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Abstract
Background: Classical swine fever (CSF), caused by the infection of Classical swine fever virus (CSFV), is
a highly contagious disease of pigs and has caused signi�cant economic losses in the pig industry. The
rapid and effective detection of CSFV would contribute to the eradication program against CSF. Thus, this
study aimed to develop a rapid and simple method for CSFV detection.

Results: Here, a new method based on reverse transcription recombinase polymerase ampli�cation (RT-
RPA) coupled with lateral �ow dipstick (LFD) was established for detecting CSFV. The RPA assay could
be completed within 20 min at 37oC and the results of the RPA assay could be visualized by LFD assay
with the naked-eye inspection. This RT-RPA-LFD assay could be used to detect CSFV speci�cally, with no
cross-reaction with other pathogens. Its detection limit was 10 pg of CSFV cDNA. Importantly, the RT-RPA-
LFD assay has a good performance on the CSFV detection for clinical samples.

Conclusions: The established RT-RPA-LFD assay greatly reduced the need for professional staff and
sophisticated instruments and made disease detection convenient and feasible. This method would be
useful for the prevention and control of CSF, especially in resource-limited settings.

Background
Classical swine fever (CSF) is an economically important, highly contagious disease affecting pigs
worldwide, characterized by high fever, hemorrhagic syndrome, and high mortality [1, 2]. The causative
agent of CSF is the classical swine fever virus (CSFV), an enveloped RNA virus that belongs to the
Pestivirus within the family Flaviviridae [3, 4]. Many molecular diagnostic methods for CSFV detection
require sophisticated instruments, which is not convenient for clinical detection. Thus, it is necessary to
establish a rapid and simple diagnosis method for CSFV detection, which is critical for CSF prevention
and control.

Recombinase polymerase ampli�cation (RPA) is a novel technique of DNA isothermal ampli�cation,
which can complete the ampli�cation of target sequence in a short time by simulating DNA replication in
vivo without the temperature cycle. The RPA assay has the advantages of rapidity, speci�city, and
sensitivity, and doesn’t need expensive instruments [5, 6]. After the RPA assay, lateral �ow dipstick (LFD)
could be used to detect the products of DNA ampli�cation [7]. Recently, RPA assay coupled with LFD
assay (RPA-LFD) has been reported to have a good potential in the detection of many pathogens, such as
bovine ephemeral fever virus, African swine fever virus, and avian in�uenza A virus [8–10]. As it is rapid,
convenient, and e�cient for pathogen detection, RPA-LFD is gradually gaining favor from researchers.

In this work, we developed a reverse transcription recombinase polymerase ampli�cation assay coupled
with lateral �ow dipstick (RT-RPA-LFD) for CSFV detection. The established method had the advantages
of rapidity, sensitivity, and speci�city, which had good potential in clinical application.

Results
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Screening of primers and probe for RPA assay

Several pairs of primers combined with different probes were designed and then a pair of primers (CSFV-
F1 and CSFV-R1) combined with the probe CSFV-P were selected for subsequent evaluation through
screening (Table 1, only the optimal primers and probe were listed). As shown in Fig. 1, the positive
sample (CSFV, shimen strain) could produce two red-purple lines that appeared on the LFD test strip (T
and C line), while negative control produced only one red-purple line (C line).

Table 1
Primers and probe for CSFV RT-RPA-LFD assay in this study

Primer/probe Sequence (5’- 3’) Genome
position

CSFV-F1 CCGACGGGGAAGTATACATAAGGAAAGGGC 11088–
11117 nt

CSFV-R1 CCTTGCTCGCGAATTTCTCACCGAGAGCTC 11280–
11309 nt

CSFV-P FAM-CAAAGAGGCAGCGGACAACCTGACACAAGC-THF-
CAGGCAATAGCATGC-C3 spacer

11117–
11162 nt

CSFV-F and CSFV-R, RPA primers; CSFV-P, RPA-nof probe; FAM, carboxy�uorescein; THF,
tetrahydrofuran spacer; C3 spacer, polymerase extension blocking group.

 
Optimization of RPA conditions

We tested different reaction temperature (15 °C, 20 °C, 25 °C, 30 °C, 35 °C, 37 °C, 40 °C, 45 °C, and 50 °C,
respectively) for RPA assay with the same incubation time (20 min) to screen the optimal temperature. As
shown in Fig. 2, when the reaction temperature was ≤ 25 °C or ≥ 50 °C, only the control line (C line) was
detected on the test strip. The red-purple bands both at T line and C line were detected and did not show
signi�cant differences between 30 °C and 45 °C. Thus, 37 °C was selected as the reaction temperature for
subsequent research. We next tested different incubation time (1 min, 5 min, 10 min, 20 min, 25 min, and
30 min, respectively) for obtaining the optimal RPA incubation time. As shown in Fig. 3, when the
incubation time was ≥ 10 min, the red-purple bands on T line were obvious and did not show signi�cant
differences. Then, 20 min was selected as the incubation time for RPA assay.

The speci�city of CSFV RT-RPA-LFD assay

To evaluate the speci�city of CSFV RT-RPA-LFD assay, different species of viruses including CSFV, PEDV,
PPV, PRV, PRRSV, PCV2, and JEV were tested. As shown in Fig. 4, no T line appeared in all samples except
CSFV positive sample, which indicated that the established RT-RPA-LFD assay was speci�c for CSFV
detection.

The detection limit of CSFV RT-RPA-LFD assay
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The sensitivity of CSFV RT-RPA-LFD assay was evaluated with 10-fold serial dilutions of CSFV cDNA and
compared with that of RT-PCR. Results revealed that the detection limit of both RT-RPA-LFD and RT-PCR
were 10 pg of CSFV cDNA (data not shown).

Performance of RT-RPA-LFD assay on samples from experimentally infected pigs

To validate the performance of the newly developed RT-RPA-LFD assay, a total of twelve samples
including inguinal lymph nodes, spleen, thymus, and tonsil from three pigs experimentally infected with
CSFV were detected by RT-RPA-LFD assay and RT-PCR. We found that these twelve samples were positive
by RT-RPA-LFD assay and also positive by RT-PCR (data not shown).

Discussion
CSF is one of the most devastating diseases for the pig industry and has caused severe economic losses
worldwide [11]. At present, CSF is still endemic in many Asian and Latin American countries, as well as in
some countries from Eastern Europe [12, 13]. Due to the huge harm of this disease, many countries have
developed the eradication program against CSF [4]. What’s more, our team has been working on the
research of the pathogenesis of CSF, as well as the prevention and control of CSF [14–16]. We realize that
rapid diagnostics of CSFV infection is conducive to the eradication program against CSF. Therefore, we
would like to establish a rapid and e�cient method for CSFV detection with high sensitivity and
speci�city. We then focus on the isothermal ampli�cation assays, as they could work with a constant
temperature device and don’t rely on complex specialized equipment. We found that many kinds of
isothermal ampli�cation methods, such as RPA assay [17], loop-mediated isothermal ampli�cation assay
(LAMP) [18], cross-priming ampli�cation (CPA) [19], and polymerase cross-linking spiral reaction (PCLSR)
[20], had been established and widely used for the diagnosis of infectious disease. As an alternative to
PCR-based method, RPA assay is an e�cient tool for the rapid diagnosis of infectious disease, especially
in resource-limited settings. Furthermore, RPA assay combined with a visual analysis system, such as
lateral �ow dipstick (LFD), is more conducive to clinical disease diagnosis. Considering that RPA-LFD
assay is simple and easy to be performed as sophisticated equipment, specialized laboratories and
complex experimental procedures are needless, the establishment of RT-RPA-LFD assay is valuable for
clinical CSFV detection.

When establishing the RT-RPA-LFD assay, we �rst focused on the selection of optimal RPA primers and
probe. The design of RPA primers and probes is the key point for RPA assay. We designed and veri�ed
different primer pairs and probes (data not shown). After screening, a pair of primers (CSFV-F and CSFV-
R) combined with a probe (CSFV-P) was the �nal choice for RPA assay (Table 1). Then, the reaction
temperature was tested as it was a key parameter for the RPA assay. We found that lower (≤ 25 °C) or
higher temperature (≥ 50 °C) was not suitable for DNA ampli�cation, which might be due to the low
enzyme activity under lower or higher temperature. The RPA assay could work well in a wide range of
temperatures (30 ~ 45 °C) with no signi�cant difference and 37 °C was selected as reaction temperature
for RPA assay as this temperature (37 °C) was a very common parameter and could be easily accepted
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by most people. After optimizing the reaction temperature, we tested the incubation time in the
subsequent experiment. We found that the target sequence could not be effectively ampli�ed within a too
short time. However, ampli�cation with a long time was not a good choice for rapid diagnosis. Thus,
20 min was chosen as the incubation time for RPA assay. Furthermore, the speci�city and sensitivity of
CSFV RT-RPA-LFD assay were evaluated. The results suggested the established RT-RPA-LFD assay was
speci�c for the detection of CSFV and its sensitivity was similar to that of the RT-PCR. Finally, the
performance of CSFV RT-RPA-LFD assay on samples from experimentally infected pigs was validated.
We found that a total of twelve samples including inguinal lymph nodes, spleen, thymus, and tonsil from
three pigs experimentally infected with CSFV (shimen strain) were positive by RT-RPA-LFD assay and also
positive by RT-PCR, which suggested that CSFV RT-RPA-LFD assay had the potential to be a valuable tool
for clinical diagnosis of CSF.

Conclusions
The CSFV RT-RPA-LFD assay was successfully developed for CSFV detection with good speci�city and
sensitivity in this work. The RPA assay could be completed within 20 min at 37oC and the results of the
RPA assay could be visualized by LFD assay with the naked-eye inspection. The established method
greatly reduced the need for professional staff and sophisticated instruments, which made disease
detection convenient and feasible. This method would be useful for the prevention and control of CSF,
especially in resource-limited settings.

Methods
Virus and samples

CSFV (shimen strain), Porcine epidemic diarrhea virus (PEDV, CV777 strain), Porcine parvovirus (PPV,
GDQY/2010/01 strain), Pseudorabies virus (PRV, Ea strain), Porcine reproductive and respiratory
syndrome virus (PRRSV, 08 − 2 strain), Japanese encephalitis virus (JEV, JEV/sw/GD/2009 strain), and
Porcine circovirus type 2 (PCV2, LG strain) were preserved in our laboratory. A total of twelve samples
including inguinal lymph nodes, spleen, thymus, and tonsil from three pigs experimentally infected with
CSFV (shimen strain) in our previous work were preserved in our laboratory. These samples were tested
for CSFV by RT-RPA-LFD assay and RT-PCR.
Isolation of viral DNA/RNA and synthesis of cDNA

Viral DNA/RNA was extracted from samples using a Viral DNA/RNA Extraction Kit (OMEGA Bio-Tek, USA)
according to the manufacturer’s instructions. The viral cDNA was synthesized using M-MLV reverse
transcriptase (TAKARA Biotechnology, Dalian, China) according to the manufacturer’s instructions. All
viral DNA, RNA, and cDNA were stored at -80 °C for further employment.

CSFV RT-PCR assay
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The cDNA of CSFV was synthesized as above and used for PCR ampli�cation. The primers used for PCR
were CSFV-f (5’-CTAGCCATGCCCWYAGTAGG-3’) and CSFV-r (5’-CAGCTTCARYGTTGATTGT-3’). A 421 bp
fragment within 5’-UTR region of the CSFV genome was ampli�ed. The ampli�cation was performed in a
25 µL volume containing 2 × Taq PCR StarMix (12.5 µL), ddH2O (8.5µL), the forward and reverse primers
(10 µM, 1 µL each) and cDNA template (2 µL). PCR ampli�cation was performed as follows: 5 min of
initial denaturation at 94 oC, 35 cycles of 30 s of denaturing at 94 oC, 30 s of annealing at 55 oC, and 30 s
of extension at 72 oC. The 10 min of extension at 72 oC was added after the 35-cycle ampli�cation. The
PCR products were detected with 1% agarose gels.

CSFV RT-RPA-LFD assay

The cDNA of CSFV was synthesized as above and used for RPA assay. RPA primers and probes were
designed according to the parameter requirements of the TwistAmp™ nfo RPA kit manual (TwistDx™
Limited, Cambridge, UK) based on the CSFV genome sequence (GenBank Accession number: HQ380231)
using Primer Premier 5.0. The reverse primer was labeled with a biotin at the 5’ end and the nfo-probe
carried a �uorescein FAM at the 5’ end, an internal tetrahydrofuran residue (THF) at 30 bp from the 5’ end,
and a C3 spacer at the 3’ end (Table 1). All the primers and probes were synthesized by Sangon Biotech
(Shanghai, China). The RPA assay was performed in a 50 µL �nal reaction volume according to the
instructions of the TwistAmp™ RPA nfo kit (TwistDx™ Limited, Cambridge, UK). In brief, the rehydration
solution contained 4 µL cDNA template, 2.1 µL of forward primer (10 µM), 2.1 µL of reverse primer
(10 µM), 0.6 µL of the probe (10 µM), 9.2 µL of ddH2O, and 29.5 µL rehydration buffer (TwistDx™ Limited,
Cambridge, UK). The dried enzyme pellet in a 0.2 mL tube strip provided by the TwistAmp™ RPA nfo kit
was resuspended with 47.5 µL of the rehydration solution, and then the reaction was initiated by adding
2.5 µL of magnesium acetate (280 mM). Experiments were performed to optimize the RPA assay by
testing different incubation time and ampli�cation temperature. The RPA result was directly determined
using lateral �ow dipstick (LFD) visualization strip cassette (Ustar Biotech, Hangzhou, China). The
manipulation procedure of the LFD visualization strip cassette was shown in Fig. 5A. Firstly, the reaction
tube was pushed transversely into the amplicon cartridge. Next, the cartridge was closed and inserted into
the detection chamber. Then, the handle of the detection chamber was pressed to be sealed. Once the
handle being closed, both the reaction tube and the bulb containing the running buffer were cut by the
razor blade and the amplicon products mixed with the running buffer and �owed to the DNA detection
strip which was implanted into the cassette through a �berglass paper. One to two minutes after the
handle being closed, the result could be determined based on the displayed bands from the detection
window of the chamber. As shown in Fig. 5B, the red-purple bands both at T line and C line could be
detected in the positive sample while only one band (C line) appeared for a negative sample.

The speci�city and sensitivity of CSFV RT-RPA-LFD assay

The speci�city of CSFV RT-RPA-LFD assay was evaluated by detecting different species of viruses
including CSFV, PEDV, PPV, PRV, PRRSV, PCV2, and JEV. The sensitivity of the RT-RPA-LFD assay and RT-
PCR were compared by detecting ten-fold serial dilutions of CSFV cDNA.
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Figures

Figure 1

RT-RPA-LFD assay for CSFV detection. Lane 1, negative control (ddH2O); Lane 2, negative control
(negative blood); Lane 3, negative control (negative cell culture supernatant); Lane 4, negative control
(negative tonsil tissue); Lane 5, positive sample (CSFV, shimen strain).
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Figure 2

Optimization of the reaction temperature for the RPA assay. Lane 1-9: 15°C, 20°C, 25°C, 30°C, 35°C, 37°C,
40°C, 45°C, and 50°C, respectively.

Figure 3

Optimization of the incubation time for RPA assay. Lane 1-6: 1 min, 5 min, 10 min, 20 min, 25 min, and 30
min, respectively.
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Figure 4

Evaluation of the speci�city of RT-RPA-LFD assay. Lane 1-8: ddH2O, CSFV, PEDV, PRRSV, PPV, PRV, PCV2,
and JEV, respectively.

Figure 5

Lateral �ow dipstick (LFD) assay. (A) The manipulation procedure of the LFD visualization strip cassette.
Step 1, push the reaction tube transversely into the amplicon cartridge; step 2, close the cartridge; step 3,
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insert the amplicon cartridge into the detection chamber; step 4~5, press the handle of the detection
chamber to seal the chamber and to cut off the reaction tube and the bulb containing running buffer; step
6, after 1-2 min, determine the result based on the bands displayed on the detection window of the
chamber. (B) the result of the LFD assay. 1, the red-purple bands both at T line and C line could be
detected in a positive sample; 2, only one band (C line) appeared for a negative sample.


