). Since water in natural environments,
such as rivers and wells, is usually weakly alkaline (pH >
7), and viruses carry a negative charge on their surfaces
(IEP < pH), positively charged filter media are extremely
efficient for capturing viruses (15, 16, 19, 20). Seeley and
Primrose coated microporous filters with aluminum hydroxide.
The filters tended to be clogged, reducing their filtration of
water, and thus reduced their application efficacy. Michen
et al. reported that modified diatomaceous earth allowed better
water flow due to its larger pore size and the fact that
viruses may be retained by adsorption mechanisms resulting
from intermolecular and surface forces (21). Emerging water
treatment technologies using ferrous and zero-valent iron
have shown the potential of reducing viral contamination
using both inactivation and adsorption. Iron electrocoagulation
was investigated for virus mitigation in drinking water using
laboratory experiments (22).
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Methods such as ultracentrifugation, immuno-filtration
(23), immunomagnetic separation (24), precipitation, and
organic flocculation (25) have also been used for virus
enrichment. According to the recommendations by the manual
of Diagnostic Tests and Vaccines for Terrestrial Animals (World
Organization for Animal Health, WOAH), real-time PCR is
widely used for ASFV detection. A promising method for
detecting ASFV in farms could be the combination of an
enrichment system and real-time PCR.

2. Materials and methods

2.1. Preparation of MDEF filter and EGM
filter

The MDEF system’s filter material was diatomaceous
earth (Qingdao Ocean Chemical Co., Ltd., Qingdao,
China) with Fe(OH)s colloids attached to the surface
(Supplementary Figure S1). A saturated solution of FeCl3
was prepared by dissolving 1.6 g of ferric chloride hexahydrate
(Sinopharm Chemical Reagent Company Limited, Shanghai,
China) in 1 ml of distilled water at room temperature (25°C).
Next, 0.5ml of saturated FeCls solution was added dropwise
to 100 ml boiling distilled water. The heating equipment was
turned off when the solution turned a burgundy color. After
standing for 1h, the Tyndall effect was applied to assess the
development of Fe(OH)3 colloids (there is a distinct light
channel when the colloid is illuminated by a laser pointer).
The pellets should not be visible in this solution (Figure 1A).
One hundred grams of diatomaceous earth with a size range
of 0.12-0.16 mm were then mixed with 100 ml of the Fe(OH)3
colloids, and the mixture was dried at 50°C for more than 24 h.
One gram of the dried modified diatomaceous earth was then
applied to a polypropylene column (JinYang Filter Equipment,
Hebei, China) with an inside diameter of 1.5 cm and a height of
7.5 cm pre-packed with a filter pad (JinYang Filter Equipment,
Hebei, China).

The polypropylene filter cartridges and AI(OH)3 precipitates
were prepared for filter cartridge systems with electropositive
granule media (EGM) as previously described (26). First, 1.26 g
AICl3 and 8.55ml of 2mol L™! NayCO3 were used to create
an Al(OH)3 precipitate. This was mixed well with 80 g silica
gel (Marine Chemical Co., Qingdao, China) and dried at 50°C
for over 24 h, resulting in the EGM. Lastly, 1 g of the EGM was
gently added to a polypropylene filter cartridge containing sterile
water (26, 27).

2.2. Description of the MDEF system

The MDEF system comprised two water containers, two
PVC (polyvinylchloride) pipes with inner diameters of 4.8 mm,
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an MDEF filter, and one peristaltic pump (Figures 1B, C). Water
samples flowed into the collection barrel after passing through
the filter column and peristaltic pump (maximum pumping
speed of 250 ml min_l). After filtration, the ASFV on the MDEF
were eluted using elution buffer. Three types of elution buffer
(the details are listed in Table 1), including 10x nutrient broth
medium (10xNB), 1M NaCl, and 1.5% beef extract with 0.05 M
glycine (1.5% GBE), were tested to compare their efficiency
for virus elution. Four milliliters of elution buffer were added
to the filtration column with the virus for MDEF suspension
in the added buffer. The suspension was transferred to 10 ml
Eppendorf (EP) tubes, placed on a horizontal shaker, and shaken
for 1h to ensure that the MDEF could release the ASFV into
the elution buffer. After 1h of shaking, the suspension was
allowed to precipitate, and 1 ml of the supernatant was used for
qPCR analysis.

2.3. Preparation of spiked water sample

ASFV was inactivated at 60°C for 60min in a Class II
biosafety cabinet in an ABSL-3 laboratory (8). Inactivation was
confirmed by inoculation into porcine alveolar macrophages
(PAM) cells resulting in no virus growth. Samples were then
transferred to a BSL-2 laboratory for follow-up testing. Briefly,
inactive anticoagulated blood was subjected to three freeze-thaw
cycles and centrifuged at 12,000 rpm to remove cell debris.
Varying dilutions of the supernatant were then added to water,
resulting in spiked water samples.

2.4. Nucleic acid extraction

ASFV DNA was extracted using the TIANamp Genomic
DNA Kit (DP304) (TianGen Biotech (Beijing) CO., TD., Beijing,
China) according to the manufacturer’s instructions. DNA and
RNA in clinically samples were extracted simultaneously using
the TTANamp Virus DNA/RNA Kit (DP315) (TianGen Biotech
(Beijing) CO., TD., Beijing, China). Two hundred microliter
samples were used for one extraction. Nucleic acid negative
controls were prepared at this stage for each treated and negative
control sample by running parallel extractions of nuclease-free
water with the kit. The extracted DNA and controls were stored
at —20°C until TagMan® PCR amplification.

2.5. TagMan® PCR amplification

The detection and quantification of 250 bp of the ASFV
B646L genes were performed as previously described by
King and colleagues (28). This method is recommended
by the WOAH. Nuclease-free qPCR Reaction Master
Mix (2x) (Takara Bio (China) Co., Ltd.) was prepared in
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Ferric hydroxide cllod

(B),

Shaker

MDEF

F . Elution Buffer

Peristaltic pump

Water sample Filtrate

FIGURE 1

A laser pen was used to irradiate three types of liquid from the side of the beaker, with the appearance of an obvious optical path in the Fe(OH)z
colloid which was not apparent in neither the ferric chloride solution nor the distilled water (A), schematic diagram showing the MDEF
enrichment and elution procedures (B), and the actual MDEF system (C).

TABLE 1 Recovery efficiency of three elution buffers at different pH values.

Elution buffer Ingredients ASFV in % Recovered £+ SD

(m/v) spiked water

(log GU/uL)
pH 5.0 pH 7.0 pH 9.5

1M NaCl 1 mol/L NaCl 5.97 0.18 £ 0.00 0.18 £ 0.00 0.18 £ 0.00 0.18 £ 0.00
1.5% GBE 1.5% beef extract 0.18 £ 0.00 1.42 £ 097 2.40 £ 3.14 3.93 £ 5.30

with 0.05m glycine
10xNB 10% Peptone 3% 231+ 161 40.01 £ 245 71.64£523 | 8276 £3.55

Beef Extract and

5% NaCl

advance. Primers (Sangon Biotech, China) were prepared 5'-GATACCACAAGATC(AG)GCCGT-3'. Fluorescent-labeled
at a concentration of 10 pmol/pl. Primer F sequence 5'- hydrolysis probe (5'-FAM-CCACGGGAGGAATACCAACCC
CTGCTCATGGTATCAATCTTATCGA-3'; Primer R sequence AGTG-3-TAMRA, Sangon Biotech, China) was used at a
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concentration of 10 pmol/pl. The PCR reaction mixture was
prepared in sterile 1.5-ml microcentrifuge tubes, as described.
The reaction mixture contained: nuclease-free water (5 pl); (2
conc.) 2x PCR reaction master mix (10 j1); primer F (10 pmol,
0.4 pl), primer R (10 pmol, 0.4 pl), fluorescent-labeled probe
(10 pmol, 0.4 pl). A further 16.2 pl of PCR reaction mixture
was added to each well of an optical reaction plate for the assay
and 3.8 pl of the extracted DNA template or blank extraction
control was added to each well and covered with a cap. The plate
was centrifuged for 1 min in a suitable centrifuge to mix the
contents, and PCR amplification was performed on CFX Touch
96-well Real-Time PCR Detection Systems (Bio-Rad, Hercules,
CA, USA) with the following parameters: one cycle at 50°C for
2 min; one cycle at 95°C for 10 min; 40 cycles at 95°C for 15;
58°C for 1 min (28).

2.6. Adsorption experiments

In these experiments, 40 ml of distilled water (n = 12, m
= 3) was spiked with inactivated ASFV to final concentrations
of 1 x 10361%006 GU mI~! (genomic units per milliliter), 1
x 104782005 GU mI~1, 1 x 10919007 GU ml~!, and 1 x
107-73%£0.05 GU ml~!. The spiked water samples were mixed in
50-ml centrifuge tubes with the three types of filter materials
[aluminum hydroxide (Al(OH)3) colloid modified-diatomite,
Fe(OH)3 colloid modified-diatomite and unmodified diatomite]
and placed on a shaker for 1 h. After shaking for 1 h, the filtered
material was allowed to settle to the bottom of the flask for
5min before 2ml of the supernatant were transferred to a
new centrifuge tube for subsequent experiments. Triplication
of 0.2ml aliquots were removed from the supernatants for
detection of the remaining ASFV.

2.7. Elution experiment

Previous studies have reported electrostatic interactions
between proteins and filter surfaces (29). Three strategies were
investigated in this study. The first involved the use of an organic
buffer containing a high protein concentration, i.e., 10 times
the concentration of the nutrient broth medium (10xNB) for
detaching the bound virus on the filter. The second option
was the use of chloride ions (1M NaCl solution) to neutralize
the charge on the surface of modified diatomite, disrupting
the electrostatic attraction between the virus and the filter
(18). Beef extract (1.5%) with 0.05m glycine (1.5% GBE, pH
= 9.5) has been frequently used for elution, for instance, for
the IMDS cartridge filters recommended by United States EPA
(17). The recovery efficiencies of the three different elutes, i.e.,
10xNB buffer, 1M NaCl solution, and 1.5% GBE buffer, were
compared. The elution buffers were adjusted to specific pH
values (3.0, 5.0, 7.0, or 9.5).
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2.8. Determination of the detection limit
of the MDEF/gPCR combination

The MDEF system enriched the inactivated ASFV in the
water. Serial dilutions of ASFV standard plasmid DNA were
prepared and used to develop a standard curve for quantification
of ASFV by qPCR (Supplementary Figure S2). It was observed
that when a low amount virus was added into a large volume
of water, the detection limit was lower than the theoretical
concentration due to Brownian motion. For example, addition
of 1 ml of inactivated ASFV (1 x 10839%003 GU ml~1) to
10L water would result in a detectable ASFV genome of 1 X
103-87£029 Gyu ml~1, indicating that if the volume increased
by 1 x 10%9 times, the concentration could be reduced by
1 x 10%%2 times. Hence, the amount of ASFV genome added
into the water was used to calculate the recovery rate instead
of the amount detected in the spiked water. In practice, this
phenomenon hardly ever occurs in spiked water with high
viral concentrations.

After calculating the amount of virus input, different
amounts of virus were added to 10L of water to model
the different virus concentrations in spiked water. Six final
concentrations in spiked water (1 x 10—0-33+0.06 Gy ml—1, 1 x
100.93:|:0.06 GU ml_l, % 102.14j:0.01 GU ml_l, 1x 103.24:|:0.04
GU ml_l, 1x 104.41:|:0.04 GU ml_l, 1x 105.3S:|:0.07 GU ml—l)
were prepared in 18 barrels. All the spiked water was filtered and
eluted. The viral concentration in the eluents was determined,
and the limitations of detection (LOD) of the combined MDEF
system and qPCR method were calculated.

2.9. PEG precipitation

Polyethylene glycol (PEG) is frequently used to enrich
viruses. The capacity of PEG-6000 to precipitate viruses was
also evaluated in this study. Different concentrations of PEG-
6000 were mixed with 10 x NB elution buffer to prepare
10 ml mixtures with 10%17#001GU of inactivated ASFV. The
solutions were placed in 15-ml centrifuge tubes, mixed well, and
incubated at 4°C for 12h. After centrifugation for 1h, 9.6 ml
of the supernatant was removed, and the precipitate was rinsed
with the the remaining 0.4 ml of the supernatant and analyzed
by qPCR.

2.10. Statistical analysis

Each experiment was performed at least three times. The
results were statistically analyzed, and the significance of the
differences was determined with a one-way analysis of variance
(ANOVA) and Tukey’s multiple comparison tests. In all cases,
a value of p < 0.05 was deemed a significant difference. The
adsorption rate was determined by dividing the total number
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of ASFV genomes in the filtered water by that in the spiked
water. The recovery rate was calculated by dividing the total
number of ASFV genomes in the eluates by that in the spiked
water. The quantitative detection of ASFV nucleotide acid in
water samples and eluted solutions was done by qPCR (the
standard curve for ASFV B646L gene plasmids was shown in
Supplementary Figure S2). The following formulas were used to
calculate the adsorption and recovery rates:

C
Adsorption rate (%)1* =1 - C—l) x 100
0

Adsorption rate (%)**

a - ZCT* before absorbed—CT after absorbed) % 100

Where, C; represents the concentration of the ASFV
genome left in the water after being absorbed, and Cy represents
the concentration of the ASFV genome in water before being
absorbed. CT represents the cycle threshold value determined by
qPCR. The adsorption rate was calculated using two formulae.
Formula 1* (which was used in this study) could be applied
regardless of the quantitative method used. Formula 2* (which
is more convenient) can be used when with qPCR quantification
and its amplification efficiency was 100% (£5%). The calculated
adsorption rates did not differ between the two formulae.

Recovery rate (%) = % x 100

0
Here, Q1 and Qg represent the quantity of ASFV genome
measured in the final eluate after concentration and the quantity
of ASFV genome seeded into the spiked water samples before
concentration, respectively.

3. Results

3.1. Adsorption of metal hydroxide
colloid modified diatomaceous earth

Modification with different salts led to an increase in
the zeta potential of the diatomaceous earth (30). The
activity of AI(OH)s3 colloid and Fe(OH)3 colloid modified-
diatomite were compared with unmodified diatomite to
examine their ASFV adsorption capabilities. Each combination
was set up with three duplicates to calculate the standard
deviation. Figure 2 demonstrates the filter media’s adsorption
efficiency at various viral concentrations. No genome was
detected in the samples with low ASFV concentration
(1 x 10361£006 GU m]~1) treated by Al(OH)3 colloid
modified-diatomite and Fe(OH)3 colloid modified-diatomite.
The CT values of samples that could not be detected (no
40) for
calculation. Due to the constraint in the calculation method,

CT value) were determined as 40 cycles (CT =

the real adsorption rate was higher than the calculated value
0 91.93 (£0.003)%.
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ASFV nucleic acids were detected at a concentration of 1 x
103284004 GU mlI~1, with only a 52.89 (44.61)% adsorption
rate in the unmodified diatomite. The adsorption rates were
6.71 (£1.86) and 11.29 (£12.64)% in the ASFV genome-
concentrated spiked water. The AI(OH)3 colloid-modified
diatomite showed adsorption rates in the range of 91.93 (£0.00)
to 40.19 (£1.87)%. The adsorption efficiency of the Fe(OH)3
modified diatomite was almost 100%, and no ASFV genome
was detected in water after adsorption, even at the highest
concentration of ASFV in the spiked water. In general, 1g of
Fe(OH)3 colloid-modified diatomite could completely absorb
the ASFV in 40 ml water with a concentration <1 x 107-73+0.05
GU ml~!. This result is consistent with the findings of Farrah
and colleagues (30).

The results indicated that the adsorption efficiency of
diatomite modified by Fe(OH)3 colloid was much higher than
that of the other filter media (p < 0.01). Thus, the Fe(OH)3
colloid was used as the filter material in the MDEF system.

3.2. The recovery efficiency of eluents at
different pH conditions

It was found that ASFV absorbed by modified diatomite
were effectively eluted using 10x NB (Table 1). The recovery
efficiency of the alkaline medium (82.76 £ 3.55% at pH 9.5,
71.64 £ 5.32% at pH 7.0) was much higher than that of the
acidic medium (40.01 & 2.45% at pH 5, 2.31 £ 1.61% at pH
3). However, there was no significant difference in recovery
efficiency between pH 7.0 and 9.5. To avoid adjustment of the
pH, 10 x NB of pH 7.0 was used in subsequent experiments. A
non-significant elution of ASFV (0.00 £ 0.00% to 3.93 =+ 5.30%)
was observed using 1M NaCl and 1.5% GBE as eluents.

3.3. Comparison of virus-enrichment
methods

Al(OH)j3 is commonly used for virus enrichment from water
(31-33). Recovery of the MDEF was compared to that of the
Al(OH)3-modified EGM filter cartridge system. The preparation
of AI(OH)3 colloid-modified diatomite and filtration procedure
were based a previously published protocol (26). The recovery
of the MDEF system (112.46 & 16.10%) was significantly higher
than that of the EGM (14.71 £ 1.36%) in the recovery of
ASFV genomes from 10L of spiked water (1 x 10*%3 GU)
with 1g of filter material. The recoveries of the MDEF and
EGM systems declined as the concentration of ASFV genome
increased. However, at all concentrations of spiked water, the
recovery of the MDEF system was significantly more efficient (p
< 0.01) than that of the EGM system (Figure 3).
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FIGURE 2
Adsorption of ASFV by Al(OH)z-modified, Fe(OH)z-modified, and unmodified diatomaceous earth from 40 ml of spiked water containing
different concentrations of virus. The adsorption efficiency of the Fe(OH)3-modified diatomaceous earth was significantly higher than that of the
other two materials. ***Significant difference between groups (p < 0.01).

3.4. Detection limit of the MDEF/qPCR
combination

The limitations of detection (LODs) of the individual ASFV
qPCR and the combined method were used to determine the
efficiency of the combined MDEF/qPCR system (Figure 4). The
lowest detectable concentrations were 1 x 10367+0-27 GU
ml_l(spiked water) and 1 x 10%00F0.06 GU ml~! (eluant).
179.65 (£25.53)% ASFV genome was recovered from the spiked
water (1 x 107033027 GU ml—1) by eluting (1 x 10%00+0.06
GU mlfl) after concentrating 2,500 times of the volume of
them. These performances demonstrated the efficiency of the
system’s recovery capacity. The ASFV genome could not be
detected in a series of spiked water samples <10>67%027 GU
ml~ L, However, after enrichment, ASFV genome concentrations
were detected in eluants as 1 x 1089907 GU ml~! (64.01
£ 10.20%), 1 x 10767004 GU ml~! (76.85 £ 6.60%), 1 x
10655004 GU mlI~! (81.84 £ 6.60%), 1 x 10°°0£001 GU
ml~! (91.12 + 2.31%), 1 x 10%41%006 GU ml~! (11246 +
16.10%), and 1 x 103-40£0:06 GU mI~1 (179.65 & 25.53%). Their
corresponding final concentrations in spiked water were 1 x
105.35ﬂ:0.07 GU mlil, 1x 104.41i0.04 GU mlfl, 1% 103.24j:0.04
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GUml™L, 1 x 10214£001 GU ml~1,1 x 109934006 GU mI 1,
and 1 x 1070-33+006 Gu m1—1,

These results indicate that the LOD in 10L of ASFV-
contaminated water increased by 1 x 10*0 times (from 1 x
10367£027 GU ml~! to 1 x 1079334027 GU mI~!) using the
combined MDEF and qPCR method.

3.5. Additional experiments

Over 50.42 (4+4.53)% of the virus (1 x 103-93£3.93 GU) was
recovered using 20% PEG-6000 solution (Figure 5). Although
the concentration was 10 times higher than non-PEG-6000
precipitation protocol, this required more than 13 h of treatment
and the use of a high-speed centrifuge. Hence, extra treatment
was only recommended in well-equipped laboratories.

3.6. Natural water experiments

The MDEF system was used to measure a total of 59 samples
of natural water and sewage to determine its clinical applications
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FIGURE 3
The EGM and MDEF systems were used to recover viruses from spiked water (10 L) containing different ASFV genome concentrations. The
recovery rates of the MDEF system were significantly higher than those of the EGM system for all four types of spiked water. ***Significant
difference between groups (p < 0.01).

(Table 2). The 59 samples consisted of 10 fecal sewage samples
(No. 1-4) from the ASFV animal infection experiments, eight
samples from washed pigsties in ASFV-infected farms (No. 5
to 10) where the pigsties had had an ASF outbreak but had
since been cleaned and dried and five liters of water were used
for sample collection on equipment surfaces through repeated
washing of the surfaces, nine samples from unwashed pigsties
(No. 11-19) on ASFV-positive farms where the pigsties were
undisinfected or disinfected with NaOH and contained lots of
sewage, two water samples from a slaughterhouse depilation
tank (No. 20 and 21), and 14 samples from well water obtained
from five pig farms well water samples from 5 pig farms (No.
31). ASFV was detected in several of these samples. It was
notable that some of these samples were diagnosed as ASFV-
positive after processing with the MDEF system, whereas they
were misdiagnosed as ASFV-negative when only using qPCR
for detection.
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In addition, the MDEF system was used in the flood-affected
pig farms (No. 22-30, Henan province, July 2021), Yezi Lake
(No. 32), and Yangtze River (No. 33, Hubei Province, February
2022). Despite the use of small volumes of water, PCV2 and PRV
were successfully detected.

4. Discussion

Methods
waterborne viruses have been studied for a while, and many

for the concentration and enrichment of

adsorbent materials have been developed. Negatively charged
filters require the addition of multivalent salts and acidification
of the water sample for efficient virus adsorption, making large-
volume sampling difficult; these filters include the Millipore
membrane filter (cellulose nitrate) (34) and the Filterite pleated
cartridge filter (epoxy-fiberglass) (35). In contrast, positively
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charged filters require no preconditioning of samples and
can concentrate viruses from water over a wider pH range
than electronegative filters (18). These materials, however,
cannot be widely used in veterinary diagnosis due to the need
for expensive equipment, inefficient adsorption rates, and
differences in virus species. Metal-based adsorption materials
have been extensively investigated, especially positively charged
filters (15, 18, 24, 27, 36-39). In this study, Fe(OH)3-modified
diatomaceous earth was found to possess superior adsorption
and recovery efficiency than Al(OH)3-modified diatomite
in the ASFV enrichment experiments. This result can be
attributed to the chemical characteristics of these two metal
sorbents. According to Luo M, AT hydrolysates differed at
different pH levels: [AI(OH),]™ =3~ (n =6, 7, 8, 9, or 10)
at pH < 4; [Alg(OH)15]°F, [Al;(OH)17]*t, [Alg(OH)z0]*+
and [Alj3(OH)34]°T at 4 < pH < 6; [AI(OH)3] at 6 <
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pH < 8 [AI(OH)4]™, [Alg(OH)26]%~ at 8 < pH (40, 41).
Different hydrolysates exhibit different electrical properties,
and Al(OH)s is not positively charged in natural water as
a result of its hydrolysates at 7 < pH. Thus, water samples
require adjustment to pH <6.0 before concentration with
an aluminum-based method (31, 33). Previous studies have
shown that phosphate removal by aluminum-loaded shirasu-
zeolite was 80-40% at pH values from 2 to 11 (42). These
studies confirmed that poor adsorption effects of aluminum-
based methods in neutral or alkaline media. Similar to AT
hydrolysates, Fe3* hydrolysates also differed at different pH
values: Fe3T at pH < 2 FeOHZ, Fe(OH)+, Fez(OH)4+,
Fe3(OH)i+ and other polymers at 2 < pH < 8.1; Fe(OH)3
at 8.1 < pH < 12; and Fe(OH), at 12 < pH. Thus, ferric-
based materials are positively charged in solutions with pH <
8.1 (40).
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FIGURE 5
Different final concentrations of PEG-6000 was added to the ASFV-containing eluate for determination viral recovery. After precipitation and
centrifugation, the volume of liquid was reduced from 10 ml to 0.4 ml. More than 50.42 (+4.53)% of the virus was recovered using the 20%
PEG-6000 solution.

The findings of this study indicated that the use of ferric-
based materials for the adsorption of negatively charged groups
in natural water have stronger electrostatic attraction than
aluminum-based materials. Our findings are consistent with
previous studies reporting that ferric hydroxide outperforms
aluminum hydroxide in the removal of negatively charged
groups such as arsenate (43, 44).

We found that the recoveries using the MDEF and
EGM systems declined as the ASFV genome concentration
increased. A previous study by Armanious et al. investigated
the mechanism by which viruses bind to adsorbents (29).
These authors found that virus-sorbent interactions were
governed by long-ranged electrostatic forces together with
contributions from the hydrophobic effect, while the shorter-
range van der Waals interactions were of secondary importance.
The topographic irregularities on both the virus and sorbent
surfaces influenced steric effects. In our study, the long-range
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electrostatic interactions on MDEF gradually decreased as the
amount of adsorbed virus increased, leading to reduced virus
adsorption. At the same time, the adsorption of more virus
to the MDEF surface leads to steric effects, further weakening
the interaction between the MDEF and virus. Thus, the MDEF
recovery rate gradually decreased as the virus load increased.
Increasing the weight of the filter media could be a solution,
but it can only be considered when the volume of water
exceeds 10 L.

CD2v (encoded by pE402R) and pl2 (encoded by ORF
061R) are the primary adhesion proteins present on the ASFV
external envelope membrane (45), and their isoelectric points
have been predicted to be 6.21 and 7.63, respectively (https://
web.expasy.org/compute_pi). Based on these values, the surface
of ASFV was predicted to be negatively charged at pH > 6.21.
A critical characteristic of the adsorbents is surface charge,
which is expressed as the zeta potential of the adsorbent
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TABLE 2 The MDEF system was applied to 59 samples of natural water or sewage.

No. Numbers Volume Virus species CT value
Without MDEF
Fecal sewage from animal infection assay 1 1 500 ml ASFV NT* 36.56
2 1 200 ml ASFV 38.62 35.75
3 1 1L ASFV 33.78 30.4
4 7 500 ml—1L - NT NT
Water from the clean-washed pigsties 5 1 5L ASFV NT 36.90
6 1 5L ASFV NT 37.49
7 1 5L ASFV NT 35.98
8 1 5L ASFV NT 34.24
9 1 5L ASFV NT 36.60
10 3 5L - NT NT
Water from the unwashed pigsties 11 1 450 ml ASFV 36.90 36.94
12 1 400 ml ASFV 37.22 34.84
13 1 500 ml ASFV 39.84 35.45
14 1 400 ml ASFV 37.04 36.85
15 1 1L - NT 32.67
16 1 450 ml - NT 35.38
17 1 900 ml ASFV 37.99 31.71
18 1 900 ml ASFV 37.06 30.92
19 1 350 ml - NT NT
Water from slaughterhouse depilation tanks 20 1 5L ASFV NT 35.28
21 1 600 ml - NT NT
Drinking water from pig farms 22 1 400 ml PCV2 NT 37.39
Fecal sewage from pig farms 23 1 400 ml PCV2e*? 33.78 29.54
24 1 400 ml PRV NT 38.29
PCV2d*? 3075 27.78
25 1 400 ml - NT NT
Sewer ditch from pig farms 26 1 500 ml PCV2 NT 38.42
27 1 500 ml PCV2 NT 35.05
28 1 500 ml PCV2 NT 35.51
29 1 250 ml PCV2 NT 38.07
30 2 500 ml - NT NT
Well water from 5 pig farms 31 14 500 ml—5L - NT NT
Lake water 32 3 10L - NT NT
Yangtze water 33 3 10L - NT NT

“1 No positive result.
“2"3 Sequencing confirmed that these porcine circoviruses were gene types 2e and 2d.
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surface (46). Although the electrostatic force constitutes one
of the mechanisms involved in metal-based adsorption, the
mechanism of MS2 virus removal by iron coagulation involves
the adsorption of negatively charged virus particles onto the
positively charged iron oxyhydroxide, FeOOH(s), floc particles,
similar to the mechanism proposed for virus removal by
the precipitation of aluminum hydroxide in the Standard
Methods virus concentration procedure (47-49). The results
of a study by Sobsey and Jones (50) supported the idea that
electrostatic forces were instrumental in virus—filter interactions
due to the correlation between zeta potential (i.e., electrokinetic
potential) measured for the electronegative and positively
charged adsorptive materials, and the retention efficiencies
were measured for each filter. These reports explained the
mechanism by which the MDEF system was superior to
the EGM system in the process of concentrating ASFV in
natural water.

The low recovery of 1.5% GBE in this study can be
explained by the strong electrostatic force of the iron hydroxide
colloid compared to other filter media, such as nitrocellulose
membranes, IMDS Cartridge filters, and Al(OH)3 colloids. The
elution buffer (10x NB) had a high protein concentration to
dislodge the bound virus from the modified diatomite through
competitive binding. While previous studies have demonstrated
the use of ferric-based materials in adsorption, these were rarely
used in enrichment and recovery, probably due to the use of
ineffective eluents (51). Here, the 10xNB buffer was shown to
elute viruses from the materials more efficiently compared to
other eluents.

Electronegative filters require acidification or the addition
of polyvalent salts to water samples before use, which makes
large-volume sample processing difficult. Thus, positively
charged filter media present an alternative to electronegative
adsorbents. Although Virosorb 1IMDS demonstrated efficient
virus adsorption from various water quality types for both small
and large volumes, its high cost reduced the affordability of
large-scale applications. Thus, the MDEF system is promising
as an inexpensive and effective methodology for monitoring the
presence of viruses in water. Also, compared with the commonly
used ultracentrifugation-based methods, the MDEF system can
be used in smaller and less well-equipped laboratories due
to its capacity for large-volume processing without the need
for ultracentrifugation.

5. Conclusion

Although there are a number of viral enrichment methods,
many show poor reproducibility and low recovery and are thus
limited in their clinical use. Others are limited by complex
procedures and high cost. The MDEF system is the first
method used to enrich ASFV in water by modify diatomaceous
earth with Fe(OH)3 colloid, resulting in an efficient and stable
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enrichment capacity. Viruses were found to be efficiently eluted
from the modified diatomaceous earth using a nutritious broth.
This system efficiently enriched ASFV in water. It also showed
the following advantages for efficient ASFV detection in water:
(1) rapid enrichment of ASFV in more than 10 liters of
water from various sources; (2) increased viral concentrations
at least 1 x 104 times after enrichment; (3) easy operation;
(4) portable and outdoor-friendly; (5) low cost and widely
use.
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African swine fever virus (ASFV) is a double-stranded DNA virus that causes
African swine fever (ASF), a lethal hemorrhagic fever that is highly contagious
among domestic pigs and wild boars. Due to the high mortality rates and highly
contagious nature of the ASF, it is important to develop a fast detection method
for ASFV with high sensitivity and specificity to take an immediate action to stop
wide spread of the virulent disease. Therefore, a fast and quantitative molecular
detection method of ASFV is presented in this study. A total of 24 genotypes of
ASFV have been identified based on nucleic acid sequences of the major capsid
protein p72. The primers and probe of the present assay was designed to detect
all of the p72-based genotypes of ASFV. The turnaround time for PCR detection
was within 50 min which is at least about two-times faster compared to other
PCR assays. Limit of detection (LoD) was 6.91 genomic copies/reaction for the
most virulent genotype Il. LoD values for other genotypes were within 10—
20 copies/reaction. Cross-reactivity of the assay was validated using a panel
of pathogens related to swine disease, and no cross-reactivity was observed.
Positive and negative clinical samples (50 samples each) obtained from sick
and healthy animals, were used to validate the assay. The results showed that
100% agreement for both positive and negative samples. In summary, the assay
described in this study offers the advantage of rapid detection of all genotypes
of ASFV with high sensitivity and specificity. The assay is a valuable tool both in
clinical and laboratory uses for sensitive and fast detection of ASFV.

KEYWORDS

African swine fever virus, real-time PCR, fast, quantitative, diagnostics

Introduction

African swine fever (ASF) is a highly contagious viral disease caused by ASF
virus (ASFV), an enveloped virus with a large, double-stranded DNA which belongs
to the Asfarviridae family (1, 2). The clinical symptoms include high fever, anorexia,
vomiting, diarrhea, and hemorrhage. These clinical symptoms and post-mortem
findings are difficult to distinguish from those of classical swine fever (CSF).
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ASFV is highly contagious and causes high mortality rates:
close to 100% in domestic pigs and approximately 95%
in wild bores. Therefore, it is under strict surveillance
under Office International des Epizooties (OIE, World
Organization of Animal Health). ASF is a serious threat for pork
production industry and causes a significant economic impact
globally (2-4).

Total of 24 distinct genotypes of ASFV have been identified
based on sequences of the gene encoding the major capsid
protein p72. Eight serotypes are also known based on viral
hemagglutinin CD2-like protein (CD2v) and C-type lectin (2,
5, 6). Among these, genotype II stain is highly virulent and is
prevalent in Europe, Russia, China, and Southeast Asia (7-12).

Currently, no vaccine or treatment is available for
ASF. Therefore, development of fast and reliable molecular
diagnostics method is critical to timely apply the control
measures and to prevent wide spread among domestic and
wild pigs. In addition, since there are similarities in clinical
symptoms between ASF and other swine diseases, it is important
to have rapid and specific diagnosis for timely implementation
of follow-up measures.

The traditional methods for diagnosis of viral diseases were
generally based on virus isolation. However, this process is labor-
intensive and time-consuming (13, 14). And not all viruses
can be isolated from the samples. Conventional Polymerase
chain reaction (PCR)-based technology have been used for the
detection of infectious diseases including ASF. PCR technology
can be applicable for samples that are not suitable for virus
isolation. However, detection of ASFV with conventional PCR
involves extra post-PCR steps such as electrophoresis, and the
sensitivity was generally much lower than the real-time PCR
method (15-17).

An alternative technology for ASFV detection is loop-
mediated isothermal amplification (LAMP) (18, 19). Recently,
application of CRSPR-Casl12a coupled with LAMP was shown
to give an enhanced fluorescence assay sensitivity (20, 21).
Recombinase polymerase amplification (RPA) combined with a
lateral flow strip for ASF detection was also introduced (22, 23).
However, the drawback of these methods is that they require a
larger number of primers with more complicated primer design.
Moreover, LAMP and RPA showed lower sensitivity compared
to PCR assays (24). Real-time PCR technology has been most
widely used for the detection of infectious diseases including
ASFV because of its high sensitivity and specificity (14, 25-
29). However, the reported studies of real-time PCR detection
of ASFV involved relatively long reaction times, approximately
from 1 and half hours to 2h (14, 25, 29).

In this study, we developed and validated a fast and
quantitative real-time PCR test that can detect all currently
known 24 genotypes of ASFV utilizing a new chemistry
including a fast Taq polymerase. ASFV detection can be
completed within 50min without losing its sensitivity
and specificity.
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TABLE 1 Classification of 24 genotypes of the genes for ASFV p72
protein.

Group Representative P72 genotypes

name P72 genotype

GT2 il 1, IL, XVII, XVIII

GT3 I IIL, IV, V, VI, XIX, XX, XXI, XXII, XXIV
GT7 VI VI

GT$ VIII VIIL, XI, XII, XIII, XIV, XV, XVI

GT9 IX X

GT10 X X

GT23 XXIII XXIII

Materials and methods
Synthetic double stranded DNA template

Synthetic double-stranded DNAs for different genotypes of
ASFV p72 gene were used for analytical performance tests of the
assay. Twenty-four genotypes of ASFV p72 gene were classified
into seven genotype groups based on nucleic acid sequences
of the p72 target region (Table 1). The seven genotype groups
were designated as GT2, GT3, GT7, GT8, GT9, GT10 and GT23,
referring to the representative genotype of each group. A double-
stranded DNA of the p72 conservative region with a size of
about 400 bp (gBlocks, IDT, Singapore) was synthesized for each
genotype group and used as a standard sample. The synthesized
DNAs were dissolved in nuclease-free water (Molecular Biology
grade, Sigma-Aldrich, USA) to the concentration of 1 x 10°
copies/pL, aliquoted and stored at —70°C.

Primer and probe design

The sequences of the seven known groups of ASFV within
the conserved region of ASFV major capsid protein p72 were
searched. Primers and TaqMan probe were designed to target
the conserved region and also to match all 7 genotype groups
of ASFV listed in Table 1. The sequences of forward and
reverse primers and probes (from LGC Biosearch Technologies,
USA) are listed in Table 2. A 1:1 mixture of two forward
primers, ASFV-F1 and ASFV-F2, were used for PCR. For
internal PCR control (IPC), primers and probe were designed
to target human tubulin alpha la gene (NCBI Reference
Sequence: NG_008966.1).

DNA isolation and optimization of
real-time PCR assay

For optimization of the PCR conditions, GT2 synthetic
DNA was used as a template. To mimic clinical samples, 30
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TABLE 2 Sequence of primers and probes used in this study.

10.3389/fvets.2022.1037728

Target Name Sequence (5’ to 3°) Tm GC Amplicon
Q9 (%) size (bp)
ASEV ASFV-F1 ACGTAATCCGTGTCCCAACTAA 55.9 455 217
ASEV-F2 ACATAATCTGTGTCCCAGCTAA 53.5 40.9
ASEV-R CTGCTCATGGTATCAATCTTATCGA 544 40.0
ASEV-Probe- CTGGGTTGGTATTCCTCCCGTGGCT 64.4 60.0
FAM
Internal PCR Control (IPC)* IPC-F CCAGGTTTCCACAGCTGTAGT 57.0 52.5 219
IPC-R GGGCTCCATCAAATCTCAGG 55.5 55.0
IPC-Probe- AGCCCTACAACTCCATCCTCACC 60.5 56.5
HEX

*Tubulin alpha al gene.

ng of swine genomic DNA was included in each of the PCR
mixture as a background genomic DNA. Swine genomic DNA
was purified from pork meat using a DNeasy Blood and Tissue
Kit (Qiagen, Germany), according to the protocol provided by
the supplier. Concentrations of primers, probe and MgCl, were
optimized to achieve maximum amplification efficiency and
minimal threshold cycle (Ct). The reaction mixture contained 5
WL of DNA extracts, 5.0 mM of MgCly, 1.6 units of Tag DNA
polymerase and 8 x 10% copies of a plasmid DNA encoding
the IPC target in 50 mM TE, pH8.5 buffer (10 mM Tris and
0.5mM EDTA, pH 8.5). Concentrations of the primers and
probes were as follows: 500 nM of ASFV-F1, 500 nM of ASFV-
F2, 500 nM of ASFV-R and 200 nM of ASFV-probe-FAM for
ASFV, and 150 nM of IPC-E 150 nM of IPC-R and 180 nM of
IPC-Probe-HEX for IPC.

PCR amplification and real-time detection was performed
on Bio-Rad CFX96 real-time PCR Detection System (Biorad,
USA). The PCR protocol consists of a hot-start of 95°C for
2min, followed by 45 cycles of 95°C for 5s and 56°C for
10s. Upon completion, amplification graphs and Ct values
were recorded. All experiments were performed at least
in triplicate.

Analytical sensitivity

To determine the limit of detection (LoD), serial dilutions
the standard template, ASFV DNA GT2 were prepared in TE,
pH 9.0 buffer for 5 different concentrations (20, 2, 1, 0.6 and
0.2 copies/iL). For each template concentration, PCR assay
was performed in 96-replicates and the positive hit rate with
Ct < 40 was determined. The serially diluted standard samples
were assayed in triplicate to determine the LoD of the assay
by adding 5 L of each diluted standard sample to the PCR
mixture. The resulting concentrations per each PCR mixture
were 100, 10, 5, 3 and 1 copies/reaction. In the PCR mixture
of 20 L, 2 pL of porcine genomic DNA (15 ng/pL) was also
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added to mimic the clinical specimens. The PCR conditions used
were described above. The results were analyzed using PROBIT
regression analysis.

We also evaluated analytical sensitivity of the assay using
serial dilutions of a known viral titer. Viral titer was defined as
the amount of virus causing hemadsorption in 50% of infected
cultures (HADs5¢/mL). The titer used for serial dilution was
10°3® HADso/mL.

Cross-reactivity test
Viruses and bacterium used for cross-reactivity test

(CSEV),
rhusiopathiae, Aujeszky’s disease virus (ADV), Actinobacillus

are: Classical swine fever virus Erysipelothrix
Pleuropneumonia, Salmonella Typhimurium and Pasteurella
multocida. DNAs were isolated using QIAamp DNA Mini Kit
(Qiagen, Germany) according to the protocol provided by the
supplier. Isolated DNA samples were tested to confirm the

cross-reactivity of the fast ASFV PCR assay.

Clinical performance test

Panels of ASFV positive and negative clinical samples of
blood and tissues from domestic pigs and wild bores were used
for the clinical performance test. The clinical samples consist
of fifty positive samples of varying virulence and fifty negative
samples that were collected from domestic pigs and wild boars
during the year of 2018 to 2019 by National Veterinary Research
Institute in Putawy, Poland. The positive samples consisted
of 9 blood samples and 41 tissue samples, and the negative
samples consisted of 14 blood samples and 36 tissue samples.
The tissue samples were from various organs consisting of tonsil,
spleen, kidney, lymph node and bone marrow. DNAs from the
clinical samples were extracted using QlAamp DNA Mini Kit
(Qiagen, Germany) according to the protocol provided by the

frontiersin.org


https://doi.org/10.3389/fvets.2022.1037728
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Hwang et al.

supplier. Isolated DNA samples were tested to check the clinical
performance of the fast ASFV PCR assay.

Results

Selection of primers, probes, and
optimized parameters for detection of
ASFV

The primers and probe for detection of ASFV were designed
based on the nucleic acid sequences of all genotypes of the ASFV
p72 gene. The gene sequences were acquired from GenBank
data base. Several candidate sequences were tried for the primers
and probe, and the best results were obtained with ASFV-
F1 and ASFV-R1 primers for the genotype group GT2 (data
not shown). To cover all 7 groups of ASFV genotypes (24
genotypes), a modified forward primer, ASFV-F2 was included.
The sequences of the primers and probe used in this study
are listed in Table 2. Equal amounts of ASFV-F1 and ASFV-
F2 primers were mixed and used as forward primers. Human
tubulin alpha al sequence, that is also present in the swine
genome, was used as an internal PCR control (IPC), and the
primer and probe sequences for detection of IPC are also listed
in Table 2.

Annealing temperature and concentrations of primers and
probes were optimized for real-time PCR. Optimum annealing
temperature was 56°C, and optimum concentrations of primers
and probe were 500 nM and 200 nM, respectively, for ASFV and
150 nM and 180 nM, respectively, for IPC. The optimum PCR
protocol was as follows: one cycle at 95°C for 2 min, 45 cycles at
95°C for 5, then at 56°C for 10s. Total PCR running time was
about 50 min on the Bio-Rad CFX96.

Limit of detection

The limit of detection (LoD) of the optimized assay was
determined by testing serial dilutions of the standard sample
template, ASFV. DNA GT2. Ct values and hit rates were
measured for 6 different template concentrations (100, 10, 5, 3,
1 and 0 copies/reaction), and the results are listed in Table 3.
The test results were analyzed using the PROBIT regression
method as shown in Figure 1. The LoD was determined to
be 6.91 copies/reaction (5.40 ~ 9.85 copies/reaction at 95%
confidence interval).

The LoD values of the DNA standards for other 6 genotype
groups (GT3, GT7, GT8, GT9, GT10 and GT 23) were tested
in comparison with the standard sample template, ASFV
DNA GT2, and the results are listed in Table 4. GT3, GTS,
GT10 and GT23 which include 18 genotypes showed hit
rates of > 95% at the concentration of 10 copies/reaction.
These values are similar to the value determined for the
ASFV DNA GT2 which include 4 genotypes (genotypes I,
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TABLE 3 Threshold cycle (Ct) values and hit rates of serially diluted
samples.

Concentration  Number of Ct Hit rate (%)
(copies/reaction) samples
Average SD
100 96 32.45 1.04 100
10 96 36.34 1.70 97.9
5 96 38.06 2.68 92.7
3 96 38.73 3.22 77.1
1 96 37.69 3.54 44.8
0 48 ND - 0
10
08
2
§ 0.6 -
Qo
[}
o
041
02
540) 691 |9.85
0.0 T
: . .
| 10 100
Concentration (copies/reaction)
FIGURE 1

PROBIT regression result for determination of the analytical
sensitivity. Serial dilutions of the standard sample template GT2
were used to measure the Ct values and hit rates. The limit of
detection (LoD) at 95% hit rate was determined to be 6.91
copies/reaction (5.40~9.85 copies/reaction at 95% confidence
interval).

II, XVII and XVIII). ASFV DNA GT7 and GT9 which
include 2 genotypes (genotypes VII and IX) showed a hit
rate of 89.6% for 10 copies/reaction, and 95.8 and 100%,
respectively, for 20 copies/reaction. The data suggested that LoD
of other genotypes is 10~20 copies/reaction or better at >95%
hit rate.

Analytical sensitivity of the assay was also determined by
testing serial dilutions of a known viral titer (10°3 HADs0/mL).
The last detectable dilution was 10%* as shown in Table 5,
corresponding to the analytical sensitivity of 1013® HADso/mL.

Standard curve

The analytical sensitivity was further studied by testing
triplicate of 9-fold serial dilutions of the standard sample
template, ASFV DNA GT2. The experiments were performed
in the presence of 30 ng of porcine genomic DNA to
mimic the clinical test condition. A standard curve was
generated by plotting the mean Ct value of the three replicates
against the template concentration (10-10° copies/reaction).
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TABLE 4 Threshold cycle (Ct) values and hit rates of 7 standard genotype groups.

10.3389/fvets.2022.1037728

ASFV group Concentration (copies/reaction) Number of samples Positive Hit rate (%)
Mean SD
GT2 10 72 72 35.02 1.28 100.0
GT3 10 48 47 37.86 1.88 97.9
GT7 20 48 46 37.78 2.51 95.8
10 48 43 38.73 2.85 89.6
GT8 10 48 48 37.67 1.53 100
GT9 20 48 48 35.19 1.43 100
10 48 43 38.13 4.07 89.6
GT10 10 48 48 36.77 2.05 100
GT23 10 48 48 36.92 1.66 100
TABLE 5 Analytical sensitivity measured with a known viral titer.
Virus Genotype Virus titer (HAD5(/mL) Dilution Ct (ASFV) Ct (IPC) Results
10536 1 24.25 26.11 Positive
10436 10 27.85 24.80 Positive
ASFV 11 10336 10° 31.77 26.15 Positive
1023 10° 34.76 25.91 Positive
10136 10* 39.16 26.20 Positive
10%3¢ 10° No Ct 26.01 Negative
TABLE 6 Cross- reactivity of the ASFV assay kit.
. No. Sample Ct
Ct=-3.215%Log N + 38.774
35+ R’ =0.996 ASFV IPC*
304
1 Classical swine fever virus (CSFV) No Ct 23.98
S *1 2 Erysipelothrix rhusiopathiae No Ct 25.38
20 3 Aujeszky’s disease virus (ADV) No Ct 24.66
5 4 Actinobacillus Pleuropneumonia No Ct 24.62
5 Salmonella Typhimurium No Ct 27.83
7 6 Pasteurella multocida No Ct 24.82
1;)‘ 12)’ 1;)3 12)' 1;)5 1;)‘ 1;)’ 1;)‘ 16’ 10"
N (copies/reaction) *IPC, internal PCR control.
FIGURE 2
Standard curve of the fast ASFV PCR assay. The curve was
generated by analyzing triplicate of 9-fold serial dilutions of the assay developed in this study can be used for quantitative
standard sample template, ASFV DNA GT2. Each data point determination of the template concentration. The analytical
(filled square) corresponds to the mean Ct value of the three
replicates at each concentration. sensitivity estimated from the standard curve (down to 10
copies/reaction) is also in agreement with the result of the LoD

As shown in Figure 2, a linear regression analysis represents
a high coefficient of determination (0.996), demonstrating
a linear dynamic range across the 9 orders of magnitude
tested, ranging from 10° to the 10 copies/reaction. This
standard curve result confirms that the fast ASFV PCR
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study described above.
Cross-reactivity of the assay

The cross-reactivity was tested for Classical swine fever
virus (CSEV), Erysipelothrix rhusiopathiae, Aujeszky’s disease
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virus (ADV), Actinobacillus Pleuropneumonia, Salmonella
Typhimurium and Pasteurella multocida. DNAs were extracted
from each microorganism and tested for cross-reactivity. As
shown in Table 6, none of the pathogens showed positive results
with the assay developed, while positive Ct values were observed
for all of the pathogens, confirming no cross-reactivity for the
pathogens tested.

Clinical performance test

Clinical performance of the assay was tested with ASFV
clinical samples which consist of 50 positive and 50 negative
clinical samples of blood and tissues collected from domestic
pigs and wild bores during the year of 2018 to 2019. The samples
were previously tested and confirmed by National Veterinary
Research Institute in Pulawy, Poland. For the test, DNAs were
extracted from the clinical samples and used for the PCR assay.

The results of the clinical performance test are listed in
Table 7. The results of the fast ASFV PCR assay of this study
show 100% agreement with the original diagnosis results: All 50
positive samples were detected to be positive and all 50 negative
samples were detected to be negative. Therefore, it is confirmed
that both sensitivity and specificity are 100%.

Agreement with the standard real-time PCR method
[Ferndndez-Pinero method using UPL-162 probe (26)]

TABLE 7 Clinical sensitivity and specificity.

10.3389/fvets.2022.1037728

recommended by European Union Reference Laboratory
(EURL) in Valdeolmos, Spain and by the International Animal
Health Organization (OIE), was also tested. As shown in Table 8,
the results of the fast ASFV PCR assay of this study are in 100%
agreement for both positive and negative samples with those of
the Fernandez-Pinero method.

Discussion

The average time of ASF symptom onset after exposure to
ASFV was about 5 to 13 days and death of the infected pigs began
to occur at 8-15 days after exposure (11, 22). The time period
from the onset of the disease to death of the animal is relatively
short and the morbidity and mortality rate is almost 100% (2-4).
Moreover, due to the recent increase in the international trade,
animal transport and human travel, the risk of transboundary
spreading of infectious diseases became significantly higher.
Therefore, fast and timely diagnosis and treatment of suspected
pigs became more important. In other aspect, infections with
different viruses cause similar clinical signs in swine which
makes it difficult to diagnosis (17, 30, 31). Therefore, highly
specific identification of syndromic pathogens is also required.

Currently, PCR is the most widely used diagnostic
techniques for detecting ASF because of its high sensitivity and
specificity. Both conventional and real-time PCR assays have

Results of original diagnosis Total
Positive Negative
Fast ASFV PCR assay of this study Positive Blood 9 0 50
Tissue 41 0
Negative Blood 0 14 50
Tissue 0 36
Total 50 50 100
Clinical sensitivity: 100% (92.9%-100% at 95% confidence interval).
Clinical specificity: 100% (92.9%-100% at 95% confidence interval).
TABLE 8 Agreement with Fernandez-Pinero method (UPL-162 probe).
Fernadez-Pinero method (UPL-162 probe) Total
Positive Negative
Fast ASFV PCR assay of this study Positive Blood 9 0 50
Tissue 41 0
Negative Blood 0 14 50
Tissue 0 36
Total 50 50 100

Positive Percent Agreement (PPA): 100% (92.9-100% at 95% confidence interval).
Negative Percent Agreement (NPA): 100% (92.9-100% at 95% confidence interval).
Overall Percent Agreement (OPA): 100% (96.3-100% at 95% confidence interval).
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been recommended for diagnosis of ASF by OIE. Although these
two PCR methods have been used widely, they are either not fast
enough or not sufficiently sensitive. In the present study, a highly
sensitive, time-saving quantitative real-time PCR technique was
developed. The LoD of the assay was 6.91 copies/reaction which
is much lower than those of the previously reported values
ranging from several 100 and several tens of copies/ reaction
(14,27, 28). The LoD measured with known viral titer was 101-36
HADs5o/mL that is at least two-times lower than other PCR
methods. One study showed a similar LoD of 6 copies/reaction
which is comparable with the data presented in this study (29).
The LoD value achieved with the assay developed was much
lower than those of the conventional PCR Assay (15-17), LAMP
assay (18, 19), and RPA assay (22, 23).

When designing primers and probes for molecular
diagnostic assays, it is important to select highly conserved
regions of viral genome to ensure the assay can detect all
known variants or genotypes of the virus. We designed
the primers to detect all 24 genotypes of ASFV that are
currently identified, and confirmed that all 24 genotypes
can be detected with sufficient analytical sensitivity. No
cross-reactivity was observed with other swine pathogens and
the pathogens of related diseases. It was also demonstrated
that the linear dynamic range of this assay is 9-log orders
of concentration, sufficient for quantitative determination of
ASFV DNA.

The clinical performance was evaluated with 50 positive
and 50 negative clinical samples of blood and tissues collected
from domestic pigs and wild bores. The test results obtained
with clinical samples revealed that the assay has 100% sensitivity
and 100% specificity, and also 100% PPA and 100% NPA when
compared with the standard Ferndndez-Pinero method. The
whole PCR process to results can be completed in about 50 min
which is at least about two-times shorter than the 90~120 min
running time of other real-time PCR assays (14, 25, 28, 29).

In summary, a real-time PCR assay has been developed that
is faster, more sensitive than currently available PCR methods
and can detect all 24 genotypes of ASF. The results of the
analytical and clinical performance tests revealed that the assay
is much faster and more sensitive than other PCR methods and
represents high specificity with no cross-reactivity. The assay
developed in this study can be a useful molecular diagnostic tool
for the prompt control and prevention of ASF.
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Introduction: African swine fever virus (ASFV) infection is one of the most complex
and fatal hemorrhagic viral diseases, causing a devastating loss to the swine industry.
Since no effective vaccine is available, prevention and control of ASFV heavily depends
on early diagnostic detection.

Methods: In this study, a novelindirect ELISA was established for detecting antibodies
against ASFV using dual-proteins, p22 and p30. Recombinants p22 and p30 were
expressed and purified from E.coli vector system by recombined plasmids pET-
KP177R and pET-CP204L. p22 and p30 were mixed as antigens for developing the
indirect ELISA.

Results: Through optimizing coating concentrations of p30 and p22, coating ratio
(p30: p22 = 1:3), and serum dilution (as 1:600), the established ELISA performed higher
specificity, sensitivity, and repeatability against ASFV-positive serum. Furthermore, 184
clinical serum samples from suspected diseased pigs were verified the established
ELISA in clinical diagnosis. The results showed that compared with two commercial
ELISA Kits, the established ELISA possessed higher sensitivity and almost uniform
coincidence rate.

Conclusion: The novel indirect ELISA based on dual-proteins p30 and p22 performed
a valuable role in diagnostic detection of ASFV, providing a broad insight into
serological diagnostic methods of ASFV.

KEYWORDS

African swine fever virus, indirect ELISA, p22, p30, serological diagnosis

1. Introduction

African swine fever (ASF) is an acute and highly contact infectious disease, caused by African
swine fever virus (ASFV). ASFV infection induced high fever, lethargy, and death in pigs,
causing a devastating loss to the swine industry. ASF was firstly found in Kenya in 1909 and
reported in 1921 (1). Subsequently, ASFV spread to Central and Eastern Europe (2). In China,
ASFV infection first occurred in Liaoning Province in August 2018, and subsequently spread
to all provinces of China (3). Moreover, genotype I ASFVs and low virulent genotype IT ASFV's
occurred in China (4, 5). Since no commercial vaccine is available, the emergence of ASFVs
presents new challenges for the early diagnosis and control of ASF.
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As the only member of the family Asfarviridae, ASFV is
an enveloped virus containing 170-190kb double-stranded DNA.
The ASFV genome includes more than 150 open reading frames,
encoding 54 structural proteins and more than 100 nonstructural
proteins (6). Among these proteins, p22, encoded by KP177R gene,
is a structural protein located at the inner envelope of ASFV virion
(7). Recently, a function genomics has shown that p22 protein
interacts with host proteins involved in several cellular function,
including cell signaling transduction, cell structure, and virus binding
(8). Although a recombinant ASFV lacking p22 has no effect on
pathogenicity and virulence of ASFV, immunization with p22 could
induce a higher antibody titer, indicating that p22 has potential
as a target for serological diagnosis (9, 10). p30 protein is one
of the most immunogenic structural proteins in the ASFV virion,
which is encoded by CP204L gene (11). During ASFV infection of
macrophage, the expression of p30 is detected at 2-4 h post-infection
and then persists throughout the infection cycle (12). Thus, p30 is
considered to be an ideal diagnostic protein using for diagnosis of
ASFV in the early state of infection.

Since no commercial vaccines against this disease currently, early
detection and diagnosis play a vital role in the prevention and control
of ASFV. In addition to molecular diagnostic method, serological
detection is another method for virus infection, which is conducive
to identify infected animals and eradicate the potential risk (13, 14).
Although molecular diagnostic methods are very important for the
early diagnosis and prevention of ASF, the characteristics of low cost
and convenience of serological methods are more suitable for large-
scale field epidemiological investigation (14-16). The establishment
of reliable serological diagnostic methods is closely related to
the antigenicity of the selected antigens (17, 18). Enzyme-linked
immunosorbent assay (ELISA) is a designated experiment specified
by OIE (World Organization for Animal Health) for international
trade to detect specific antibodies to ASFV. Screening several viral
proteins with higher reactivity is very important for establishing
reliable serological diagnostic methods and avoiding unnecessary
biosafety problems (19, 20). In this study, we expressed and purified
ASFV p22 and p30 proteins, and established an indirect ELISA
method for detecting antibodies against ASFV.

2. Materials and methods

2.1. Serum samples

ASFV-positive serum was purchased from China Institute of
Veterinary Drug Control. All clinical swine sera were donated
from Vland Biotech (China). The negative sera against ASFV,
and the positive sera against porcine circovirus type 2 (PCV2),
porcine pseudorabies virus (PRV), classical swine fever virus (CSFV),
porcine reproductive and respiratory syndrome virus (PRRSV), and
Haemophilus parasuis (HPS) were stored in our lab.

2.2. Sequence analysis and optimization
The amino acid sequences of p22 and p30 were analyzed
for immunogenicity, hydrophilicity and transmembrane region by

IEDB database (http://tools.immuneepitope.org/beell/). According to
Escherichia coli (E.coli) expression systems, the sequences of KP177R
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TABLE 1 The sequences of primers.

Primers name Primers sequences

CP204L-R GGATCCATGGATTTCATCCTGAATATC
CP204L-F CTCGAGTTTTTTTTTCAGCAGTTTAA
KP177R-R GGATCCAAAAAACAGCAGCCGCCGA
KP177R-F CTCGAGTTATGCGTGTTTATGATTAC

gene and CP204L gene were optimized and synthesized based on
ASFV HLJ/18 strain (Accession number MK333180.1). Subsequently,
the synthesized sequences were cloned into pEASY-Blunt vector by
gene synthesis corporation.

2.3. Expression of p22 and p30

To construct the expression plasmids of p22 and p30, the
sequences of CP204L and KP177R were amplified by PCR using
the primers containing BamHI and Xhol restriction enzyme sites
(Table 1). After verification by sequencing, the sequences of CP204L
and KP177R were inserted into pET-32a vector. The plasmids
recombinants pET-KP177R and pET-CP204L were transformed into
E.coli BL21(DE3) cells. The recombinants E.coli were cultured
in LB medium and the condition of proteins expression were
optimized, such as culture time, temperature, IPTG concentration.
The immunogenicity evaluation was performed with standard ASFV-
positive serum (China Institute for Veterinary Drug Control) and
His-Tag monoclonal antibody (Proteintech).

2.4. Purification of p22 and p30

After optimizing the culture conditions, the E.coli were
centrifuged to get the pellets (4,000 rpm, 30 min, 4°C) and then
resuspended in pre-cold PBS on ice for ultrasonication. According the
manufacturer’s protocol, the supernatants were collected and filtered
through a 0.22 um filter and purified using a Ni-NTA resin-based
column (GE Healthcare) following centrifuging at 12,000 rpm for
30 min. After eluting with elution buffer, the fractions were dissolved
in PBS containing 5% glycerol and concentrated by ultrafiltration.
The protein concentration was determined by a BCA Protein Assay
Kit (Thermo Fisher). The purified p22 and p30 proteins were verified
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Coomassie blue staining.

2.5. Western blot

Following separation by SDS-PAGE, proteins were transferred
onto PVDF membrane. After blocking with 5% skim milk for 2h,
the membrane was incubated with standard ASFV-positive serum
(1:1,000) overnight at 4°C. Then, the membrane was incubated
with HRP-conjugated goat anti-pig secondary antibodies (1:8,000,
Abcam). Finally, the membrane was visualized in Bioanalytical
imaging system.
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2.6. Establishment of indirect ELISA

2.6.1. Determination of coating concentration and
serum concentration

The coating concentration and serum concentration were
optimized by checkerboard titration (21). Briefly, p22 and p30
were diluted (1:20-1:400) and coated on 96-well microtitration
plates. ASFV-positive and ASFV-negative sera with different dilutions
were incubated. After incubating with HRP-conjugated goat anti-
swine IgG (H+L) antibody and stopping with stop solution, the
plates were quantified using a microplate reader at 450 nm. Coating
concentration and serum concentration were developed the best
reaction condition by determining the negative sample (N) value,
positive sample (P) value, and P/N ratio. Based this condition, the
optimal dilution of horseradish peroxidase-conjugated secondary
antibodies was further determined.

2.6.2. Determination of cut-off value, specificity,
sensitivity, and repeatability

To determine the cutoff vale of the established ELISA, 50 ASFV-
negative serum samples were evaluated. The competitive ELISA
based on p32 (produced by ID.vet) was used as a reference. The
mean value (X) and standard deviation (SD) of 50 samples were
calculated. Negative < X 4 2xSD. Positive > X 4 3xSD. The middle
is considered as the suspicious range.
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For verifying the specificity of the established indirect ELISA, pig
serums positive against other pig pathogens were tested, including
pseudorabies virus (PRV), porcine reproductive and respiratory
syndrome virus (PRRSV), porcine circovirus 2 (PCV2), classical
swine fever virus (CSFV), Haemophilus parasuis (HPS). The ASFV-
positive serum and the serum from specific pathogen-free (SPF) pig
was used as positive and negative control, respectively.

According to the optimized condition, the sensitivity was
carried out by testing the serial dilution multiple of ASFV-positive
serum (1:200-1:15,000).

To assess the repeatability of the indirect ELISA, ASFV-positive
blood samples (determined by ID.vet competitive ELISA) were
selected for intra-assay and inter-assay repeatability experiments.
For inter-assay variability, each sample was retested three times on
plates of different batches. For intra-assay variability, each sample was
repeated 3 times on the same plate at the same time. The results are
expressed as the coefficient of variation (CV), that is, the ratio of the
SD of each group of samples to the average ODys( value.

2.7. Detection of clinical samples

A total of 184 serum samples from suspected diseased pigs was
blinded by the established indirect ELISA and two commercial ELISA
kits (ID.vet and JUNO). All the serum samples were detected by p22
and p30 dual-proteins combination based indirect ELISA method in
this study. The coincidence was calculated.
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TABLE 2 Coating volume ratio of p30 and p22.

Volume ratio of p30 to p22

ASEV-positive sera 2,920 1.394 1.537 1672 1.261 1502 0.835
ASEV-negative sera 0.474 0.195 0.244 0.219 0.164 0.186 0.101
P/IN 6.2 7.2 63 7.6 7.7 8.1 8.3

3. Results Western blot showed that the purified p22 and p30 protein

3.1. Expression and purification of p22 and
p30

To explore the optimal conditions for the expression of p22
and p30, the recombinants E.coli (containing pET-KP177R or pET-
CP204L) was cultivated with different concentrations of IPTG for 4 h
at 37°C. The results showed induction expression using 0.1-1.0 mM
IPTG had no effect on the expression of p22 and p30 (Figures 1A, B).
When the ODgg value reach 0.8-1.0, the recombinants E.coli
were more conducive to induction expression (Figures 1C, D). We
further found that p22 was mainly expressed in the supernatant,
while p30 was expressed both in the supernatant and precipitation
(Figures 2A, B). The soluble protein fraction was purified with Ni-
NTA Sepharose, and the result showed that 100 mM imidazole was
more conducive to elution of p22 protein and 200 mM imidazole was
beneficial to elute p30 protein (Figures 2C, D).

3.2. Immunogenicity of recombinant protein
p22 and p30

Both of purified p22 and p30 were primarily verified by
Western blot and performed a strong immunoreactivity with
anti-His antibody (Figures 3A, C). Furthermore, the results of
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specifically reacted with ASFV-positive serum (Figures 3B, D).
Taken the and p30 exhibited
higher immunogenicity.

together, purified p22

3.3. Optimization of experimental conditions
for ELISA

To determine the optimal conditions, the checkerboard titrations
were performed. The results showed that the optimum coated
concentration of p22 and p30 was determined at 0.12 and 0.4 pg/mL,
and the optimum dilution ratio of serum as primary antibody was
1:600 (Figure 4A). For blocking conditions, we found compared
with 5% BSA and 1% gelatin, using 5% skim milk for 60min
exhibited higher performed a higher blocking effect (Figure 4B).
Moreover, the dilution ratio of secondary antibody and the reaction
time of substrate-enzyme were explored. The result showed for
p22, the optimum dilution of secondary antibody reached 1:40,000
(Figure 4C) and the optimum reaction time is 15 min (Figure 4D);
for p30, the optimum dilution of secondary antibody was 1:30,000
and the reaction time of substrate-enzyme is 10 min (Figures 4C, D).
To develop the indirect ELISA based p22 and p30, the coating ratio
of both proteins were evaluated. Based on calculating P/N value, we
found that the optimum volume ratio of p30 to p22 reached 1:3
(Table 2).
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3.4. Determination of cut-off value,
sensitivity, repeatability, and specificity

Fifty ASFV-negative serum samples (determined by ID.vet
competitive ELISA) were used to determine the cut-off value of the
established ELISA. As shown in Figure 5A, the mean value of ASFV-
negative serum was 0.174, and the cut-off value was determined to
be 0.34. For assessing the sensitivity of this ELISA, ASFV-positive
serums were diluted to detect. The results showed compared with
ID.vet ELISA kit, the established ELISA performed higher sensitivity
(Table 3). To determine the repeatability of this ELISA, 4 selected
ASFV-positive serums were performed by intra-assay and inter-assay.
We found the intra-assay coefficients of variation (CV) ranged from
2.0 to 4.5% And the inter-assay CV ranged from 2.5 to 5.5% (Table 4),
indicating that the indirect ELISA exhibited higher repeatability. To
assess the specificity of this ELISA, the positive serums against PCV2,
PRV, PRRSV, CSFV, and HPS were detected. The results showed that
all these serums were negative (Figure 5B), indicating the established
ELISA possessed high specificity.

3.5. Clinical samples detection

Total 184 pig blood samples were detected by the above
established indirect ELISA, and 99 positive samples and 83 negative
samples were detected by ID.vet competitive ELISA kit. Among
184 samples, the results of 174 samples detected by the established
ELISA were consistent with that of ID.vet ELISA, the coincidence
rate of the established ELISA arrived at 94.6% (compared with ID.vet
ELISA) (Table 5). Moreover, the sensitivity of the established ELISA
was higher than that of other ELISA kits (Table 5). Several negative
samples determined by ID.vet ELISA were identified as positive
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Determination of sensitivity and specificity. (A) The cut-off value of the
established ELISA. (B) The specificity was determined using positive
serums against PCV2, PRV, CSFV, PRRSV and HPS.

TABLE 3 Determination of sensitivity.

10.3389/fvets.2023.1093440

samples and suspicious samples by the established ELISA. Taken
together, the indirect ELISA based on p22 and p30 could be adapted
to clinical serological diagnosis.

4. Discussion

ASF is a global epidemic disease with high mortality, causing
a serious impact on the global swine industry. Considering that
there is no effective vaccine to prevent and control ASFV, the only
effective measure is to diagnostic analysis and eliminate infected
animals. Thus, highly sensitive and specific diagnostic analysis
performed an important role in rapid detection of ASFV. Due to
the advantages of low cost, high sensitivity, and strong specificity,
ELSIA is recommended as the primary method for detecting ASFV
antibody (22).

ASFV encodes more than 50 structural proteins. It is necessary
to develop ELISA based on the viral proteins expressed in different
stages of viral infection. At present, several commercial ELISA kits
were effective and available for detecting ASFV antibodies. For
example, the multi-antigen indirect ELISA kit based on the mixture
of three recombinant proteins p32, p62 and p72 produced by ID.vet
in France. Besides, several studies have used p30, p54, p72, and
other viral proteins as coating proteins for establishing ELISA to
detect ASFV antibodies. p72 is a late structural protein of ASFV,
which is located in the middle or surface layer of viral particles
(23). ASFV p72 gene possesses highly conserved sequence, inducing
a strong immune response (24). Moreover, a recent study has used
p72 protein expressed by eukaryotic system as coating antigen to
establish an blocking ELISA (25). p54 protein is an early structural
protein in ASFV infection, which involves in viral replication,
transfection, and maintenance of structural stability (23). An indirect
ELISA detection method based on the p54 protein produced by
baculovirus expression system was developed and performed higher
coincidence rate compared with the commercial kits (26). pp62 is
an important structural protein of ASFV, cleaved into p35, p15 and
p8 proteins by s273r protease during maturation of viral particle (7).
The recombinant pp62 protein using baculovirus expression system

TABLE 4 Determination of repeatability by inter-assay and intra-assay.

Intra-assay Inter-assay
Results CV% Results CV%
1 2.51340.072 2.86 2.52540.135 5.34
2 1.404 + 0.045 321 1.372 +0.025 255
3 1.64 +0.033 2.01 1.684 £ 0.054 321
4 0.835 == 0.034 4.07 0.821 = 0.39 475

Test kit Dilution ratios 1:200 1:400 1:1,600 1:3,200 1:6,400 1:12,800
p22 and p30 ODyso 2387 2.105 1.791 1.379 1.086 0.732 0.435 0.216
P/N + + + + + + +
ID.vet ODyso 0.172 0.285 0.397 0511 0.654 / / /
P/N + + + 4
116
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TABLE 5 Coincidence rate of clinical samples.

10.3389/fvets.2023.1093440

ELISA kit Sample Positive samples Negative samples Suspicious Samples Coincidence
numbers samples with rate
Numbers Positive Numbers Negative d;gsel:ﬁ';t \(,S:i?mga\:ees
detection detection :
rate rate
p22 and p30 184 101 54.9% 79 42.9% 4 10 94.6%
ID.vet 184 99 53.8% 83 45.1% 2 / /
JUNO 184 96 52.2% 87 47.3% 1 7 96.2%

has been used as coating protein for establishing ELISA, which is
recommended by OIE resulting its sensitivity and specificity (27).
CD2v is a membrane protein embedded in the outer surface of the
virus capsule and a late expression protein of ASFV (28), which can
lead to the adsorption of erythrocytes on the surface of virus infected
cells and contribute to their diffusion in the host (29). ASFV CD2v
protein was expressed in CHO-KI1 cells and established an indirect
ELISA method with good specificity and sensitivity (21).

Since ELISA based on different ASFV proteins has different
characteristics, it is necessary to continuously explore other viral
proteins of ASFV that can be used for specific antibody detection,
and select different antigen combinations to further improve
ELISA detection methods. p22 is an early transcribed, structural
protein localized at the inner envelope of ASFV particle. Although
recent study has confirmed p22 protein did not seem to be
involved in viral replication or virulence in pigs by developing a
recombinant ASFV lacking the KP177R gene, p22 protein could
interact with cellular proteins to participate in viral binding,
signal transduction, and cell adhesion (8). Recently, a blocking
ELISA based on p22-monoclonal antibody showed higher s
sensitivity and specificity for detecting ASFV antibodies (30). p30,
a membrane phosphorylated protein, is expressed in the early
stage of ASFV infection and plays a significant role in virus
internalization (31, 32). Recent research has showed p30 could
interact with 7 cellular proteins to involve in viral internalization
mediated by clathrin and micropinocytosis, and might regulate
innate immunity by interacting with innate immune regulators
(33). Furthermore, an indirect ELISA based on p30 expressed by
prokaryotic expression system has been established and showed
higher specificity (34). In this study, based on the recombinant
proteins p22 and p30 were expressed in prokaryotic expression
system, an indirect ELISA was developed and showed higher
sensitivity and specificity.

5. Conclusion

An indirect ELISA based on p30 and p22 protein was established.
Through detection of standard ASFV-positive serums, positive
serums against other virus, and negative serums, the sensitivity and
specificity of this ELISA was determined. Our study provides a broad
insight into serological diagnostic methods of ASFV antibodies,
but it still needs to be further verified by more pig serums from
different sources to expand the experimental data and improve the
detection method.
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Introduction: Diagnostic test evaluation for African swine fever (ASF) in field
settings like Vietnam is critical to understanding test application in intended
populations for surveillance and control strategies. Bayesian latent class analysis
(BLCA) uses the results of multiple imperfect tests applied to an individual of
unknown disease status to estimate the diagnostic sensitivity and specificity of
each test, forgoing the need for a reference test.

Methods: Here, we estimated and compared the diagnostic sensitivity and
specificity of a novel indirect ELISA (iELISA) for ASF virus p30 antibody (Innoceleris
LLC.) and the VetAlert™ ASF virus DNA Test Kit (qPCR, Tetracore Inc)) in field
samples from Vietnam by assuming that disease status 1) is known and 2)
is unknown using a BLCA model. In this cross-sectional study, 398 paired,
individual swine serum/oral fluid (OF) samples were collected from 30 acutely
ASF-affected farms, 37 chronically ASF-affected farms, and 20 ASF-unaffected
farms in Vietnam. Samples were tested using both diagnostic assays. Diagnostic
sensitivity was calculated assuming samples from ASF-affected farms were
true positives and diagnostic sensitivity by assuming samples from unaffected
farms were true negatives. ROC curves were plotted and AUC calculated for
each test/sample combination. For comparison, a conditionally dependent, four
test/sample combination, three population BLCA model was fit.

Results: When considering all assumed ASF-affected samples, gPCR sensitivity
was higher for serum (65.2%, 95% Confidence Interval [CI] 58.1-71.8) and
OF (52%, 95%Cl 44.8-59.2) compared to the iELISA (serum: 42.9%, 95%CI
35.9-50.1; OF: 33.3%, 95%Cl 26.8-40.4). gPCR-serum had the highest AUC
(0.895, 95%Cl 0.863-0.928). BLCA estimates were nearly identical to those
obtained when assuming disease status and were robust to changes in
priors. gPCR sensitivity was considerably higher than ELISA in the acutely-
affected population, while ELISA sensitivity was higher in the chronically-
affected population. Specificity was nearly perfect for all test/sample types.

119 frontiersin.org


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2023.1079918
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2023.1079918&domain=pdf&date_stamp=2023-02-23
mailto:scham083@umn.edu
https://doi.org/10.3389/fvets.2023.1079918
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2023.1079918/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Schambow et al.

10.3389/fvets.2023.1079918

Discussion: The effect of disease chronicity on sensitivity and specificity could
not be well characterized here due to limited data, but future studies should aim to
elucidate these trends to understand the best use of virus and antibody detection
methods for ASF. Results presented here will help the design of surveillance and
control strategies in Vietnam and other countries affected by ASF.

KEYWORDS

Bayesian latent class analysis, ELISA, PCR, African swine fever, diagnostic test,

evaluation, Vietham

1. Introduction

African Swine Fever (ASF) is arguably one of the most
significant animal disease threats currently facing global pork
production. ASF is a notifiable disease of swine caused by the
ASF virus (ASFV), a large (175-215nm), icosahedral, enveloped,
double-stranded DNA arbovirus (1). ASFV only infects members
of the Suidae family including domestic pigs and wild boar, and it
is not a threat to human health. ASF was first reported in Kenya in
1921 and now is globally widespread throughout Eastern Europe,
Asia, and Africa (2, 3). Notably, it was detected in the Dominican
Republic and Haiti in 2021 (4). No effective treatments exist for
ASE and even though promising vaccine candidates have been
developed, their safety is still under evaluation, and it may be some
time until they are regularly available for widespread use (5, 6).
ASF disease control relies on preventing introduction with effective
biosecurity, passive and active surveillance, and early detection
of potential outbreaks followed by quarantine and eradication
through mass depopulation to avoid disease spread (7).

Successful ASF surveillance and control strategies rely on timely
and accurate ASF diagnosis to prevent disease spread and avoid
false-positive ASF misdiagnosis that can lead to unnecessary culling
of pigs and disruption to industry. Diagnostic assays based on
virus and antibody detection are useful for surveillance, provided
their intended use is appropriately defined and their diagnostic
performance evaluated prior to deployment. Evaluation of the
diagnostic sensitivity (DSe) and specificity (DSp) is part of the
World Organization for Animal Health (WOAH)’s pathway for
test validation, with various methodologies approved for analysis
(8). In initial assessments of DSe and DSp, ideally samples from
positive and negative reference populations that are representative
of the intended target population should be used (8). Estimation
of DSe and DSp would then involve the use of a gold standard
reference test to which the new test is compared to. Although
this method may be acceptable in circumstances where reference
tests with high accuracy are available, the use of samples of known
infection status is ideal for precise and unbiased evaluation of
the diagnostic performance of a test. However, when animals or
samples of unknown status are used or when no suitable reference
test is available, considerable bias may be introduced. This is often
the case in field studies, where it may be possible to determine
the status of the herd or farm but impossible to ascertain the true
disease status at animal level. However, field samples may best
represent the intended use of these diagnostic tests and provide
a more accurate evaluation of their performance, and they are

Frontiersin Veterinary Science

important in monitoring assay performance after initial validation
(8). To address these concerns, latent class models were developed
to provide a flexible alternative for diagnostic test evaluation (9, 10).

Latent class models use multiple imperfect reference tests
applied simultaneously to one or more populations to estimate the
DSp and DSe of each test (9). These models allow for uncertainty
about the samples’ true status, making them an appropriate fit
for analysis of field samples. They also can address the potential
conditional dependence between tests that have similar biological
basis, providing a more accurate estimate of DSe and DSp (11, 12).
Bayesian latent class models (BLCA) use a Bayesian framework
to formally incorporate prior knowledge to estimate the posterior
probability of each tests’ DSe and DSp. The prior represents how
likely one believes the hypothesis to be true before data has been
collected. In BLCA models of diagnostic test accuracy, priors can
be provided for estimates of the DSe and DSp of each test and
the disease prevalence in each sampled population (13). The use of
these models is supported by the WOAH, and their implementation
has become more common in veterinary medicine over the past 20
years (14-16).

For tests that provide a continuous outcome, results can
be dichotomized into “positive” and “negative” categories (8).
Additional categories, such as “intermediate” or “suspect”, are
sometimes used as well. These categorical designations are made
by specifying cut-off points. DSe and DSp of a diagnostic test
can be increased or decreased by modifying its cut-off points, but
their relationship is inversely related. Thus, test developers must
choose a cut-off point that balances the desired DSe and DSp of
the diagnostic test for its intended purpose. Receiver operating
characteristic (ROC) curves can be a useful analysis to compare DSe
and DSp over different cut-off points (17). Additionally, the area
under the ROC curve (AUC) provides an estimate of the diagnostic
test’s global accuracy across all assay values and can be used to
compare different assays.

Typically, ASF test assessment and validation have been
performed on experimental samples. However, ongoing ASF
outbreaks in Southeast Asia provide a unique opportunity for field
testing of novel diagnostic tests. Particularly, Vietnam confirmed
its first outbreak of ASF in February 2019 on a backyard pig
farm in Hung Yen Province (18). Since then, ASF spread to all
63 provinces in Vietnam and resulted in an estimated nearly 6
million pigs lost in 2019 (19). Despite continuous efforts from
private and public stakeholders to control the disease, since 2020
up to the present day, new ASF outbreaks continue to be reported
(20, 21). The objective of the this study was to estimate and
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compare the diagnostic performance of a novel indirect enzyme-
linked immunosorbent assay (iELISA) for ASF serum antibodies
(iELISA), developed by Innoceleris Ames, IA, USA and produced
and commercialized by Tetracore (Rockville, MD, USA), and the
VetAlert™ ASFV DNA Test Kit (QPCR, Tetracore) in both serum
and oral fluid (OF) samples collected on farms in Vietnam. Because
no gold standard reference test was assumed and true disease status
of sampled individuals was unknown, we also aimed to compare
estimates from BLCA modeling to those produced when assuming
disease status is known based on history, location, clinical signs,
and duration of the ASF outbreak in Vietnam.

2. Materials and methods

2.1. Study design—Sampling, populations

The study was a prospective, cross-sectional field study to
evaluate the performance of the two diagnostic assays, QPCR and
iELISA, on serum and OF samples in Vietnam. Samples were
collected from dates 2019 to 2021. Selection of farms was not
researcher-driven, but part of ongoing ASFV regulatory activities
by the Vietnamese veterinary services. Farms were from 17
provinces (Bac Giang, Bac Ninh, Dong Nai, Ha Nam, Ha Noi, Ha
Tay, Hai Duong, Hoa Binh, Hung Yen, Nam Dinh, Nghe An, Phu
Tho, Son La, Thai Binh, Thai Nguyen, Vinh Phuc, and Yen Bai).
Sample collection was performed on farms throughout Vietnam
using outbreaks detected/reported by the farm’s veterinarian
and farm owner. ASF-acutely affected, chronically affected, and
unaffected herds were targeted. Acutely affected farms were defined
as those with pigs with severe clinical symptoms of ASF, chronically
affected farms as those with pigs which had developed mild clinical
symptoms of ASF for a period of time (~6 weeks—2 months), and
unaffected farms as those with no clinical or laboratory history
of ASF at the farm level. On farm, pigs were selected by the
farm’s veterinarian, and on ASF-affected farms specifically, animals
exhibiting clinical signs consistent with ASF were targeted for
sampling. All pigs on farms were eligible for sampling. Paired
individual serum and OF samples were collected from 100 pigs on
30 acutely ASF-affected farms, 98 pigs on 37 chronically affected
farms, and 200 pigs on 20 non-affected farms, for a total of 398
paired samples from 87 farms. The number of samples taken per
acute or chronic farm ranged from 1 to 10, while 10 samples were
consistently collected on each unaffected farm. Farm information
was recorded at the time of sampling including the farm’s province,
farm type, animals per barn and pen, brief history of ASF on the
farm, overall health status of the pigs, and general vaccination
status. Each sampled pig’s age group category was also recorded.

2.2. Sample collection and processing,
ELISA, and PCR protocols

2.2.1. Sample collection and processing

All animal sampling and activities were performed in
accordance with guidelines of the animal ethics committee of
Vietnam National University of Agriculture. Blood was collected
via right jugular vein venipuncture using a 20 gauge or smaller
needle and syringe, with needle size adjusted per pig age. The
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8-10mL of blood collected was placed into a glass vial sans
anticoagulant. The blood was allowed to clot at room temperature.
Clotted blood was transferred to the laboratory under refrigerated
conditions by placing the vials on ice gel packs in a transport
container for serum extraction at the laboratory. Clotted blood
was centrifuged for 10 min at 1,000 x g (Allegra™64R Centrifuge,
Beckman Coulter), the sera were separated and aliquoted into 2 mL
cryogenic vials, then stored at —80°C until further use.

Pig OF samples were collected using dry cotton swabs
(prepared on 25 cm wooden stick). The cotton swab was used to
rub inside the oral cavity, tonsils and pharynx of pigs 5-6 times
so that the fluid was absorbed. Afterwards, the cotton swabs were
transferred into a tube with 1.5mL of phosphate-buffered saline
(PBS—Tablets, USA) pH 7.4 and transported to the lab in an ice
box. In the lab, the wooden stick was removed, and the cotton tip
submerged in PBS was transferred into a zip bag. The fluid was
collected by compressing the cotton swab in the bag. Aliquots of
OF were placed into 2mL cryogenic vials and stored at —80°C
until tested.

2.2.2. qPCR for ASFV DNA detection

Viral DNA extractions from serum and OF samples were
performed using a MagMAX-96 viral kit (Thermo Fisher Scientific)
with KingFisher Flex 96 Deep-Well Magnetic Particle Processor
(Thermo Fisher Scientific). For the specific detection of ASFV
DNA, the ASF 2.0 PCR dry assay (Tetracore, Inc., Rockville,
MD, United States) was used. The assay, including ready-to-use
reagents, was provided in a dried-down format, which can be stored
and shipped at room temperature. The reagents were rehydrated by
adding 20 pL of the rehydration buffer (TC-9094-064, Tetracore)
to each ASFV reaction tube. The tube was then kept at room
temperature for 5min to allow for rehydration of the dry reagents.
After this step, the tube was briefly vortexed (Cleaver, Scientific
Ltd., Rugby, United Kingdom) for 10s to fully dissolve the dry
reagents. The rehydrated reagents were then transferred to the
reaction tube and 5 pL of the extracted sample was then added
to the reaction tube and loaded on the real-time PCR Instrument
(CFX96™ Real-Time System, Bio-Rad). Each sample was tested
following these thermal cycling conditions: 95°C for 2 min, 45
cycles of, 95°C for 155, 60°C for 60s (Collecting Optical data in
channel FAM). Serum and OF samples with Ct values < 38 were
considered as positive and containing ASFV DNA. Samples with Ct
values > 38 were considered as negative and not containing ASFV
DNA (manufacturer-specified).

2.2.3. ASFV iELISA for antibody detection

In the present study, an ASFV VP30-based iELISA was used
that was originally designed by Innoceleris LLC. and produced and
commercialized by Tetracore Inc. Samples were tested according
to manufacturer’s instructions. With the exception of the wash
solution (provided 20X), all iELISA reagents and controls were
provided ready-to-use. In brief, 100 wL (reaction volume) of pre-
diluted serum (1:100) or OF (1:2) samples were transferred to the
pre-coated iELISA plate. After 45 min incubation (19-22°C), plates
were washed 5 times using 300 pL of 1X wash solution, then 100
L of enzyme conjugate was added to each well and the plates
incubated (19-22°C) for 30 min. Then, after another washing step,
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the reaction was visualized by adding 100 pL of TMB substrate
to each well and the plates incubated for 10 min at 19-22°C.
Thereafter, 100 1L of stop solution was added to stop the reaction
and the plates were read (450nm) with a spectrophotometer
(Epoch2, BioTek). The optical density (OD) response was expressed
as sample to positive (S/P) ratios using the equation below.

5/ Sample OD — Average Negative Control OD

- Average Positive Control OD. — Average Negative Control OD

Serum samples with S/P < 1 considered as negative and
not having ASFV antibodies, while samples with S/P > 1
were considered as positive and having ASFV-specific antibodies
(manufacturer-specified). OF samples with S/P < 0.5 considered as
not having ASFV antibodies, while samples with S/P > 0.5 were
considered as having ASFV-specific antibodies.

2.3. Statistical models

Two methods were used to evaluate the DSe and DSp of
each test and sample type: (1) calculation assuming disease status
in reference populations; and (2) Bayesian latent class analysis
assuming imperfect tests and unknown disease status. For the first
approach, it was assumed that all samples from the ASF-acute and
ASF-chronic populations were disease-positive and that all samples
from the unaffected farms were disease-negative. The continuous
test values for each subject were dichotomized into positive and
negative categories using the cut-offs described in Sections 2.2.2
and 2.2.3. The tests’ DSe using serum or OF were estimated using
the ASF-affected populations, and DSp were estimated using the
unaffected population, by placing the dataina 2 x 2 table of disease
and test status. DSe was calculated as the proportion of disease-
positive samples that tested positive, while DSp was calculated as
the proportion of disease-negative samples that tested negative
(Table 1). Ninety-five percent confidence intervals were calculated
using the specified Clopper-Pearson exact method. The tests’ DSe
was calculated individually for the acute and chronic populations,
and then for both populations combined.

2.3.1. Bayesian latent class model

The Bayesian latent class analysis approach to evaluate DSe and
DSp followed that of Dendukuri and Joseph (11) and Branscum
et al. (13). A three population, four tests model with pairwise
dependency was fit using the acute, chronic, and unaffected
populations and each test-sample type combination (Figure 1). The
full model is available in Supplementary material 1. Guidelines for
reporting studies of diagnostic test accuracy using BLCMs were
followed (16) (Supplementary material 2). Because both antibody
and virus detection methods were modeled together, the latent
class here represents infection where viral DNA is present yet is
prolonged enough for antibodies to have been produced.

Covariance was modeled between samples tested by the same
diagnostic test (i.e., between serum and OF samples tested by
iELISA for ASFV antibodies and between serum and OF samples
tested by qPCR for viral DNA, Figure 1), resulting in four pairwise
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comparisons. This accounts for the expectation that tests that use
similar biological basis (e.g., detection of ASFV antibody) may
be correlated, meaning the event that they classify individuals
of infected or uninfected status the same will occur more than
by chance. The covariance structure was parameterized using the
approach described by (11) between the DSe or DSp for each pair of
tests, where a Beta (1,1) prior was used to constrain the covariance
estimates to positive values. The overall correlation of test outcome
between pairs of tests for infected (rhoD) and uninfected (rhoDc)
was calculated as described in Branscum et al. (13).

Prior values for each tests DSe and DSp using serum and
OF were estimated using previously published reports of the
tests’ performance, experimental studies, and through consultation
with test designers and experts where data was limited (Table 2).
In published reports, the VetAlert™ qPCR has consistently
demonstrated high or perfect DSe and DSp across many different
sample types (23, 24), however OF were not tested. Based on studies
where other ASF DNA PCRs were evaluated using OFs, it was
assumed that DSe of the VetAlert™ qPCR using OF would still
be high but reduced compared to sample types such as whole
blood (25, 26). The iELISA used here was recently evaluated
in experimentally ASF-infected pigs in Russia using both serum
and OF samples across 14 weeks (22). Raw data from those
experiments were used directly to estimate priors by estimating
an average DSe and DSp across timepoints and calculating 95%
Clopper-Pearson exact confidence intervals. Additional results
from samples collected through regulatory veterinary diagnostic
laboratory testing in the United States, currently free of ASE, were
also used to support the assumption of high DSp of the iELISA in
serum and OF (Gimenez-Lirola, unpublished data). Because each
population (acute, chronic, unaffected) was created by sampling a
few pigs from many farms of a known ASF-status, it was assumed
that the disease status of individuals within each sample population
was likely very uniform; i.e., near certain high prevalence in the
acute and chronic populations, and near certain freedom in the
unaffected population. Due to this sampling strategy, reports of
ASF-prevalence in herds in Vietnam were not chosen for informing
the prevalence priors, and subjective estimates from the experts
and authors were used instead (Table 2). No data was available
to estimate correlation between tests, so vague Beta (1,1) priors
were used for all covariance parameters. Using the most likely
value for each estimate and its 95% confidence interval, BetaBuster
(1.0) software was used to obtain the a and p parameters of the
beta distributions for each prior (27). Some of the initial prior
distributions for DSe and DSp were very narrow and resulted
in non-convergence of the model, so the lower 95% confidence
value was decreased by 10% for DSe and DSp estimates when
obtaining the beta parameters in BetaBuster. A hyperprior of the
form Bernoulli (0.001) was used to inform the prior value of the
ASF-unaffected population.

The
a contingency table (Table3) representing all the possible

dichotomized test results were cross-classified in
combinations of test results from the four tests (2* = 16 possible
test combinations). The data was modeled multinomial with
respect to p (the probability of an individual having a particular
combination of test results, i.e., the probability of each cell in the
contingency table) and n (the size of each population sampled).
The probability of a given combination of test results p was
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TABLE 1 Number of correctly classified test results using iELISA serum and oral fluid (OF) antibody tests and gPCR serum and OF DNA tests under the
assumption that all samples from acute and chronically affected farms are ASF-positive and all samples from unaffected farms are ASF-negative.

10.3389/fvets.2023.1079918

Number of test positive samples

Acute (1 = 100) 16 74 1 69
Chronic (n = 98) 69 55 55 34
Acute and Chronic Combined ASF-affected (n = 198) 85 129 66 103
Number of test negative samples

ASF-unaffected (n = 200) 200 ‘ 200 198 200

3 populations
30 farms 37 farms 20 farms
100 p1gs 98 pigs 200 pigs
\ ‘
398 serum and oral fluid samples,
individual & paired
1ELISA for
VP30 Ab
qPCR-serum qPCR-oral fluids iELISA-oral fluids
A A7 A KT
Pairwise 4 test/sample Pairwise
correlation combinations correlation
FIGURE 1
Overview of BLCA study design and model.

modeled using the prevalence of each population and each tests’
DSe and DSp and pairwise covariances. Five parallel DSe and
DSp schemes (only serum, only OF, only PCR, only iELISA, or all
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four tests/samples) were also calculated within the model. Parallel
testing here referred to the interpretation of test results whereby
an animal is considered positive if any of the simultaneously
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TABLE 2 Values and sources of priors used for BLCA model.

10.3389/fvets.2023.1079918

iELISA, serum Ab DSe 0.82 0.55,0.99 9.20, 2.80 (22),
Gimenez-Lirola,
DSp 0.99 0.89-1 30.29, 1.30 unpublished data
qPCR, serum DSe 0.88-1 23.43,1 (23, 24)
DSp 0.78-1 12.06, 1
iELISA, oral fluid Ab DSe 0.48 0.25-62.6 5.45,5.82 (22),
Gimenez-Lirola,
DSp 0.99 0.89-1 30.29, 1.30 unpublished data
qPCR, oral fluids DSe 0.95 0.5-1 4.77,1.20 (23-25)
DSp 0.79-1 12.71, 1
ASF-acute population 0.1-1 1.30, 1
ASF-chronic population 0.1-1 1.30, 1
ASF-uninfected population 0.01 0.002-0.058 1.88, 88.28
Covariance between iELISA serum and oral fluid, infected subjects 1,1
Covariance between qPCR serum and oral fluid, infected subjects 1,1
Covariance between iELISA serum and oral fluid, uninfected subjects L1
Covariance between qPCR serum and oral fluid, uninfected subjects 1,1

95% CI for diagnostic Se/Sp (DSe/DSp) estimates represents relaxed lower CI values.

applied tests are positive and can only be considered negative if
all simultaneously applied tests are negative. Parallel DSe and DSp
were calculated for pairwise parallel testing schemes and for all
four test/sample combinations, adjusting for correlation for test
pairs that were considered dependent (iELISA serum and iELISA
OF; qPCR serum and qPCR OF) following that of Branscum et al.
(13) and Bates et al. (28).

The Bayesian latent class analysis was performed using the
freely available software WinBUGS v1.4.3 within R using the
R2WinBUGS package (29, 30). WinBUGS (Bayesian inference
Using Gibbs Sampling) is a program that allows for Bayesian
inference using Markov chain Monte Carlo (MCMC) methods.
The model was performed using three MCMC chains over 50,000
iterations with an initial burn-in of 5,000 iterations to obtain an
effective sample size of at least 10,000 for the parameters. To
eliminate potential autocorrelation, thinning was applied where
1 in every 10 consecutive samples were selected. Each parameter
in each MCMC chain had a different starting input to ensure
full exploration of the probability space. Convergence was visually
confirmed by examining traceplots and obtaining a Gelmin-
Rubin statistic for each parameter (31). Autocorrelation was
assessed by examining autocorrelation plots. Summary statistics
were generated for the parameters from the posterior density
plots, where the median value represented the 50th percentile
and the 95% credibility intervals represented the 2.5th and 97.5th
percentile values.

2.3.2. Sensitivity analysis
Other
explored to assess

and prior distributions were
of the BLCA model

model structures

the robustness
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(Supplementary material 3). To assess the effect of the priors
on the posterior distributions, two alternative sets of priors
were used: vague Beta (1,1) distributions or changing by 25% of
their original value. Alternative covariance structures were also
explored. Pairwise dependence was modeled between iELISA and
PCR samples of the same type, i.e., between PCR-serum/iELISA-
serum and PCR-OF/iELISA-OF. Additionally, the original model
was modified by parameterizing the covariance distributions
as uniform using their natural minimum and maximum (11),
allowing covariance take negative values. Due to constraints
imposed on the MCMC sampler by the hyperprior for the
unaffected population’s prevalence, the effects of removing
this hyperprior on convergence and parameter estimates were
also explored.

An assumption of BLCA is equal performance of diagnostics
tests across populations (9, 10). Because there was evidence that this
assumption was potentially not met due to different performance
in the acutely and chronically affected populations, a four test, two
population model was fit where population one used the combined
acute and chronic population data and population two used the
unaffected population data. Two additional two-population models
were fit where only the acute or chronic population data were
used for population one, and the unaffected population data
was used for population two. Results from these two models
were compared to the DSe and DSp estimates when assuming
infection status in acute and chronic populations only, respectively.
For all the alternative analytical approximations, formulations,
and parameterizations assessed in the sensitivity analysis here,
variations of <10% in the point estimates and overlapping Bayesian
credibility intervals (BCI) for the posterior values of the assessed
parameters were considered evidence of robustness of the initial
modeling approach.
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TABLE 3 Cross-classified results of iELISA serum (iELISA-S) and OF (iELISA-OF) antibody (Ab) tests and qPCR serum (qPCR-S) and oral fluids (qPCR-OF)
tests used in BLCA representing all 16 possible test combinations, for acute, chronic, and unaffected populations.

iELISA-OF

Population

iELISA-S
Ab Ab

qPCR-OF +
gPCR-S+ qPCR-S -

qPCR-OF -
gPCR-S+ qPCR-S -

ASF-affected, acute (n = 100) + 4 0 4 0
2 0 1 0
- 4 1 3 0
33 25 23 0

ASF-affected, chronic + 9 8 21 17
(n=98) 0 0 0 0
- 5 2 6 1

6 4 8 11

ASF-unaffected (n = 200) + 0 0 0 0
0 0 0 2

- 0 0 0 0

0 0 0 198

2.4. ROC curves/AUC calculation

To understand how changes in cut-off values may affect DSe
and DSp, ROC curves were produced and AUC calculated for each
test-sample type combination using the package ROCR in R (17,
32). ASF-acute and -chronic population data were combined into
one ASF-affected population, where all samples were assumed to be
disease-positive. All ASF-unaffected farm samples were assumed to
be disease-negative.

3. Results

3.1. Population and sample characteristics

Farms were distributed across 17 provinces mainly in
Northcentral Vietnam and few in southern Vietnam. Most farms
were located in Hung Yen (n = 22 farms) and Dong Nai (n =
8). In the acute population, 13 farms were classified as intensive
and 17 as small holders, while in the chronic population, 14
farms were considered intensive and 22 as small holders. All ASF-
unaffected farms were considered as industrial farms. As described
in Vietnamese regulations, small holders contain from 10 to 29
animals, intensive farms contain from 30 to 299 animals, and
industrial farms contain 300 or more animals (33). The age category
of sampled pigs varied by population and farm. Of samples from
acutely affected farms, 45 were grower pigs, 44 from sows, and 11
from weaned pigs. Samples from chronically affected farms were
comprised of 28 growers, 6 finishers, 13 mature, 47 sows, and 4
weaned pigs. On ASF unaffected farms, 90 samples came from sows
and 110 samples from weaned pigs. Sampled weaned pigs across
farm types were of 3-5 weeks of age. Overall, no farms reported
any type of ASF-vaccine usage. Other vaccine usage varied between
farms, with many vaccinating for some combination of circovirus,
parvovirus, foot-and-mouth disease (FMD) virus and/or classical
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swine fever (CSF) virus. Few farms also vaccinated for Porcine
Reproductive and Respiratory Syndrome (PRRS).

3.2. Estimates under assumption of true
disease status in populations

The qPCR had greatly increased DSe (serum: 74%, 95% CI
64.3-82.3; OF: 69%, 95% CI 58.97-77.9) compared to the iELISA
(serum: 16%, 95% CI 9.43-24.7; OF: 11%, 95% CI 5.62-18.8)
for both sample types in the acutely affected population and
moderately increased DSe (serum: 65.2%, 95% CI 58.1-71.8; OF:
52%, 95% CI 44.8-59.2) compared to iELISA (serum: 42.9%, 95%
CI 35.9-50.1; OF: 33.3%, 95% CI 26.8-40.4) in the combined
populations (Table 4). The iELISA had higher DSe (serum: 70.4%,
95% CI 60.3-79.2; OF: 56.1%, 95% CI 45.7-66.1) compared to
qPCR (serum: 56.1%, 95% CI 45.7-66.1; OF: 34.7%, 95% CI
25.4-44.98) with both sample types when considering only the
chronically affected population. DSp was high for all test-sample
combinations for all assays, with a minimal decrease in DSp for OF
tested for antibodies by iELISA (99%, 95% CI 96.4-99.9).

3.3. BLCA model

The BLCA model converged well for all parameters with
minimal autocorrelation. Posterior prevalence estimates were high
for the acutely and chronically affected populations and near
zero for the unaffected population (Table 5). The model provided
higher posterior median estimates of DSe for all four test-sample
types (Table 5; iELISA-serum: 46.2%, 95% BCI 39.4-52.9; iELISA-
OF: 36.0%, 95% BCI 29.7-42.9; qPCR-serum: 70.0% 95% BCI
63.6-76.0; qPCR-OF: 53.9%, 95% BCI 46.7-61.0) compared to
the values calculated from the combined, acutely, and chronically
affected populations assuming positive disease status (Table 4),
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TABLE 4 Estimates of diagnostic sensitivity (DSe) of ASFV iELISA and qPCR ASFV DNA assay for serum and oral fluid samples in acute, chronic, and
combined-ASF-affected populations assuming true disease status, and diagnostic specificity (DSp) estimates in free-population, with 95%
Clopper-Pearson confidence intervals.

Sensitivity, Sensitivity, Sensitivity, Specificity,
acutely chronically combined negative,
affected affected affected i.e., unaffected
iELISA for ASFV Ab Serum 16 (9.43-24.7) 70.4 (60.3-79.2) 42.9 (35.9-50.1) 100 (98.2-100)
Oral fluids 11 (5.62-18.8) 56.1 (45.7-66.1) 33.3 (26.8-40.4) 99 (96.4-99.9)
qPCR for ASFV DNA Serum 74 (64.3-82.3) 56.1 (45.7-66.1) 65.2 (58.1-71.8) 100 (98.2-100)
Oral fluids 69 (58.97-77.9) 34.7 (25.4-44.98) 52.0 (44.8-59.2) 100 (98.2-100)

though the overall trends of test performance were identical.
Posterior DSp estimates were nearly identical between the two
evaluation methods, and overall, 95% BCI were of similar width
to the estimated 95% confidence intervals (Tables 4, 5). Pairwise
correlation for infected subjects (rhoD13) was high between the
iELISA using serum and OF and low-moderate for uninfected
subjects (rhoDc13) though the latter had a very wide 95% BCIL
RhoD24 was low between qPCR serum and OF samples, while
RhoDc24 was low-moderate and, similarly to the iELISA pairwise
correlation, had a very wide 95% BCI. Of the five parallel testing
schemes assessed, using all four test and sample combinations
resulted in the highest parallel DSe with only a small decrease in
DSp. The parallel DSe and DSp of using only qPCR samples or
using only serum samples were similar with overlapping 95% BCI.
The use of only iELISA samples had the lowest parallel DSe.

3.4. Sensitivity analysis

The sensitivity analysis showed that parameter estimates were
robust to changes in priors, hyperpriors, and model structure
across the additional six different four test, three or two population
models that were explored (Supplementary material 3). Removing
the hyperprior allowed for better convergence of the parameter
for the unaffected population prevalence, but with similar final
results. The two population model where acute and chronic
population data were combined also provided similar posterior
medians and overlapping 95% BCI as the three population model
(Supplementary material 3). The two population models where
acute and chronic data were modeled separately showed small
increased estimates for some DSe parameters compared to those
when assuming disease status, but 95% confidence intervals and
95% BCI overlapped.

3.5. ROC curve analysis

The best performing test according to its AUC value was the
qPCR to detect ASF viral DNA in serum samples (Table 6). The
remaining tests, i.e., QPCR to detect ASF viral DNA in OF and
iELISA to detect ASFV antibodies in serum or OF, had similar AUC
values with overlapping 95% confidence intervals. According to the
ROC plots (Figure 2), decreasing iELISA cut-off or increasing PCR
cut-off points to improve DSe would lead to substantial decreases
in DSp with minimal gain in DSe.
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4. Discussion

The ever-growing spread of ASF globally makes accurate and
early ASFV detection critical to identify infected populations and
successfully control disease outbreaks. Having reliable and accurate
diagnostic assays not only improves detection but also reduces false
positives, which is also an important component of an efficient
disease response. ASF lacks any pathognomonic clinical signs and
can present indistinguishably from diseases such as classical swine
fever (CSF) or PRRS, among other systemic and hemorrhagic
diseases, making confirmation of infection by diagnostic tests
vitally important (34, 35). Here, we aimed to evaluate the DSe
and DSp of two novel diagnostic tests, iELISA for ASFV antibody
detection and qPCR for ASFV DNA detection, in both serum and
OF samples from pigs under field conditions in Vietnam.

Opverall, when population data was combined, qPCR had higher
DSe than iELISA for both serum and OF samples. However,
when considering acute or chronic populations separately, gPCR
had higher DSe in the acute samples, while iELISA had higher
DSe in chronic samples. The dynamics of ASFV viremia and
the host’s antibody response may explain in part the observed
difference in DSe depending on infection stage. ASFV causes an
initial viremia detectable by PCR within days after infection and
is sustained for ~1 month. In pigs surviving the initial stages
of infection, viremia decreases, and the amount of viral DNA
present in the pig blood or sera may become too low to be reliably
detected via viral DNA detection assays, but antibody testing
allows for detection of the infection during and after cessation
of viremia. ASFV antibodies become detectable ~7 days post-
infection (dpi), per different antibody detection methods, including
indirect immunoperoxidase, indirect immunofluorescence, and
some ELISA (22, 36, 37). Furthermore, antibodies formed as a result
of moderately virulent ASFV infections and/or in pigs that are in
the chronic stage of ASFV infection are more reliably detected 13-
14 days dpi. For example, in experimentally infected pigs, peak
Cq values by qPCR were obtained by 18-19 dpi, with decreasing
amounts of ASFV DNA in blood from 29 dpi onward until only
52% of pigs were qPCR-positive at 91 dpi (38). In contrast, in the
same group of pigs, the percentage of ASFV-Ab positive animals
and blocking values using the INGEZIM PPA COMPAC ELISA
(Ingenasa) steadily increased from 10 dpi until reaching 99-100%
by 63 dpi. In another study, pigs infected with ASFV through direct
contact displayed a relatively steady decline in Ct values of a gPCR
viral DNA tests of whole blood and oropharyngeal swabs from day
13 onward (39). In two surviving pigs, a strong antibody response
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TABLE 5 BLCA posterior estimates of iELISA and qPCR diagnostic sensitivity and specificity (%) in serum and oral fluid samples with 95% Bayesian
credibility intervals (BCI).

Parameter Posterior estimates and 95% BCI
Test Sensitivity Specificity
ELISA for ASFV Ab Serum 46.2 (39.4-52.9) 99.6 (98.1-99.97)
OF 36.0 (29.7-42.9) 98.5 (96.5-99.6)
rhoD13, serum and OF 73.0 (63.9-81.2)
rhoDc13, serum and OF 24.3 (1.23-70.0)

PCR for ASFV DNA Serum 70.0 (63.6-76.0) 99.6 (98.0-99.99)
OF 53.9 (46.7-61.0) 99.6 (98.1-99.99)
rhoD24, serum and OF 2.14 (0.09-9.78)
rhoDc24, serum and OF 29.2 (1.18-84.56)

Prevalence ASF-affected, acute

99.3(96.2-99.9)

Prevalence ASF-affected, chronic

95.1 (87.6-99.6)

Prevalence ASF-unaffected
’ Parallel testing scheme

All test/samples

0 (0-0)
Parallel sensitivity Parallel specificity

92.7 (90.0-94.6) 97.3 (94.7-98.9)

iELISA-serum and iELISA-OF

48.2 (41.3-54.8) 98.2 (95.9-99.4)

PCR-serum and PCR-OF

85.6 (81.2-89.1) 99.2 (97.4-99.9)

iELISA-serum and PCR-serum

83.9 (79.8-87.7) 99.0 (97.0-99.8)

iELISA-OF and PCR-OF

70.1 (64.7-76.1) 98.0 (95.6-99.3)

RhoD and RhoDc are the overall correlation between tests within the infected and uninfected subjects, respectively.

was detected by blocking ELISA and IPT from 16 to 76 dpi. For
PCR detection of ASF viral DNA, these dynamics may be further
complicated by infections with moderate and low virulence ASFV
strains, which may induce lower or inconsistent levels of viremia
compared to highly virulent ASFV strains (39). These and the
current results highlight the importance of using both virus and
antibody detection methods in surveillance strategies to increase
the probability of detection, as one method alone may fail to
identify all infected pigs.

Another important characteristic of ASFV infection is its
relatively slow within-herd spread. Though ASFV is sometimes
considered to be highly contagious due to its high lethality, the
initial number of infected pigs is low, and the transmission between
infected and susceptible pigs is gradual compared to other high-
consequence pathogens of swine like foot-and-mouth disease virus
and CSF virus (40). For example, models of ASFV within-herd
transmission have estimated delays in detection of weeks to months
if only using mortality triggers, i.e., having a herd-level mortality
that is higher than baseline, to initiate diagnostic investigation
(41, 42). By this time, the infected population of pigs will be
comprised of pigs at different time points of infection and various
disease state durations. Thus, a limitation of the present study was
the low number of pigs sampled per ASF-affected farms (<10),
which definitively impacted the estimated DSe of the tests. The
use of both virus and antibody detection diagnostic assay, along
with an increased sample size will provide a higher probability of
disease detection and confirmation. Again, this is of considerable
importance in outbreaks caused by ASF strains of low or moderate

Frontiersin Veterinary Science

TABLE 6 AUC and associated 95% confidence intervals for each
test-sample type.

Test Sample AUC (95% ClI)
ELISA for ASFV antibodies Serum 0.712 (0.659-0.766)
Oral fluids | 0.778 (0.733-0.823)
PCR for ASFV DNA Serum 0.895 (0.863-0.928)
Oral fluids | 0.742 (0.693-0.79)

virulence where pigs are more likely to survive the initial infection
(39). Antibody-detection methods may be particularly useful and
important in countries such as Vietnam, where partial culling
methods are allowed (43). Using this approach, generally, farms
are allowed to cull only ASF-affected animals and units rather
than total depopulation. When unsuccessful, this technique can
lead to farms being chronically affected with ASE, where antibody-
detection would presumably be useful for herd-level surveillance.
The BLCA model’s high correlation for test outcome in
infected subjects between iELISA serum and OF antibodies is
both expected and highlights the importance of incorporating
test dependency in diagnostic test evaluation models. OF is made
of components produced in buccal-associated tissues and from
continuous exchange between the circulatory system and the
buccal cavity through both passive and active processes (e.g.,
ultrafiltration, transudation, selective, and/or receptor mediated
transport) (44). Consequently, what is detected in serum can often
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FIGURE 2
ROC curves (y = sensitivity, x = 1-specificity) for serum samples tested by iELISA, oral fluid (OF) samples tested by iELISA, serum samples tested by
gPCR, and OF samples tested by gPCR. The solid red dot indicates the cut-off value used for analysis (iELISA serum positive = S/P > 1, iELISA OF
positive = S/P > 0.5, gPCR serum and OF positive = Ct < 38).

also be detected in OF. It is somewhat unexpected that the model
estimated minimal correlation between PCR of detecting ASF viral
DNA in serum and OF samples, and the reason behind this is
unclear. This may be due to the method used to estimate the
upper and lower boundaries for the correlation term, whereby
high performing tests, such as the PCR-serum, result in low upper
boundary values.

The similar AUC estimates and their overlapping Cls for
samples tested by iELISA and OF tested by qPCR likely reflects
their similar performance, depending on the tested population
(e.g., acutely vs. chronically infected). AUC also indicated that
serum samples tested by PCR performed the best overall. Long-
lasting viremia may favor ASFV DNA detection across acute
and chronic disease timepoints in serum compared to OF or
antibody detection. Another consideration is that whole blood is
the preferred diagnostic sample for PCR, having demonstrated a
lower limit-of-detection compared to serum (45). This is likely
because in blood ASFV is mostly associated with red blood cells
(46). Detection via the PCR evaluated here may be improved when
using whole blood samples. The ROC curves themselves indicate
that the current cut-oft values for test status established by the
manufacturers are likely appropriate. For example, decreasing the
cut-off value for iELISA in serum samples to 0.46 would achieve a
modest increase in DSe to 56% in the current observed population,
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but at the cost of a decrease in DSp to 95%. It seems unlikely
given the high consequences of a false positive for ASF that such a
decrease in DSp would be acceptable for only minor improvements
in Dse.

Based on our results and the particular experimental design
of the present study, ELISA and qPCR diagnostic assays are
best suited for herd-level surveillance. The high DSp of the
tests presented here lends them to have few false positives, a
critical need when performing surveillance in low-prevalence
or disease-free regions to avoid extra unneeded, costly disease
investigations. Field surveillance requires near-perfect DSp because
any false positive results could cause significant disruptions to
production (e.g., quarantines and no animal movements during
the disease investigation) and financial consequences not only
to the pork production system under investigation but to the
whole swine industry if it resulted in a loss of ASF-free status,
falling market prices, trade embargoes, or loss of consumer
confidence and negative reactions to control measures (47, 48).
This emphasizes the importance of establishing cut-off values that
maximize DSp with minimal impact on DSe. Since DSe “evolves”
dynamically during the course of infection (i.e., viremia decreases
over time while antibodies increase over time) continuous active
surveillance may reveal the true status at the next sampling
time point.
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When antibody- and virus-detection assays are combined
in parallel testing schemes, these diagnostic assays may provide
suitable herd-level DSe for surveillance strategies. Here, five parallel
testing schemes were considered, varying from only serum, only
OF, only PCR, only iELISA, or all four tests/samples being used.
While the use of all four tests/samples resulted in an acceptable
DSe (92.7%) for herd-level surveillance, it seems unlikely that this
testing scheme would be realistic due to the costs of running
multiple tests. It is likely more convenient to run both assays on
the same sample type, as this would streamline sample collection,
with the added benefit of assessing for presence of both virus and
antibodies simultaneously. Using the values estimated in our BLCA
model, parallel DSe using either serum (83.9%) or OF samples
(70.1%) would likely be acceptable for herd-level testing with
minimal loss in DSp. Another important consideration is that while
in the present study OF were collected individually to correlate
results with pig serum, typically OF samples are collected via pen-
level sampling tools such as cotton ropes (49). This aggregate
sample can be used to detect and monitor pathogens even at low
prevalence, reducing both labor and cost associated with individual
sampling. Future studies should consider evaluating aggregate OF
samples as well to understand their potential for increasing the
probability of ASF detection. Overall, animal health officials and
producers would need to decide acceptable frequencies of false
alarms and how to manage them before deploying any of these
testing schemes. Future studies that incorporate test performance
into disease transmission models could help to elucidate their
potential use in surveillance and reduce uncertainty about their
benefits and drawbacks.

The BCLA provided similar DSe and DSp estimates to those
of the combined population data assuming true disease status. This
may in part be due to the sampling methods used for selecting farms
and individual animals. Only farms with unequivocal histories of
ASF-status were chosen for sampling, and within ASFV-infected
farms, animals with clinical signs were targeted. This created study
populations for which we could be quite certain of the true disease
status, although by all accounts the disease status was indeed
assumed. BLCA models would likely more applicable for studies
that can only be conducted on pigs of unclear/uncertain disease
status or in herds with variable within-herd ASF prevalence.

Some assumptions of BLCA modeling may limit its use here.
For example, BLCA assumes equal performance of tests across
multiple populations (14). Based on our results, the tests had
high variability of performance depending on the potential time
point in disease. To understand how this and the prior choice
may affect the model estimates, six other model structures and/or
prior specifications were explored. Sensitivity analysis results were
robust to these changes (Supplementary material 3), indicated by a
<10% change in the posterior point estimates and overlapping BCI.
Two additional two population, four test models were evaluated
where the acute or chronic populations were included one at a
time alongside the ASF-unaffected populations. These models were
compared to the estimates from the ASF-acute or ASF-chronic
specific DSe and DSp estimates when assuming disease status is
known. Results showed minimal variability and overlapping BCI
with the 95% confidence intervals (Table 4, ASF-acute and ASF-
chronic). In future works, more complex analyses with detailed
data that incorporate timepoint as a covariate into the model might
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help address this concern. Also, BLCA tends to be more difficult
to apply to study designs using tests with different definitions of
true disease status (e.g., presence of viral DNA vs. presence of
antibodies) (14). Here, the tests’ characterization of disease status
varies considerably over time due to differing presence of viremia
and antibodies. Despite these limitations, the ability to incorporate
imperfect reference tests and correlation between tests likely has
created less biased estimates of disease Se and Sp in the present
study and is a strength of BLCA.

We acknowledge that there were some limitations in data
collection that prevented further analyses. The sample collection
did not follow a predefined scientific approach, but instead was
a part of ongoing ASF regulatory activities. Consequently, the
samples come with the limitations of field data, and ASF-status
was assumed based on farm history. BLCA was used here to help
obtain accurate DSe and DSp estimates despite these limitations.
To obtain a suitable number of samples for analysis, many Vietnam
farms were sampled (1 = 87), but for many acutely and chronically
affected farms, as few as 1-3 animals sampled per farm. This
was most likely due to low within-herd prevalence of sick pigs
to sample, the slow within-farm spread of ASFV, and the need
to adequately represent differential stages of the infection across
individual animals. The exact time point of infection for sampled
pigs from acute and chronic farms was unknown, so it was
difficult to assess the true impact of infection time point on test
performance. It is unclear how much further in disease progression
all chronic farms were compared to acute farms. As this is clearly
an important factor to ASF test performance, future longitudinal
studies with repeated sampling of individuals over time would be
highly beneficial to understand these dynamics. Additionally, other
important covariates of test status were not collected and could
not be included in the analysis. Factors such as breed, presence
of individual clinical signs, and accurate pig age all might be
important for test performance but could not be considered in the
present study. Finally, it is unknown how well these results may
generalize to pigs of European or American origin; thus these tests
may perform differently in other swine populations.

In summary, these results are an important evaluation of
novel ASF diagnostic tests in field settings that provides real-
world context about their performance. Animal health officials and
epidemiologists can use these results to appropriately apply these
diagnostic tests in surveillance and control strategies in Vietnam
and other ASF-affected countries.
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Development and application of a
TagMan-based real-time PCR

method for the detection of the
ASFV MGF505-7R gene
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Jinming Li*, Yongxin Hu?, Lin Li*, Shengqgiang Ge!,
Qinghua Wang?, Yingli Wang!, Xiaodong Wu'* and
Zhiliang Wang'*

tChina Animal Health and Epidemiology Center, Qingdao, Shandong, China, 2MOE Joint International
Research Laboratory of Animal Health and Food Safety, MOA Key Laboratory of Animal Bacteriology,
College of Veterinary Medicine, Nanjing Agricultural University, Nanjing, China

African swine fever virus (ASFV), the etiological agent of African swine fever
(ASF), causes deadly hemorrhagic fever in domestic pigs. ASF’s high mortality and
morbidity have had disastrous effects on the world’'s swine industry. In recent
years, the number of African swine virus strains has increased and presented
new challenges for detecting classical ASFV-p72-based viruses. In this study, we
observed that the ASFV MGF505-7R gene, a member of the multigene family that
can enhance ASFV virulence and pathogenesis, has the potential to be a candidate
for vaccine formulations. We also developed a real-time PCR assay based on the
ASFV MGF505-7R gene and validated it in multiple aspects. The results indicated
that the approach could detect standard plasmids with a sensitivity and a specificity
ofuptol x 10! copies/pL. Moreover, the assay had no cross-reactions with other
porcine viruses. In laboratory and clinical settings, the assay can detect ASFV-
infected samples at an early stage (4 hpi) and show a consistency of 92.56% when
compared with classical ASFV detection in clinically ASFV-infected materials. This
study’s results also indicated that the TagMan-based quantitative real-time PCR
assay we developed for detecting the ASFV MGF505-7R gene is both sensitive and
specific. This assay can provide a quick and accurate method for detecting ASFV
and has the potential to be used as an optional tool for screening and monitoring
ASF outbreaks.

KEYWORDS

ASFV, MGF505 7R, qPCR, application, diagnosis

1. Introduction

African swine fever virus (ASFV), the etiologic agent of African swine fever (ASE),
causes an acute, febrile, and highly contagious disease in domestic pigs and wild boars.
Infected pigs exhibit symptoms such as high fever, loss of appetite, nasal discharges, and
abortion, with a mortality rate close to 100% (1, 2). ASF can be spread through multiple
modes, including a sylvatic cycle between swine and arthropod vectors, direct or indirect
contact between the susceptible animal and infected pigs, and contaminated secretions
or fomites (3). ASF is statutorily required by the World Organization for Animal Health
(OIE) to be reported, and China also classifies ASF as a type I disease that needs to be
controlled. Since the first ASF outbreak in China in 2018 (4, 5), nearly 1.2 million live
pigs have been slaughtered, leading to significant socioeconomic consequences for the pig
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farming industry. To date, no effective vaccine or antiviral
compound has been developed for ASE while quarantine,
depopulation, and sanitation strategies remain the common
methods to curb the spread of the disease.

As the only member of the family Asfarviridae, ASFV has a
large double-stranded DNA virus with a linear genome of 173-
193 kb, encoding 151-167 open reading frames (ORFs) (6). To date,
24 different genotypes and eight serogroups have been identified
based on the ASFV B646L (encoding the capsid protein p72) gene
and the EP402R (encoding the serotype-specific protein CD2v)
gene, respectively (7, 8). The ASFV multigene families (MGF) are
characterized as genes present as repetitive sequences in the highly
variable terminal genomic regions. MGF proteins vary widely
between ASFV isolates due to frequent duplication, deletion, or
inversion of MGF proteins (6). Given the great diversity of MGE,
it will be of great interest and challenge to find a suitable target
for ASFV diagnosis. At present, the ASFV p72 gene is commonly
used for detecting ASFV due to its high conservation (9, 10), but as
a late-transcription gene in ASFV (11), p72 shows low expression
levels during the early stages of infection, making it difficult to
accurately detect and measure viral loads, which may result in the
misdiagnosis of some ASFV cases during the incubation period or
early stages of infection. In this regard, we found MGF505-7R, a
conserved gene from the MGF 505 family. MGF505-7R is located
close to the end of the MGF family and thus shows little variation
in most ASF strains. A study recently reported that MGF505-7R
plays an important role in ASFV infection as it can be recognized
by host CD8" T cells and can potentially be used in vaccine
formulations (12).

Additionally, MGF505-7R can enhance ASFV virulence and
pathogenesis by inhibiting JAK1- and JAK2-mediated signaling
(13) and suppressing the production of IL-1f and type I IFNs
(14). The latest piece of research has shown that combinational
deletions of MGF360-9L and MGF505-7R can attenuate highly
virulent ASFV and provide protection against challenges (15).
According to the above review, we believe that MGF505-7R is not
only a conserved gene but also has a variety of potential functions
that affect viral virulence, making it a promising candidate for
detecting ASF.

Currently, there are various detection technologies available
for ASFV, including virus isolation based on viral replication in
susceptible cells (16, 17), ELISA based on the identification of
ASFV antigens (18, 19), recombinase polymerase amplification
(RPA) assay for virus gene detection (20, 21), CRISPR-Cas12a and
fluorescence-based diagnosis system (22, 23), and loop-mediated
isothermal amplification (LAMP) assay for the semi-quantitative
analysis of ASFV (24). Despite these detection methods having
advantages such as high accuracy, strong operability, and poor
temperature requirements, several inconvenient requirements such
as high costs, time-consuming nature, and low sensitivity may
prevent them from becoming the best identification method (18,
25-27). Currently, the gold standard for ASFV diagnostics in
laboratories is polymerase chain reaction (PCR), a viral genome
detection technique based on nucleic acid marker amplification,
and fluorescent quantitative PCR has become increasingly popular
due to its high sensitivity, specificity, less time consumption,
and accurate quantification. Fluorescence quantitative PCR mainly
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TABLE 1 Primers and probes used in this study.

Name

Primers (5'-3)

MGF505- TAGGCAACAAATTCAAGGACT 131bp
7R-F

MGF505- | CTTTTGTGACAACAGCAATGC

7R-R

MGF505- | CGGAAGCTTGAGATTCTTACGTGGATGG

7R-probe

includes the SYBR Green method and the TagMan probe method,
and the latter has advantages in terms of specificity and accuracy
and is highly applicable as it targets a sequence that is conserved in
function, highly expressed during the early stages of infection, and
functionally important, making it a valuable complementary target
for ASFV diagnosis.

In this study, we developed a highly sensitive and specific
TagMan-based real-time quantitative PCR method for ASFV MGF
505-7R gene detection. The detection limit was low, at 1 x 10!
copies/pL, and exhibited good repeatability and specificity. In
addition, our methods showed comparable results in laboratory and
clinical samples compared to ASFV-p72-based qPCR diagnosis.

The development of the method produced a reliable candidate
gene, increased the effectiveness of ASFV detection in the clinic,
and may be further used to detect viral loads in various clinical
samples from ASFV-infected pigs. The method also served as a
technical tool for the pathogenicity study of ASFV, which helped
researchers understand the virus better.

2. Materials and methods

2.1. Virus, plasmid, primers and probe

The African (ASFV)
China_AnhuiXCGQ_2018 strain used in this study was
preserved by the China Animal Health and Epidemiology
Center (CAHEC), Shandong province, China (GenBank accession
number MK128995.1). The full-length MGF505-7R gene (1584bp)
in the p3xFLAG-CMV-7.1 vector, named p3xFLAG-MGF505-7R,
was synthesized by Zhiyuan Biotechnology Co. Ltd. (Qingdao,

swine fever virus

Shandong, China). The recombinant vector was transformed
into E.coli DH5a competent cells (CWBIO, Beijing, China) and
extracted using the QIAGEN Plasmid Plus Maxi Kit. A pair
of specific primers, MGF505-7R-F and MGF505-7R-R, and a
TaqMan probe targeting MGF505-7R were designed with Oligo7
(Table 1). All primers and probes were also synthesized by Zhiyuan
Biotechnology Co. Ltd. DNA and RNA concentrations were
quantitated using a NanoDrop ND-1000 spectrophotometer and
calculated in copy numbers.

2.2. Sequence analysis of ASFV MGF505-7R

The information of the MGF505-7R gene (QED90472.1,
AYW34001.1, AKO62712.1, QBH90517.1, QBH90702.1,
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QDL88060.1, SPS73452.1, AJZ77061.1, QEY87835.1, AIY22221.1,

AIY22380.1, CAN10378.1, CBW46695.1, QGM12819.1,
CAN10129.1, AKO62711.1, CBH29131.1, AXB49776.1,
AXB49605.1, AXB49949.1, AXB49433.1, AXB49259.1, and

QED21587.1) from 39 different ASFV strains were collected from
the GenBank and ASFVdb databases (28). Sequences were aligned
using MEGA X software (29) and the clustalW method (30).
Homolog analysis of ASFV MGF505-7R nucleotide sequences
with multiple sequence alignment results was performed using the
DNAMAN 7.0 tool (https://www.lynnon.com/dnaman.html).

2.3. Optimization of qPCR conditions

The qPCR assay was developed and validated using the
CFX96Touch (Bio-Rad) and AceQ® qPCR Probe Master Mix
(Vazyme, China). The qPCR reaction system was determined as
follows: AceQ qPCR Probe Master Mix (2X) of 10/pL, probe
(10 pmol/nL) of 0.2 nL, upstream and downstream primers (10
pmol/pL) each of 0.4 wL, DNA of 1 pL, and used dd H,O to make
up to the quantity of 20 pL. According to the designed primer Tm
value, six different annealing temperatures were used with three
replicates per group: 57, 58, 59, 60, 61, and 62°C, and 107copies/uL
p3xFLAG-MGF505-7R plasmid was used as a DNA template, and
the optimum annealing temperature was selected based on the
measurement results.

2.4. Standard curve

The DNA standard p3xFLAG-MGF505-7R was diluted 10-
fold serially and amplified with the optimized qPCR system at a
concentration of 1.0 x 107-1.0 x 10! copies/jLL. A final standard
curve was generated based on the CT value and the logarithm of
the standard copy number.

2.5. Sensitivity

To determine the sensitivity of the assay, the p3xFLAG-
MGF505-7R  plasmid was diluted 10-fold
concentrations ranging from 1.0 x 107-1.0 x 10° copies/pL.

serially  with

Prepared standards were amplified with the optimized qPCR
system to confirm the detection limit. At the same time, the
conventional PCR was performed with the same DNA standard
and primers. Amplifications were carried out in a 20 L reaction
system containing 10 pL 2xTaq MasterMix (Vazyme, Nanjing,
China), 1 pL of each primer, 2 pL of DNA, and 6 pL of RNase-
free dd H,O. The thermal profile for the PCR was 95°C for
5min, 35 cycles of amplification (30s at 95°C, 30s at 56°C, and
30s at 72°C), and a final extension step at 72°C for 10 min.
The resulting PCR products were analyzed by electrophoresis
on an ethidium bromide-stained 1.5% agarose gel. We could
compare the sensitivity between qPCR and PCR by observing their
detection limits.
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2.6. Specificity

The established real-time quantitative PCR method was used
to detect common swine infectious viruses, including porcine
pseudorabies virus (PRV), porcine reproductive and respiratory
syndrome virus (PRRSV), porcine circovirus (PCV2), classical
swine fever virus (CSFV), porcine parvovirus (PPV), and swine
transmissible gastroenteritis virus (TGEV). A total of six viruses
were used for testing the specificity of primers and probes. All viral
nucleic acids and negative controls preserved by the laboratory
were used as a template for a real-time fluorescence quantitative
PCR reaction.

2.7. Repeatability

A repeatability test was carried out with p3xFLAG-MGF505-
7R at concentrations of 1.0 x 107-1.0 x 10° copies/wL via an
optimized protocol three times daily for 3 days to assess the
accuracy of the method by calculating intra-assay and inter-assay
standard deviations.

2.8. Laboratory samples testing

Porcine alveolar macrophages (PAMs) were used for laboratory
sample preparation. To obtain PAMs, Bama pigs were raised
for up to 4 weeks in the animal feeding room of the CAHEC.
Cells were isolated from the lung lavage fluid (31) with only a
slightly modified methodology, as previously described. Briefly,
alveolar macrophages were obtained from 40-day-old crossbred
piglets confirmed to be free of PCV, PPV, PRRSV, and ASFV
by SYBR green-based qPCR and then maintained in RPMI-1640
medium with 10% fetal bovine serum (Hyclone) and 100 U/ml
penicillin and 50 mg/ml streptomycin (Hyclone). PAM cells were
maintained at 37°C with 5% CO; overnight and then infected with
0.5 MOI China_AnhuiXCGQ_2018 at 4, 8, 16, 24, and 32 hpi. Cell
samples were extracted for RNA using the FastPure Cell/Tissue
Total RNA Isolation Kit V2 and then reverse transcribed into
cDNA (Vazyme, Nanjing, China). Prepared templates were used
for qPCR with the designed MGF505-7R probe and classic
p72 probe (10). To reduce false-negative detections, the porcine
housekeeping gene beta-actin (ACTB) was applied as an internal
control. The results were analyzed with CFX Manager 3.0 (Bio-
Rad) and GraphPad Prism 8 (GraphPad Software, San Diego,
CA, USA).

2.9. Clinical samples testing

A total of 94 samples, including domestic pigs’ blood, nose
swabs, and lymph node tissues, were provided by the National
Reference Laboratory for African Swine Fever in the China
Animal Health and Epidemiology Center. Total DNA/RNA was
extracted automatically from the samples using the Tianlong
NP968-C Nucleic Acid Extractor with the GeneRotex96 program
(TianLong Medtl, Hangzhou, China). ASFV was inactivated
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CGGAAGCTTGAGATTCTTACGTGGATGG |IGCATTGCTGTTGTCACAAAAG

Probe Reverse primer

R

Forward primer
TAGGCAACAAATTCAAGGACT
1 China AnhuiXCGQ 2018 AYW34001.1
2 China ASFV-SY18 2018 AKO62712.1
3 China LN 2018 QBH90702.1
4 China wbBS01 2018 QDL88060.1
5 China HLJ 2018 QBH90517.1
6 Belgium Etalle wb 2018 QED90472.1
7 Poland Pol16 20186 07 2016-2017 CAN10129.1
8 Poland Pol16 20538 09 2016-2017 CAN10129.1
9 Poland Pol16 20540 010 2016-2017 CAN10129.1
10 Poland Pol16 29413 023 2016-2017 CAN10129.1
11 Poland Pol17 03029 C201 2016-2017 CAN10129.1
12 Poland Pol17 04461 C210 2016-2017 CAN10129.1
13 Poland Pol17 05838 C220 2016-2017 CAN10129.1
14 Poland ASFV POL Podlaskie 2015 CAN10129.1
15 Uganda N10 2015 AXB49776.1
16 Uganda R25 2015 AXB49605.1
17 Uganda R35 2015 AXB49949.1
18 Uganda R7 2015 AXB49433.1
19 Uganda R8 2015 AXB49259.1
20 Lithuania LT14 2014 QEY87835.1
21 Estonia 2014 SPS73452.1
22 Russia Odintsovo 2014 CAN10129.1
23 Ukraine Kyiv 2014 QED21587.1
24 Russia Kashino 2013 CAN10129.1
25 Italy 26544 OG10 2010 AJZ77061.1
26 South Africa 2 2008 QGM12819.1
27 Russia Georgia 2007 CBW46695.1
28 Benin 1997 CAN10129.1
29  South Africa KNP Pretorisuskop 1996 CAN10129.1
30 Portugal OURT 88.3 1988 CAN10378.1
31 South Africa Warmbaths 1987 CAN10129.1
32 South Africa 1985 CAN10129.1
33 Namibia Warthog 1980 CAN10129.1
34 South Africa MGR Mkuzi 1979 CAN10129.1
35 Spain E75 1975 CBH29131.1
36 Spain BA71 1971 AKO62711.1
37 Portugal NHV 1968 AlY22380.1
38 Malawi Tengani 1962 CAN10129.1
39 Portugal L60 1960 AlY22221.1
FIGURE 1

Alignment of the primers and probes targeted to the ASFV MGF505-7R genes among multiple ASFV strains. The sequences of the forward primers,
probes, and reverse primers (used as an antisense oligonucleotide) were shown in boxes. Dots represented nucleotides identical to the primers

and probes.
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FIGURE 2

Standard curve for gPCR assay of MGF505-7R. A 10-fold serial
dilution ranging from 1 x 107 to 1 x 10" copies/uL of the standard
DNA was tested in the gPCR. Three replicates were tested for each
dilution. The optimal standard formula is y = —3.154x + 42.53, and
the correlation coefficient is 0.9973.

with 1% (w/v) of NaOH, as previously described in a BSL-
3 laboratory (32), and viral DNA/RNA samples were prepared
in a BLS-2 laboratory. Nucleic acids were extracted and then
stored at —80°C for subsequent use. All these clinical samples
were confirmed to be ASFV-positive with a p72-specific primer
and probe. They used it for a qPCR assay of MGF505-7R.
Samples with CT values below 40 were identified as ASFV-
positive.

Frontiersin Veterinary Science

Sensitivity tests for gPCR assays based on the MGF505-7R probe.
10-fold serial dilutions of the DNA standard were used to perform
the gPCR to obtain the standard curve of the assay. The lowest copy
number that could be determined was up to 10 copies/uL.

3. Results
3.1. Sequence analysis of ASFV MGF505-7R

ASFV MGF505-7R nucleotide sequences from 39 different
ASFV strains were involved in multiple sequence alignments,
mainly including the ASFV genotype II strains epidemic in
Asia and Europe in recent years. The homolog identification
showed 96.68% identity, indicating that MGF505-7R is a relatively
conserved gene. The sequences of the forward primers, probes, and
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FIGURE 4

Sensitivity tests for conventional PCR of MGF505-7R. Lanes 1 to 7 were the templates, with concentrations ranging from 1 x 10° to 1 x 10°
copies/pL. Lane 8 was a negative control. The lowest copy number that could be determined was up to 1.0 x 10% copies/pL
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FIGURE 5

QPCR amplification results of the specificity assay. Standard nucleic acid materials, including porcine pseudorabies virus (PRV), porcine reproductive
and respiratory syndrome virus (PRRSV), porcine circovirus (PCV2), classical swine fever virus (CSFV), porcine parvovirus (PPV), and swine
transmissible gastroenteritis virus (TGEV), were tested together with ASFV nucleic acid. An extra negative control (NC) was set at the same time. gPCR
data showed that only ASFV was detected with a positive fluorescence signal, and no other positive signal was observed in the other viruses or the
negative control.

reverse primers (used as an antisense oligonucleotide) targeting the ~ annealing temperatures. CT values from different groups

ASFV MGF505-7R genes were also aligned, as shown in .
The mapping results of primers and probes with different strains
were also listed. The data showed that the primers and probes we
designed mapped well with most epidemic ASFV strains except five
Ugandan strains (N10, R7, R8, R25, and R35) and the Spain_BA71
strain, which indicated that the designed assay might be able to
detect ASFV MGF505-7R in Asian and European epidemic ASFV
strains but not African ones.

3.2. Optimization of gPCR conditions
The p3xFLAG-MGF505-7R plasmid (107 copies/pLL) was

amplified by MGF505 7R probe-based qPCR with different

Frontiersin 136

were compared. The results showed that, when the annealing
temperature was 60°C, the minimum of the average CT values
among the six annealing temperatures was 17.776, compared
with other groups (57°C—18.185, 58°C—17.914, 59°C—17.890,
61°C—18.376 and 62°C—18.451). Therefore, we used an annealing
temperature of 60°C for the real-time fluorescent quantitative
PCR. They used a probe qPCR mix (2x) at a concentration
of 10/pL, along with a probe (10 pmol/pwL) and upstream
and downstream primers (10 pmol/uL) at a concentration of
0.4puL and 0.6 pL, respectively. They also used 1uL of DNA
and made up the final volume to 20 pL using dd H,O. The
cycling conditions for real-time PCR reactions were 95°C
for 1min, followed by 40 cycles of 95°C for 5s and 60°C
for 60 s.
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TABLE 2 The repeatability of the developed qPCR.

10.3389/fvets.2023.1093733

Standard Intra-assay repeatability of CT-value Inter-assay repeatability of CT-value
Copies/pL
Mean SD CV (%) Mean SD CV (%)
1.0 x 107 19.82 0.15 0.75 20.59 0.04 02
1.0 x 10° 23.01 0.07 0.28 23.1 0.03 0.15
1.0 x 10° 26.13 0.1 0.4 26.78 0.02 0.06
1.0 x 10* 29.65 0.14 0.48 30.25 0.02 0.06
1.0 x 10° 33.05 0.2 0.62 33.04 0.24 0.72
1.0 x 107 35.7 0.08 0.22 36.23 0.2 0.56
1.0 x 10! 38.42 0.24 0.63 38.91 0.4 1.02
3.3. Standard curve
35+
To construct a standard curve with the logarithm of the . MGFS05-7R
RNA copy number and the measured Ct value (Figure 2), serial 30 B p72
p3xFLAG-MGF505-7R plasmid dilutions at the concentration of S 25-
1.0 x 107 to 1.0 x 10! copies/pLL were prepared. Three replicates g
were tested for each dilution. The optimal curve was selected as 5 207
the standard curve. The development of the MGF505-7R standard 154
curve with the abscissa as the logarithm of copy number and the
ordinate as CT value revealed that the correlation coeflicient (R2) 10- )
was 0.9986, the slope was —3.301, and the intercept was 39.416. The - 8 .16 ) 24 36 hpi
standard formula is y = —3.301x + 39.416 and R? = 0.9986. Infection s
FIGURE 6
Comparison of amplification results between MGF505-7R and p72
in PAM cells at different time points. PAM cells were infected with
3.4. Sens|t|v|ty ASFV (MOI = 0.5), and samples were collected by RNA extraction at
indicated time points for gPCR detection with the MGF505-7R
probe or the ASFV-p72 probe. The figure shows the CT value with
The 10-fold gradient dilution of the standard plasmid was three duplicates at each time point.
simultaneously detected by the established qPCR and conventional

RT-PCR. The minimum detection template concentrations of the
established qPCR and conventional RT-PCR were 10 copies/pL and
1.0 x 10%copies/|LL, respectively (Figures 3, 4), indicating that the
qPCR was more sensitive than conventional RT-PCR.

3.5. Specificity

MGF505-7R from the Shandong province was selected for
amplifications in a qPCR assay, and strong fluorescent signals were
obtained from reactions. However, for other pig viruses such as
PRV, PRRSV, CSFV, PPV, PCV2, and TGEYV, data showed that the
assay gave no signal amplification (Figure 5). Therefore, there is
a significant distinction between ASFV and other viruses when
comparing the signal strength at different levels.

3.6. Repeatability

The intra-assay repeatability was assessed by testing 10-fold
serial dilutions of the standard plasmid ranging from 1 x 107 to
1 x 10! copies/LL in three replicates. The same standard plasmid
was analyzed in triplicate on three different days to determine the
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inter-assay repeatability. As a result, intra-assay standard deviations
(SD) ranged from 0.11 to 0.21, and inter-assay standard deviations
(SD) ranged from 0.12 to 0.22. The coeflicient of variation (CV)
values of intra-assay and inter-assay were 0.06% to 1.06% and
0.55 to 0.81%, respectively (Table 2). The results showed that the
experiment was repeatable.

3.7. Laboratory samples and clinical
samples

For laboratory-made ASFV-infected samples, MGF505-7R
probe-based qPCR showed a lower CT value than the p72 probe at 4
hpi. For the remaining 8, 16, 24, and 36 hpi samples, the two groups
obtained similar results (Figure 6). For clinical samples, the classical
ASFV p72-based detection method showed 100% positives, and 87
out of 94 (92.56%) samples were determined to be MGF505-7R
positive by our assay. The data showed that seven samples were
diagnosed as ASFV MGF505-7R negative, including six samples
showing no signal and one with a CT value higher than 40. Further
comparison found that 32 samples showed lower CT values in

frontiersin.org
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Comparison of amplification results between MGF505-7R and P72 in clinical samples. The dumbbell diagram shows the CT value of each clinical
sample based on the MGF505-7R probe (blue) and p72 probe (red), respectively
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the MGF505-7R-based group than in the p72-based group. The
remaining 55 samples showed higher CT values (Figure 7). The
assay based on MGF505-7R showed results close to a classical test
method from the preliminary detection results of clinical samples.

4. Discussion

ASF is a highly contagious disease that causes acute
hemorrhagic fever in domestic and wild boars, with a fatality rate
of up to 100%. After being effectively eradicated from areas outside
of Africa and Sardinia in the late 1990s, the “second wave” of ASF
that spread cross-continentally to Europe and Asia in 2007 became
a major concern for the global pig industry (3). Unfortunately,
the cross-regional transport of pigs and pork products, the lack of
good farming practices and biosecurity, and the mobility of people
and vehicles all contribute to the disease’s future spread, which
has expensive socioeconomic effects on the affected countries.
Given that there is currently no viable vaccine or antiviral agent
treatment available, early detection and diagnosis of ASFV in
various settings, including farms and slaughterhouses, are urgently
required to manage the disease, and are considered the primary
method for management.

ASFYV is difficult to diagnose, especially outside of a diagnostics
laboratory, because it exhibits symptoms similar to those of
classical swine fever (CSF) and a number of other swine diseases
(33). Therefore, several diagnostic techniques, including ELISA,
RPA, and LAMP, have been developed and formally certified
for diagnosing ASF. Because of its precision and effectiveness,
qPCR stands out among these techniques and is currently widely
used despite the limitations of laboratory technology (34). In
recent years, classical detection methods have gradually satisfied
the increasing number of ASFV strains; therefore, developing
candidate detection genes can be of great importance.

In our study, we described a particular real-time quantitative
PCR assay based on TagMan for detecting ASFV MGF505-7R.
According to the abovementioned data, qPCR has a detection
limit as low as 10 copies/pL, making it 100 times more sensitive
than a conventional PCR experiment. Additionally, no signals were
detected in the test with any other virus. The intra-assay and
inter-assay variances ranged from 0.06 to 1.02%, demonstrating
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the repeatability of the approach. In conclusion, compared to the
traditional RT-PCR method, this study’s TagMan-based real-time
qPCR method was quick, sensitive, and specific. The assay was
run over a broad dynamic range with little intra- and inter-assay
variation, and it revealed no cross-reactivity with many other pig-
origin viruses. In an in vitro study, MGF505-7R was detected with a
lower CT value early in infected PAMs, suggesting that this method
can also be applied to laboratory studies. In the results of clinical
samples, this assay also showed a similar effect to the standard
method for ASFV diagnosis.

The ASFV-p72 protein is highly conserved among different
viral strains and has stable antigenicity, which makes it the most
common marker for detecting ASFV. In this experiment, we found
that the CT value of MGF505-7R became stable and credible as
early as 4 hpi, while the expression of p72 tends to be significantly
stable at 8 hpi. By comparing the mRNA levels of MGF505-7R and
p72 at each stage of ASFV infection, we found similar results to
viral gene transcriptome analysis (11), indicating that MGF505-7R
has the potential to be a promising candidate for ASFV detection.

Although our method has shown some good characteristics,
there is still room for improvement. We observed that the primers
and probe in our assay could cover most epidemic ASFV strains
from Asia and Europe but not those from Africa (Uganda strains).
Therefore, in the future, additional probes and primers may need to
be considered for the MGF505-7R gene to supplement this method
for better detection.

The development of MGF505-7R-based TagMan real-time PCR
for ASFV diagnosis has shown superior results in identifying the
presence of ASFV in the early infection stage compared to the
classic method in vitro. This method also provides a quantifiable
research tool for studying the function of the MGF505-7R gene
and investigating the epidemiology of ASFV infections in pigs,
which could also facilitate research into the epidemiology of ASFV
infections in other animals.
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