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ABSTRACT African swine fever (ASF) is a highly contagious viral disease of domes-
tic pigs and wild boars. For disease surveillance and control, we developed a rapid
and easy luciferase immunoprecipitation assay (MB-LIPS) to detect ASF virus (ASFV)
antibody. The MB-LIPS is based on magnetic beads modified with protein A/G and
the recombinant fusion protein of ASFV p30 and luciferase, where p30 functioned as
the recognition element and luciferase as the signal component. Incubation and
washing could be finished automatically on a machine with magnetic rods. Under
optimal conditions, the MB-LIPS showed 96.3% agreement to a commercial enzyme-
linked immunosorbent assay (ELISA) kit for detecting ASFV antibody in swine sera.
Analyzing serial dilutions of a swine serum sample showed that the MP-LIPS assay
was 4 times more sensitive than the ELISA kit. The whole run of the MB-LIPS could
be completed within 30min. With its high sensitivity and simple operation, the MB-
LIPS platform has great potential to be used for the detection of ASFV antibody and
ASF control in small labs and farms.

KEYWORDS African swine fever virus, luciferase immunoprecipitation system,
magnetic beads, rapid, sensitivity

African swine fever (ASF), which is a highly contagious viral disease affecting
domestic and wild pigs with a high mortality rate and rapid spread, causes tre-

mendous socioeconomic loss (1–3). Its etiological agent is a large and enveloped DNA
virus, ASF virus (ASFV). ASFV can also infect ticks from the Ornithodoros genus (4) and
is the sole member of the Asfarviridae family, with a double-stranded DNA genome of
170 to 190 kbp. Currently, there are no approved vaccines or effective treatments
against ASFV. Therefore, disease control mainly depends on early diagnosis, culling the
infected pigs in time, and improving the biosecurity control of the pig industry (5).
After infection with ASFV, especially subacute infection, surviving pigs may have de-
tectable levels of ASFV antibodies. Therefore, it is a good marker for ASFV antibody
detection in enzootic areas affected by ASF. Antibody assays are economical, compati-
ble with automated devices, and suitable for high-throughput screening (6). These
advantages make antibody testing convenient in areas where ASFV is endemic and for
incursions involving low-virulence ASFV isolates (7). The epidemic genotype of ASFV in
China has been classified as a highly virulent genotype II strain that has evolved in the
field since August 2018 in China (8). Sun et al. (9) isolated some nonhemadsorbing nat-
ural mutants with low virulence (10). Since there are no commercial vaccines available
yet, antibodies are still a definitive indication of ASFV infection for this situation.
Therefore, it is meaningful to develop a rapid antibody detection method for surveil-
lance of ASFV in the field.

Currently, a few antibody tests, such as enzyme-linked immunosorbent assay
(ELISA) and indirect immunoperoxidase test (IPT), have been approved by the World
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Organization for Animal Health (OIE) (11). IPT is a sensitive test for detecting ASFV anti-
bodies and can detect many different types of samples from pigs, such as blood, tissue
exudates, or body fluids (12). However, due to its complex procedure and time con-
sumption, IPT is only suitable for use as a confirmatory test in the laboratory. ELISA is
widely used for ASFV antibody screening (13), but it is also labor-intensive and time-
consuming, needing more than 2 h for incubation and wash steps. Thus, there are
unmet needs for developing fast and cost-effective methods for ASFV surveillance.

The luciferase immunoprecipitation system (LIPS) is a method to detect target mol-
ecules based on specific immune recognition and binding with antigen fused to the lu-
ciferase reporter, which is widely used for the identification of biomarkers (14) and in-
fectious diseases (15–17) and characterization of human immune response (18).
Compared to regular immunoassays, such as ELISA, LIPS has certain advantages in
small sample volumes, high speed, and sensitivity (19). Traditional agarose resin bead-
based LIPS needs a membrane filter plate to rinse out the unbound luciferase antigen
with wash buffer, which involves multiple steps needing manual operation and is
error-prone. Here, we replaced the agarose resin beads with protein A/G-modified
magnetic beads to develop a magnetic bead-based luciferase immunoprecipitation
system (MB-LIPS), which can be separated from liquid phase within 30 s by a magnet
so that antibody capture and washing steps could be automatically performed and the
detection time could be shortened from around 90min to 30min. The newly devel-
oped MB-LIPS for the rapid and easy detection of ASFV antibody with high sensitivity
is promising for ASF diagnosis and ASFV antibody monitoring in small labs and farms.

MATERIALS ANDMETHODS
Experimental materials. Swine serum samples (n=304) were collected from pig farms in Wuhan and

stored at280°C until use. CSF virus (CSFV) antibody-positive and Porcine reproductive and respiratory syndrome
virus (PRRSV) antibody-positive swine sera (n=4) were kindly gifted from the Laboratory of Microbiology,
Huazhong Agriculture University, Wuhan, China. A plasmid with luciferase gene, pET28a (1)-Luc, was pre-
served by our lab. PrimerSTAR Max DNA polymerase, T4 DNA ligase, and the competent cell preparation kit
were purchased from TaKaRa (Dalian, China). The restriction endonucleases were obtained from Thermo
Scientific Fermentas. Isopropyl b-D-thiogalactopyranoside (IPTG) and kanamycin sulfate were purchased from
Genview. Ni sepharose 6 fast flow was obtained from GE Healthcare (10286564). A bicinchoninic acid (BCA)
protein assay kit and protein A (S1425S) and protein G (S1430S) modified magnetic beads were purchased
from Thermo Fisher Scientific and New England BioLabs (Ipswich, MA, USA), respectively. ASFV VP72 antibody
enzyme-linked immunosorbent assay (ELISA) kit was obtained from Ingenasa (INGEZIM 11.PPA.K3; Spain).
Luciferin (L6882) and ATP (S1985) were bought from Sigma and Selleckchem, respectively; 96-deep-well plates
and 96-well luminescence test plates (LTP021296) were purchased from Jet Bio-Filtration Co. (Guangzhou,
China). All other chemical reagents used in the experiments were bought from Sinopharm Chemical Reagent
Co. (Shanghai, China) unless otherwise indicated. Double-distilled water was used for all experiments.

Prokaryotic expression and purification of recombinant fusion protein of p30 and firefly luciferase.
The ASFV-p30 full-length gene (CP204L; GenBank accession no. MN393476.1) (20) was amplified by PCR
using DNA extracted from an ASFV-positive blood sample as the template. To facilitate the construction
of expression plasmids, primers (CP204L-forward, 59-GGCCCATATGAAAATGGAGGTCATC-39; CP204L-
reverse, 59-CCGGCTCGAGTTTTTTTTTTAAAAG-39; the forward primer of CP204L with GGGGS linker, 59-
GGCGCATATGAAAATGGAGGTCATCTTC-39; the reverse primer of CP204L with GGGGS linker, 59-TATA
GGATCCGCCTCCACCTTTTTTTTTTAAAAGTTTAATAACC-39; the underlined bases indicate the restriction
endonuclease sites) were used in the PCR. The p30 gene was cloned into plasmid pET28a (1)-Luc by fol-
lowing the general procedure used in molecular biology (21). After confirming the recombinant expres-
sion plasmids, named pET28a-p30-Luc, were constructed correctly by sequencing, the plasmids were
transformed into Escherichia coli BL21 cells for protein expression. Protein p30-Luc was expressed for 18
h at 16°C using 0.2mM isopropyl-b-D-thiogalactopyranoside (IPTG) as the inducer and then purified by
nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography. SDS-PAGE was used to check the expression
and the purity of p30-Luc. Protein concentrations were determined using a BCA protein assay kit by fol-
lowing the manufacturer's instructions. The specificity of the p30-Luc protein with anti-p30 mouse se-
rum (a kind gift from J. Yan, Wuhan Institute of Virology) diluted 1/200 was confirmed by Western
blotting.

The procedure for MB-LIPS. The principle of the MB-LIPS assay is illustrated in Fig. 1A. Briefly, high-
capacity magnetic protein A and protein G beads were used as a solid-phase medium to capture anti-
bodies directly from the serum sample and coincubated with recombined p30-Luc, which can recognize
and bind with ASFV p30 antibody specifically. After wash and separation of magnetic beads, the light
signal intensity of p30-Luc was measured to detect the ASFV p30 antibody level.

Figure 1B shows the procedure of the assay with an automated system for incubation, washing, and
high-throughput luminescence reading. First, the detection-related reagents are loaded into the wells of
96-deep-well plates, and then the samples to be tested are added into the wells containing the p30-Luc.
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Afterwards, the plates are loaded into an automated machine with 4 rows of 8-channel magnet rods
(Jifan Biotechnologies Inc., China) for a series of steps of incubation, washing, and collection of the mag-
netic beads automatically. Up to 32 samples could be handled and tested simultaneously. For the
detailed procedure, serum samples diluted severalfold with buffer A (20mM Tris, pH 7.5, 150mM NaCl,
5mM MgCl2, 1% Triton X-100) were added into the wells containing p30-Luc in buffer A. The protein A/
G-modified magnetic beads then were moved into the wells by an automated machine, and the mix-
tures were incubated at 37°C under shaking for 15min to form the complex of protein A/G-IgG-P30-Luc.
After that, the magnetic beads with the complex were washed two times with buffer A and one time
with D-luciferase buffer (5mM Tris-HCl, 10mM MgCl2�6H2O, pH 7.5) by the machine. Finally, the beads
were released into the wells containing 180ml D-luciferase buffer by the automated machine, and the
plates were taken out manually for luminescence measurements. The magnetic beads in the 96-deep-
well plates were transferred into wells of a black 96-well luminous microplate containing 20ml/well
5mM luciferin and 1mM ATP for measurement by a microplate reader (Bio-Tek).

Statistical analysis. Statistical analysis was done by using GraphPad Prism version 5.0 software (San
Diego, CA, USA). The optimal signal-to-noise (S/N) cutoff value was established by the receiver operating
characteristic (ROC) curve analysis of a panel of ASFV antibody-positive and -negative sera using IBM

FIG 1 Schemes of the principle (A) and the process (B) of the MB-LIPS assay for ASFV antibody detection.
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SPSS statistics 25.0 software. ASFV antibody results of the sera were tested with a commercial ASFV anti-
body ELISA kit. All data are shown as means 6 standard deviations (SD). Student's t test was used for
assessing the significant difference between different samples. A P value of ,0.05 was considered statis-
tically significant. Repeatability was evaluated by the coefficient of variation (CV).

RESULTS
SDS-PAGE and luciferase activity of recombinant p30-Luc protein. As shown in

Fig. 2A, the recombinant p30-Luc protein was successfully expressed, with a molecular
weight of about 85 kDa on the SDS-PAGE gel. The result of Western blotting (Fig. 2B)
showed that there was an obvious band between 75 and 100 kDa on the polyvinyli-
dene difluoride (PVDF) membrane reacted with anti-p30 mouse serum, which indi-
cated that p30-Luc expressed by E. coli could recognize the p30 antibody. Further test-
ing of the luminescence generated by a serial dilution of p30-Luc showed that the
light intensity had a wide linear range with the concentration of p30-Luc (Fig. 2C),
demonstrating that the purified p30-Luc protein had good luciferase activity. The yield
of the purified p30-Luc was about 17mg from 1 liter of the fermentation broth after
analyzing the protein concentration by BCA assay.

Optimization of the conditions for the MB-LIPS assay. There were three condi-
tions that were supposed to be important for detection performance, the concentra-
tion of p30-Luc, the amount of the protein A/G magnetic beads, and the dilution of
the serum samples in the assay. Analysis of the signal-to-noise (S/N) ratios of an ASFV-
positive serum and a negative serum by the MB-LIPS assay was used to optimize the
test conditions.

If the concentration of p30-Luc is too low, the light signal of this system would be
so weak that the sensitivity of this assay would become low, while if the concentration
is too high, the nonspecific adsorption on beads would cause the low S/N ratio. As
shown in Fig. 3A, the group of 25mg/ml p30-Luc showed the highest S/N ratio.

The amount of protein A/G-modified magnetic beads is also a vital factor for the
sensitivity of the MB-LIPS assay. Small amounts of magnetic beads would not be
enough to capture all antibodies in the sample, but excessive beads would lead to a
high background with the nonspecific adsorption of p30-Luc on the surface of beads,
which would decrease the S/N ratio. From the results shown in Fig. 3B, it was obvious
that the optimal amount of the magnetic beads (1mg/ml) was 10ml.

Likewise, if the amount of swine serum samples for testing was too much, the signal
of luciferase may be affected by some inhibitors from the serum sample, but if the dilu-
tions of the serum samples were too high, the low levels of the antibodies would
reduce the sensitivity of the MB-LIPS assay. Thus, the MB-LIPS assay also needs an opti-
mal dilution of serum sample. As displayed in Fig. 3C, 10 times dilution of the serum

FIG 2 SDS-PAGE analysis (A), Western blot analysis (B), and luciferase activity (C) of the purified p30-
Luc. (A) Lane 1, protein marker; lane 2, purified p30-Luc with a molecular weight of 85 kDa. (B) Lane
1, protein marker; lane 2, recombinant p30-Luc hybridized with anti-p30 mouse serum. (C)
Luminescence intensity versus the concentration of p30-Luc. Data are shown as the mean from three
repeats. Error bars were small enough not to be shown in the plot.
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samples showed the highest S/N ratio among the groups. Therefore, these optimized
conditions were used in the following experiments.

Determination of the cutoff value of the MB-LIPS assay. One hundred forty-two
swine sera, including four CSFV and PRRSV antibody-positive sera, were used to deter-
mine the cutoff value of S/N for the ASFV antibody detection system based on the ROC
curve. Among them, 52 samples were classified to be positive and the others were
negative, determined by the Ingezim ELISA ASFV antibody kit. As shown in Fig. 4A,
ASFV antibody levels in the swine serum samples measured by the MB-LIPS assay
ranged from 0.08 to 53.01, with good clusters between the positive and negative sam-
ples (P, 0.0001). From the corresponding ROC curve (Fig. 4B), a diagnostic cutoff value
of 2.06 was assigned, which could give 95.7% specificity and 96.2% sensitivity for the
detection of ASFV antibody compared with the ELISA kit (Table 1). There were two
false-negative samples, which were found positive by the Ingezim ELISA kit, and two
false-positive samples, which were indicated negative by the Ingezim ELISA kit. The dif-
ference may be caused by different antibody levels of different antigens obtained at
different days postinfection. The indirect immunoperoxidase test (see Fig. S1A in the
supplemental material) was applied to further confirm the results of the four samples,
which were consistent with ELISA analysis.

Detection sensitivity and reproducibility of the MB-LIPS assay. Determining the
detection sensitivity of a method should be based on a sample or standard with a
known antibody concentration, which was not available in our lab. Instead, serial dilu-
tions of two ASFV antibody-positive swine sera (28 and 29) and a negative swine serum
(NC) were used to compare the sensitivity of the MB-LIPS with that of the ELISA kit. As
shown in Fig. 5, the MB-LIPS could give positive results after the sera were diluted up

FIG 3 Optimization of the MB-LIPS assay for ASFV p30 antibody detection. (A) S/N ratios of an ASFV-positive serum
and a negative serum versus p30-Luc concentrations. (B) S/N ratios of an ASFV-positive serum and a negative serum
versus the amount of protein A/G-modified magnetic beads. (C) S/N ratios of an ASFV positive serum and a negative
serum versus the dilution folds of sera. Data are shown with means 6 SD. Error bars represent the standard
deviations from triplicates.

FIG 4 Determination of the cutoff value of the MB-LIPS for ASFV antibody detection through ROC.
(A) S/N ratios obtained by the MB-LIPS assay from a panel of the sera that are classified as positive or
negative by the ELISA kit. (B) ROC curve based on the data obtained.
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to 10,240 times, while the ELISA kit could detect them up to dilutions of 2,560 times.
Therefore, the MB-LIPS assay is about 4 times more sensitive than the ELISA kit. The
results of testing the same samples 20 times showed that the repeatability (in percent-
age coefficient of variation [CV]) of the MB-LIPS assay was 5.68% for intraplate assay
and 12.20% for interplate assay. A CV value less than 15% for the repeatability of LIPS
assay was considered an acceptable level (22).

Detection of swine sera collected from farms by the MB-LIPS assay. One hun-
dred sixty-two more swine sera were used to test the performance of the MB-LIPS
assay under the optimal conditions and with the cutoff S/N ratio of 2.06. As shown in
Table 2, the MB-LIPS assay showed 96.3% agreement with the commercial ELISA kit,
with a sensitivity of 96.4% (106/110) and a specificity of 96.2% (50/52).

DISCUSSION

In this study, a magnetic bead-based LIPS assay was successfully established for
rapid and easy detection of ASFV antibody in swine sera. Compared with other anti-
body detection methods, the MB-LIPS assay has a few advantages.

First, magnetic beads were used instead of agarose beads commonly used in LIPS
(23), which made the LIPS assay easier to carry out. Using an automated machine with
magnetic rods, some laborious processes, such as incubation and washing, could be
done automatically, and many samples could be analyzed in parallel. This feature will
overcome the labor-intensive requirements of other assays, such as ELISA and normal
LIPS, and make the assay easier to adapt to detect large numbers of samples.

Second, all the reagents in the MB-LIPS assay could be preloaded in 96-well plates
(as shown in Fig. 1B), which will reduce the procedure of on-site preparation of the
detection reagents, making the antibody assay easier and faster to be carried out in
small laboratories. It is well known that transferring liquids is labor-intensive and easily
prone to contamination, especially when there are large numbers of samples to be
tested.

TABLE 1 ROC analysis of MB-LIPS to detect ASFV antibody

Characteristic Value for p30-Luc
Optimized cutoff value (S/N) 2.06
Sensitivity (%) 96.2
Specificity (%) 95.7
Area under the concentration-time curve 0.991
95% Confidence interval 0.981–1.001

FIG 5 Sensitivity comparison between the MB-LIPS (blue line with squares) and the ELISA kit (red line with
triangles) for ASFV antibody detection. Two ASFV (28 and 29)-positive sera are diluted to different folds. (A and
B) The plots of the inset line charts show the signals under high dilutions, with dotted lines as the cutoff value
for positive results. Data are shown with means 6 SD. Error bars represent the standard deviations from
triplicates.
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Third, because of the high activity of luciferase, the MB-LIPS assay is quite sensitive.
As shown in Fig. 5, the MB-LIPS assay is more sensitive than the ELISA kit, which means
that ASF sera with lower antibody titers could be detected (24). Therefore, the MB-LIPS
assay may be usable for finding early ASFV infections.

Lastly, the good agreement (96.3%) between the MB-LIPS assay and the commercial
ELISA kit for testing 162 field serum samples demonstrated that recombinant ASFV
p30, the antibody of which was reported to be produced earlier than VP72 (25), is a
good antigen for detecting ASFV antibody. There were four false-negative and two
false-positive results in the MB-LIPS assay compared with the commercial competition
ELISA kit. When we analyzed the signals of these false results of MB-LIPS compared
with ELISAs, it was easy to find all the blocking rates of these four false-negative sam-
ples were slightly higher than 50% (the cutoff value of the positive was set at 50%). In
addition, the S/N ratios of the two false-positive samples were 8.44 and 18.76, respec-
tively, which were significantly higher than the cutoff value of 2.06. The results of the
six samples that gave the inconsistent results when tested by the two assays described
above were confirmed by the indirect immunoperoxidase test (see Fig. S1A in the sup-
plemental material), which indicated that all six samples were considered positive. This
difference may be due to different ASFV antigens being used in the kits. According to
the ELISA kit instruction, ASFV VP72 is used as the antigen, while p30 is used in this
current study. ASFV p30 has been found highly immunogenic and evokes rapid
immune responses for ASFV early infection in pigs (25–27). Furthermore, p30-Luc could
be expressed by E. coli with high yields and stability at 4°C for several months in this
study (data not shown). Besides, recombinant p30-Luc could be used as an antigen to
specifically recognize the p30 antibody from clinical swine serum (Fig. S1B). It is
expected that p30-Luc, combined with another ASFV antigen, such as VP72, may fur-
ther improve the sensitivity of the MP-LIPS assay.

There are still some limitations to the MB-LIPS system. The system needs to be
applied to multiple types of samples, such as oral fluids, for ASFV antibody detection.
There are reports that swine oral fluid would be better than serum for ASFV antibody
detection because it is easier to collect and reduces the transmission of diseases (12,
25, 28). In principle, the highly robust MB-LIPS assay could also be used for noninvasive
oral fluid testing instead of a serum as the clinical samples. Ching et al. (29) used LIPS
for autoantibody detection in Sjögren's syndrome (SjS), a chronic autoimmune disease
affecting the salivary and lacrimal glands. Using saliva, Ro60 autoantibodies showed
75% sensitivity and 96% specificity for the diagnosis of SS and correlated with serum
levels of Ro60 autoantibody. Furthermore, transferring the magnetic beads manually is
required for the following luminescence measurement, so it is applicable to develop-
ing a fully automated platform integrated with the luminescent detection, which
would simplify the operations for the surveillance of ASFV in small labs or farms.

In summary, an LIPS assay based on magnetic beads modified with protein A/G has
been successfully established for the rapid and easy detection of ASFV antibody. With

TABLE 2 Sensitivity and specificity of the MB-LIPS assay for detecting swine seraa

No. of serum samples with ELISA

MB-LIPS assay

TotalPositive Negative
Positive 106 4 110
Negative 2 50 52
Total 108 54 162
Sensitivity (%) (95% CI) 96.4 (91.0–99.0)
Specificity (%) (95% CI) 96.2 (86.8–99.5)
PLR (95% CI) 25.05 (6.43–97.57)
NLR (95% CI) 0.04 (0.01–0.10)
Accuracy (%) (95% CI) 96.3 (92.1–98.6)
aPLR, positive likelihood ratio; NLR, negative likelihood ratio.
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its high sensitivity and simple operation, the MB-LIPS assay has great potential to be
used in small labs and farms for ASF control. As far as we know, this is the first time
protein A/G magnetic beads were combined with an automated platform that has 32-
channel magnetic rods for LIPS assay. Compared with the commercial ELISA kit for
ASFV antibody detection, the MB-LIPS assay could save time and labor greatly. If the
MB-LIPS system could be developed into a fully automated system in the near future,
it would be more applicable than the current system.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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