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Abstract

Porcine reproductive and respiratory syndrome (PRRS) is one of the most economically devastating infectious diseases in
the global swine industry. A rapid and sensitive on-site detection method for PRRS virus (PRRSV) is critically important
for diagnosing PRRS. In this study, we established a method that combines reverse transcription recombinase polymerase
amplification (RT-RPA) with a lateral flow dipstick (LFD) for detecting North American PRRSV (PRRSV-2). The primers
and probe were designed based on the conserved region of all complete PRRSV-2 genomic sequences available in China
(n = 512) from 1996 to 2020. The detection limit of the assay was 5.6 X 10"! median tissue culture infection dose (TCIDs)
per reaction within 30 min at 42 °C, which was more sensitive than that of reverse transcription polymerase chain reaction
(RT-PCR) (5.6 TCIDs, per reaction). The assay was highly specific for the epidemic lineages of PRRSV-2 in China and did
not cross-react with pseudorabies virus, porcine circovirus 2, classical swine fever virus, or porcine epidemic diarrhea virus.
The assay performance was evaluated by testing 179 samples and comparing the results with those of quantitative RT-PCR
(RT-qPCR). The results showed that the detection coincidence rate of RT-RPA and RT-qPCR was 100% when the cycle
threshold values of RT-qPCR were < 32. The assay provides a new alternative for simple and reliable detection of PRRSV-2
and has great potential for application in the field.

Introduction

Porcine reproductive and respiratory syndrome (PRRS) is
an economically disastrous infectious disease for the global
swine industry [1, 2]. The disease was first reported in 1987
in America and became widespread in Europe and Asia in
subsequent years. It causes annual losses of 500—-600 million
dollars in the US swine industry, and even more in Asia, due
to reproductive disorders in pregnant sows and respiratory
symptoms in pigs [3, 4]. PRRS virus (PRRSV), the causative
agent, is a single-stranded positive-sense RNA virus belong-
ing to the family Arteriviridae of the order Nidovirales [5].
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It can be classified into two genotypes, namely the European
type (PPRSV-1) and the North American type (PRRSV-2)
[6]. Based on the genetic distance between ORF5 sequences,
PRRSV-2 is divided into nine lineages (L1-L9), and the
main epidemic lineages in China are L1, L3, L5, and L8
[7-9]. PRRSV was first isolated in China in 1996 [10]. In
2006, highly pathogenic PRRSV (HP-PRRSV) emerged
in Jiangxi Province and then spread rapidly to most of the
other provinces of China, causing high fever and a high rate
of mortality in pigs of all ages [11, 12]. In 2012, a new
subgroup of PRRSV strains was identified and was named
NADC30-like, due to its similarity to the American strain
NADC30. The strains in the NADC30-like subgroup have
increased rapidly from 2015 to 2017 [13, 14]. PRRSV has
a high level of diversity due to its high variability and its
tendency to undergo recombination, which renders the pre-
vention and control of PRRS more challenging.

Quick and reliable detection methods are of great signifi-
cance for timely diagnosis, control, and prevention of PRRS.
Various detection methods targeting PRRSV nucleic acids,
antigens, and antibodies are currently available. Among
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these approaches, enzyme-linked immunosorbent assay [15,
16], polymerase chain reaction (PCR) [17, 18], and indirect
immunofluorescence assay [19] are the most widely applied.
However, these technologies have limitations when applied
in the field because they require professional equipment and
technicians and are time-consuming. Therefore, it is neces-
sary to develop a speedy, sensitive, and equipment-free diag-
nostic assay for detecting PRRSV. Recombinase polymerase
amplification (RPA), which was first reported in 2006, is an
isothermal amplification technique [20] that does not require
thermal denaturation of the template and can be operated at
a low and constant temperature in a simple water bath, or
even at body temperature. To date, RPA-based detection has
been successfully applied for the detection of severe acute
respiratory syndrome coronavirus 2, classical swine fever
virus (CSFV), African swine fever virus, porcine circovirus
2 (PCV2), foot-and-mouth disease virus, porcine deltacoro-
navirus, and other viruses [21-26].

In this study, a reverse transcription RPA (RT-RPA) assay
targeting the conserved region of the ORF6 gene was devel-
oped for rapid visual detection of PRRSV-2. The amplicons
were detected in 3 min, using a lateral flow dipstick (LFD),
and the assay exhibited better sensitivity than RT-PCR. We
also compared the performance of RT-RPA in detecting
clinical samples using a published RT-qPCR assay.

Materials and methods
Viruses and cell culture isolates

HP-PRRSV strain HuN4 (GenBank accession no.
EF635006), the NADC30-like PRRSV strain HeB108 (Gen-
Bank accession no. MN046224), CSFV, PCV2, pseudorabies
virus (PRV), and porcine epidemic diarrhea virus (PEDV)
were preserved in our laboratory. Forty-four PRRSV-2 cell
culture isolates from samples from Shandong and Jiangsu
provinces were preserved in our laboratory. MARC-145
cells were cultured in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich, St. Louis, MO, USA) with 10% fetal bovine
serum (ExCell, Australia) at 37 °C in a 5% CO, atmosphere
[27].

Clinical samples

A total of 135 field samples, including samples from lung
(71), spleen (17), kidney (6), intestine (5), lymph nodes (5),
and liver (3) as well as 8 throat swabs, and 20 blood samples
were collected from different farms in Guangdong, Hebei,
Shandong, Zhejiang, Heilongjiang, and Liaoning provinces
of China from 2018 to 2019.
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Nucleic acid extraction

Viral RNA of CSFV, PEDYV, and PRRSV-2 of different line-
ages (PRRSV-L1, PRRSV-L3, PRRSV-L5, and PRRSV-L38)
was extracted using a QIAamp Viral RNA Mini Kit (QIA-
GEN, Hilden, Germany) according to the manufacturer's
instructions. The extracted RNA was eluted with 50 pL of
nuclease-free water and stored at -80 “C. Viral DNA of PRV
and PCV2 was extracted using a TTANamp Virus DNA/RNA
Kit (TIANGEN, Beijing, China) according to the manufac-
turer's instructions. The extracted DNA was eluted with 50 pL
of nuclease-free water and stored at -20 °C until use.

Primer and probe design for RT-RPA

All complete genomic sequences of PRRSV-2 from China (n =
512) that were available in the GenBank database by July 2020
were aligned using DNASTAR (DNASTAR Inc., Madison,
WI, USA) to identify the most conserved region. RPA primers
and a probe were designed based on the conserved region of
the ORF6 gene and were as follows: RPA sense primer, 5'-
GGCCGCAAGTACATTCTGGCCCCTGCCCACCACG-3';
RPA antisense primer, 5'-Biotin-GGCCGCAAGTACATTCTG
GCCCCTGCCCACCACG-3'"; RPA probe primer, 5'-FAM-
AACGGCAAGTGATAACCACGCATTTGTCG[THF]CCG
GCGTCCCGGCTC-C3spacer-3'. The primers and probe were
synthesized by Comate Bioscience Co., Ltd. (Jilin, China).

Development of the PRRSV-2 RT-RPA assay with LFD

The RPA assays were conducted using an RT-RPA nfo kit
(GenDx, Utrecht, The Netherlands) according to the manu-
facturer’s instructions. The reaction mixtures consisted of 20
pL of rehydration buffer, 2 pL of 350 mM magnesium acetate,
2.1 pL of each primer pair (10 pM), 0.6 pL of probe (10 pM),
0.5 pL of RNase inhibitor, 20.7 pL of nuclease-free water,
and 2 pL of viral RNA or DNA. All reagents except the tem-
plate and magnesium acetate were prepared in a master mix,
which was dispensed into 0.2-mL reaction tubes containing
the fluorescence detection reagent (freeze-dried reaction pel-
lets). Briefly, 2 pL. of magnesium acetate was slowly pipetted
into the tube lid, and 2 pL of template was added to the tubes.
The reaction tubes were immediately placed in a water bath
to initiate amplification. The amplified product was diluted
100 times with sample diluent, and the lateral flow dipstick
(Zoonbio Biotechnology, China) was dipped into 80 pL of the
diluted product for 2—3 min.

Real-time qPCR assay

An RT-qPCR assay targeting the ORF6 gene of PRRSV,
developed by Chen et al., was carried out using Quant Studio
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5 (Applied Biosystems, Waltham, MA, USA) according to
the manufacturer’s instructions with some modifications
[28]. The 25-pL reaction mixture contained 12.5 pL of 2 X
Premix Ex Taq, 1 pL of probe (10 pM), 0.5 pL of each pair
of primers (10 pM), 2 pL of RNA, and 8.5 pL of ddH,0. The
amplification conditions were 95 C for 30 s, followed by 30
cycles at 95 °C for 5 s and 60 °C for 30 s. All experiments
were performed with at least three replicates.

Sensitivity of the RT-RPA assay

Viral RNA was extracted from the PRRSV-2 strain at a
concentration of 10® median tissue culture infection dose
(TCIDs,)/mL, and the final RNA concentration was equiva-
lent to 2.8 x 10? TCIDsy/pL. Through tenfold gradient dilu-
tion, different RNA concentrations, ranging from 2.8 X 10°
TCIDs, to 2.8 x 10~ TCID,, were obtained. Briefly, 2 uL
of each dilution was used to evaluate the sensitivity of the
assay, and the amplicons were detected simultaneously by
LFD and agarose gel electrophoresis.

Specificity of the RT-RPA assay

To evaluate the specificity of the RT-RPA for PRRSV-2,
different lineages of PRRSV-2 (PRRSV-L1, PRRSV-L3,
PRRSV-L5, and PRRSV-L8) as well as selected swine
pathogens, including CSFV, PCV-2, PRV, and PEDV, were
tested.

Statistical analysis
Kappa analysis was carried out using SPSS 22.0 (IBM,

Armonk, NY, USA) to compare the detection results
obtained with the RT-RPA and the RT-qPCR assays and to
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Fig.1 Optimization of the reaction temperature and time of the
PRRSV-2 RT-RPA assay. A The assay functions in the temperature
range of 30-45 ‘C, with 42 °C or 45 “C being the optimal reaction
temperature. B A positive signal is seen in 5 min, and the brightness

determine their correlation. A p-value of <0.05 was consid-
ered statistically significant.

Results

Establishment and optimization of the reaction
parameters of the PRRSV-2 RT-RPA assay

Different reaction temperatures (20 °C, 23 °C, 25 °C, 27 °C,
30 °C, 33 °C, 35 °C, 37 °C, 39 °C, 42 °C, 45 °C, 48 °C, 50
°C, 53 °C, and 55 °C) were tested, and the products were
detected by agarose gel electrophoresis. As shown in Fig. 1a,
no amplification products were observed in reactions incu-
bated at <30 °C or >48 °C. Weak bands were observed at 30
°C, and there was no difference in the amount of amplifica-
tion at 42 °C and 45 °C. Therefore, 42 °C was selected as
the optimal reaction temperature. The reaction mixture was
incubated at 42 °C for different lengths of time to determine
the optimal incubation time. As shown in Fig. 1b, when the
incubation time was < 5 min, no amplification products were
observed, and only a faint band was observed after incu-
bating for 10 min. There was no difference in the amount
of amplification in the reactions incubated for 30 min and
35 min, and therefore, 30 min was selected as the optimal
reaction time.

Sensitivity of the PRRSV-2 RT-RPA assay

For sensitivity analysis, tenfold serial dilutions of PRRSV-2
RNA ranging from 2.8 x 10° TCIDs, to 2.8 X 10~ TCIDs,
were performed. As shown in Fig. 2, the detection limit of
PRRSV-2 RT-RPA was 5.6 x 10" TCIDs, per reaction.
However, when the amplicon was detected by agarose gel
electrophoresis, the detection limit was only 5.6 TCIDs, per
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of the band gradually increases with increasing amplification time.
No difference was observed between 30 min and 35 min. M DNA
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reaction. Thus, detection of the RPA product of by LFD is
more sensitive than detection by agarose gel electrophoresis.

Specificity of the PRRSV-2 RT-RPA assay

The specificity of PRRSV-2 RT-RPA was evaluated using
PRRSV-2 from different lineages (PRRSV-L1, PRRSV-L3,
PRRSV-L5, and PRRSV-LS) and other swine pathogens,
including CSFV, PCV2, PRV, and PEDV. As shown in
Fig. 3, only PRRSYV strains were detected, with no cross-
reactions with other swine pathogens. The results indicate
that the RT-RPA assay has good specificity for PRRSV-2.

Evaluation of the PRRSV-2 RT-RPA assay using viral
isolates from cell culture

For preliminary evaluation of the detection rate and general-
ity of the RT-RPA, 44 viral isolates of different lineages of
PRRSV-2 from cell culture were simultaneously detected via
RT-RPA and RT-qPCR. The results showed that all 44 sam-
ples were positive by both RT-qPCR and RT-RPA (Fig. 4
and Table 1).

Performance of the PRRSV-2 RT-RPA assay using
clinical samples

A total of 135 clinical samples were tested using the RT-
RPA assay, and the results were compared to those obtained
using RT-qPCR. Out of 135 clinical samples, 84 tested posi-
tive by RT-RPA. The 84 clinical samples that tested positive
by both RT-RPA and RT-qPCR were confirmed by sequenc-
ing to be true positives. However, 29 clinical samples with
higher cycle threshold (Ct) values (32-35) tested positive
by RT-qPCR but negative by RT-RPA (Fig. 4 and Table 1).
The detection results for each sample obtained by RT-RPA
and RT-qPCR are shown in Supplementary Table S1. Kappa
analysis revealed that the kappa score between the RT-RPA
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Fig.3 Specificity of the PRRSV-2 RT-RPA assay. Four main line-
ages of PRRSV-2 in China (PRRSV-L1, PRRSV-L3, PRRSV-LS, and
PRRSV-L8) and four other swine pathogens—CSFV, PCV2, PRV,
and PEDV—were used as templates. NC negative control

and RT-gPCR methods was 0.52, indicating moderate
consistency. In general, the detection coincidence rate of
RT-RPA and RT-qPCR was 100% when the Ct values of
RT-qPCR were higher than 35 or lower than 32, and the
coincidence rate was only 15% when the Ct values were
between 32 and 35 (Fig. 4 and Table 1).

Discussion

Since it was first identified in 1987, PRRS has been one of
the acute viral diseases that typically leads to large economic
losses to the global swine industry due to PRRSV-induced
reproductive disorders in sows and respiratory diseases in
growing pigs [29]. When an outbreak of PRRSV infection is
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Fig.4 Correlation between RT-RPA and RT-qPCR for detecting
PRRSV-2. Each solid dot represents a sample. Red solid dots indi-

cate that the sample tested positive by RT-qPCR, and green indicates
a negative result.

Table 1 Comparison of RT-RPA and RT-qPCR for PRRSV-2 detec-
tion

Ct value RT-RPA result (P/N) Coinci-
dence rate
(%)

<30 111/0 100

30-32 12/0 100

32-34 5/20 20

34-35 0/9 0

35-Ct 0/22 100

A total of 135 clinical samples and 44 viral isolates from cell culture
were used to compare the performance of RT-RPA and RT-qPCR

P positive, N negative

not diagnosed in time, it cannot be treated in a timely man-
ner, which increases the risk of transmission to other pigs
[23], making it more difficult to prevent and control PRRS.
Therefore, it is important to develop sensitive and conveni-
ent detection methods.

Although PCR has been widely used for detection of
PRRSV with high sensitivity and specificity, its applicabil-
ity is limited to laboratory detection, and it is difficult to use
for on-site diagnosis. Isothermal nucleic acid amplification
assays, including loop-mediated isothermal amplification
assay (LAMP) [30], nucleic acid sequence-based ampli-
fication [31], rolling-circle amplification [32], and RPA
[20] have been developed recently. These assays are quick
and equipment-free and allow the reaction to be performed
under isothermal conditions (such as in a water bath) without
requiring thermal denaturation.

An RT-LAMP assay combined with metal indicators
has been developed for the field detection of PRRSV; how-
ever, the reaction requires heat inactivation for 40 min at 58

°C, followed by 5 min at 80 °C, and also uses six primers,
resulting in nonspecific amplification [33]. Compared to RT-
LAMP, RPA requires a shorter time (5-30 min) and a lower
operation temperature (25-42 °C) [34]. Real-time RT-RPA for
rapid detection of HP-PRRSV and classical PRRSV strains
(C-PRRSV) have been reported [35]. Although these assays
can rapidly and specifically detect PRRSV with a low detec-
tion limit, the detection methods are based on expensive scan-
ning devices.

In this study, a novel PRRSV-2 RT-RPA assay combined
with an LFD was established. To the best of our knowledge,
this is the first report of a combination of RT-RPA and LFD to
detect PRRSV-2. After the optimization of the reaction times
and temperatures, the sensitivity of the assay was 5.6 x 107!
TCIDs, per reaction when performed at 42 °C for 30 min,
exhibiting better sensitivity than RT-PCR. In addition, the
assay was highly specific for the main lineages of PRRSV-2
in China and did not cross-react with PRV, PCV2, CSFV, or
PEDV. This assay has several advantages. First, unlike the
established PRRSV RT-RPA methods, it can detect not only
HP-PRRSV and C-PRRSV but also NADC30-like strains,
which are epidemic in many provinces of China, without rely-
ing on a scanning device. Second, the assay does not require
thermal denaturation and can operate at a low and constant
temperature, unlike RT-qPCR. Although RT-RPA has many
advantages over RT-qPCR, it has some limitations when
applied in the field. One potential limitation is that it is sus-
ceptible to contamination because the tube needs to be opened
after amplification. Therefore, measures need to be taken to
avoid contamination, such as opening and closing tubes care-
fully, changing gloves frequently, and separating the amplifi-
cation area from the test area. Moreover, the sensitivity of the
RT-RPA assay is lower than that of RT-qPCR and needs to be
improved. As shown in Fig. 4, the RT-RPA assay fails to detect
the virus in samples with a low viral load.

In summary, a visual nucleic acid detection method based
on LFD was developed for PRRSV-2. This assay provides a
new alternative for simple and reliable detection of PRRSV-2
and has great potential for application in the field and in
resource-limited areas.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00705-021-05349-8.
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