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Abstract: Primers and corresponding probes were designed for the glutamate dehydrogenase (gdh) gene of Streptococcus suis and the
ApxIV gene of Actinobacillus pleuropneumoniae to establish a dual recombinant enzyme polymerase amplification (RPA)-lateral flow
dipstick (LFD) detection method for the simultaneous rapid identification of S. suis and A. pleuropneumoniae. The specificity test showed
that the amplification results for other pathogens were all negative, indicating that the method exhibited good specificity. The sensitivity
test showed that the lowest nucleic acid concentration detectable with this method was 10-5 ng/µL, which was significantly higher than
that observed with PCR and basic RPA. The results showed that this method detected all reference strains and clinical isolates, which
was consistent with the PCR detection results. Among the 45 clinical samples, 19 cases of S. suis, 1 case of A. pleuropneumoniae and no
mixed infections were detected. The detection rate was higher than that observed with bacterial isolation and the conventional PCR
method, which indicated that this method is very practical and suitable for the rapid clinical detection of S. suis and A. pleuropneumoniae.
Compared with the traditional method, the dual RPA-LFD method has several advantages, including high specificity, high sensitivity, fast
speed and minimal requirement of instruments and equipment. In addition, the method can achieve the synchronous and rapid detection
of S. suis and A. pleuropneumoniae and is helpful for the preliminary screening of clinical diseases.
Keywords: Streptococcus suis, Actinobacillus pleuropneumoniae, Recombinase polymerase amplification, Lateral flow dipstick,
Rapid detection

Streptococcus suis ve Actinobacillus pleuropneumoniae’nin Lateral Flow Dipstick
İle Kombine Edilmiş Dubleks Rekombinaz Polimeraz Amplifikasyonu Yoluyla
Hızlı Görsel Tespiti
Öz: Primerler ve karşılık gelen problar, Streptococcus suis ve Actinobacillus pleuropneumoniae’nin eş zamanlı hızlı identifikasyonu
sağlayan bir dual rekombinant enzim polimeraz amplifikasyon (RPA)-lateral flow dipstick (LFD) teşhis metodunun geliştirilmesi için
ilgili bakterilerin sırasıyla glutamat dehidrojenaz (gdh) geni ve ApxIV geni için tasarlanmıştır. Yapılan özgüllük testinde, diğer patojenler
için amplifikasyon sonuçlarının hepsinin negatif saptanması bu yöntemin iyi bir özgüllük sergilediğini gösterdi. Duyarlılık testi, bu
yöntemle saptanabilen en düşük nükleik asit konsantrasyonunun10-5 ng/µL olduğunu gösterdi ve bu değer, PCR ve temel RPA ile
saptananlardan önemli ölçüde daha yüksekti. Sonuçlar, bu yöntemin, PCR ile saptananlarla tutarlı olarak tüm referans suşları ve klinik
izolatları belirlediğini gösterdi. 45 klinik örnek arasından 19’u S. suis ve 1’i A. pleuropneumoniae olarak saptandı ve miks enfeksiyon tespit
edilmedi. Tespit oranı, bakteri izolasyonu ve geleneksel PCR yöntemine göre daha yüksekti, bu da bu yöntemin oldukça pratik olduğunu
ve S. suis ve A. pleuropneumoniae’nin hızlı klinik tespiti için uygun olduğunu gösterdi. Geleneksel yöntemle karşılaştırıldığında, dual RPALFD yönteminin yüksek özgüllük, yüksek hassasiyet, hız ve minimum alet ve ekipman gereksinimi gibi birçok avantajı vardır. Ayrıca bu
yöntem, S. suis ve A. pleuropneumoniae’nin eşzamanlı ve hızlı tanısını sağlayabilecek ve klinik enfeksiyonların ön taramasına yardımcı
olabilecek niteliktedir.
Anahtar sözcükler: Streptococcus suis, Actinobacillus pleuropneumoniae, Recombinase polymerase amplification, Lateral flow dipstick,
Rapid detection
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Introduction
Streptococcus suis is one of the main pathogens that causes
significant economic losses in the swine industry and is
present in almost 100% of large-scale pig farms worldwide [1]. The main route of infection in pigs is considered
the respiratory tract, and the resulting infection mainly
causes sepsis, meningitis, arthritis, pneumonia, endocarditis, and even sudden death in severe cases [1-3]. SS
serotype 2 (SS2), the most virulent serotype, is the most
commonly isolated in human infection cases (74.7% of
cases) [1,4]. Furthermore, S. suis is a zoonotic pathogen
that can infect humans through contact with carrier
pigs or pork products and thereby causes septicemia,
meningitis, shock-like syndrome, or even death [1]. Over
the past 50 years, most S. suis infections in humans have
involved sporadic cases of occupational contact, such as
with farmers, veterinarians, butchers, food processors and
other occupational groups [5]. However, the number of
cases involving S. suis infection in humans has increased
in recent years, exhibiting a trend toward the general
population. Two large-scale outbreaks of S. suis infection,
which included a total of 229 infections and 52 deaths,
have occurred in Jiangsu Province and Sichuan Province,
China; these outbreaks have attracted great attention in
the field of public health and scientific research and have
seriously threatened public health and safety [5-7].
Actinobacillus pleuropneumoniae infection can cause
severe irreversible damage to the lungs [8]. In acute disease
outbreaks, morbidity can range from 10% to 100%, and
mortality of 1%-10%. The peracute form is characterized
by a high mortality rate and sudden death. It can also show
subacute and chronic course. A. pleuropneumoniae can
infect pigs of all ages, and its clinical manifestations are
characterized by fibrinous hemorrhagic and necrotizing
pleuropneumonia [8]. The bacteria have many serotypes, and there is no cross-protection between serotypes
during immunization with inactivated vaccines, which
poses a great challenge in the prevention and control
of the disease [9]. Currently, the disease is distributed
worldwide [8]. A. pleuropneumoniae can be detected in all
major swine-producing countries, but the virulence of
local strains may vary [8].
Respiratory disease is the most important health problem
that affects the swine industry worldwide and is commonly
known as porcine respiratory disease syndrome (PRDC) [10].
Clinically, A. pleuropneumoniae and S. suis are common
and important pathogens of the respiratory tract in pigs,
and their mixed infection triggers PRDC that leads to
lung lesions, which in turn results in large economic
losses and impaired animal welfare [10,11]. In recent years,
the number of cases of mixed infections with S. suis and
A. pleuropneumoniae has gradually increased [10]. These
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infections are challenging to detect through traditional
bacteriological diagnosis; thus, the establishment of a
detection method for the rapid diagnosis and identification
of these two bacteria is necessary. Such a method is very
important for preventing and controlling the spread of the
disease in a timely manner. At present, the combination
of bacterial isolation and culture and serological
typing remains the gold standard for detecting these
two pathogens, but this method is time-consuming,
demonstrates low sensitivity and has high operational
requirements; thus, this method is unfavorable for the
promotion of epidemic monitoring [12,13]. In the past
two decades, polymerase chain reaction (PCR)-based
molecular detection technology has been widely used in
the molecular diagnosis of A. pleuropneumoniae and S.
suis. Conventional PCR, PCR-restriction fragment length
polymorphism (PCR-RFLP), PCR-sequence characterized
amplified region (PCR-SCAR), double PCR, real-time
fluorescence quantitative PCR and other technologies
are used for the amplification of either conserved genes
or the capsular polysaccharide genes specific to different
serotypes to achieve the rapid detection and identification
of these two pathogens [13-15]. PCR-based molecular
technology is an established and reliable method for the
isolation and identification of A. pleuropneumoniae and S.
suis but also has various characteristics, including extensive
requirements for instruments and equipment, demanding
experimental conditions and skilled laboratory personnel.
In recent years, isothermal amplification technology
has received increasing attention for the detection
of pathogens, and among the related techniques,
loop-mediated isothermal amplification (LAMP) is a
commonly used method [16]. However, LAMP technology
has many problems, including the need for complex
primer designs along with multiple pairs of primers; the
occurrence of nonspecific amplification, which is due to
the ease of interaction between products; and the inability
to verify the accuracy of the amplification results by
sequencing [17,18]. Therefore, there remains a clinical need
for a simple, rapid, and sensitive method that can be used
for the early diagnosis of S. suis infection. As an isothermal
DNA amplification technology, recombinase polymerase
amplification (RPA) has undergone rapid development in
the field of molecular diagnostics [19]. Due to its simplified
instrument requirements and shorter reaction time
compared with those of other methods, RPA is considered
the most applicable method for on-site diagnosis [19]. A
lateral flow dipstick (LFD) is a simple detection device
that can be used for the qualitative or semiquantitative
detection of target nucleotides and can be used in the
field or small regional laboratories without the help of
instruments [20]. By labeling with fluorophores, the RPA
amplification products can be combined with a LFD (i.e.,
RPA-LFD) to visually detect amplification products. RPA-
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LFD technology has the following characteristics: simple
operation, high sensitivity, strong specificity, and suitability
for rapid on-site diagnosis [19]. Thus, this technology is
suitable for clinical and field detection.
Glutamate dehydrogenase (Gdh), which is a bridge
that connects carbon and nitrogen metabolism, plays
an important role in the process of bacterial energy
metabolism and thereby directly affects the pathogenicity
of bacteria [21,22]. The Gdh protein of S. suis is expressed at
the surface of bacterial cells and is an antigenic, extremely
evolutionarily conserved and antigenic component; therefore, Gdh can be used as a diagnostic antigen for S.
suis to establish a universal detection method for all S.
suis serovars [22]. ApxIV is a species-specific toxin of A.
pleuropneumoniae, and the apxIV sequence is highly
conserved among all serotypes and is absent in other
species of Actinobacillus, Haemophilus, and Pasteurella
multocida; therefore, apxIV is often used as a specific
clinical diagnostic gene for A. pleuropneumoniae [13]. In
this study, we designed specific RPA primers targeting
the gdh gene of S. suis and the apxIV gene of the A.
pleuropneumoniae toxin to establish a dual RPA-LFD
detection method for the simultaneous detection of S. suis
and A. pleuropneumoniae.

Material and Methods
Strains
Streptococcus. suis serotype 1 (SS1) strain JZLQ036, SS2
strains CVCC606, CVCC1941, JZLQ022, ZY05719,
05ZYH33, and JZLQ019, SS7 strain JZLQ034, SS9 strain
JZLQ035, A. pleuropneumoniae serotype 1 4074 strain
(APP1, CVCC259) and serotype 5b L20 strain (APP5b,
CVCC263) were kindly provided by Professor Shen
Zhiqiang and Professor Lei Liancheng. Enteropathogenic
Escherichia coli, Glaesserella parasuis, gen. nov., comb. nov.,
Pasteurella, Salmonella (ATCC 25922), Staphylococcus
aureus (ATCC 49525), and Aeromonas hydrophila AH-1)
were sourced from our Institute. The pMD-18T-gdh
plasmid was preserved by our laboratory [23].
Primer Design and Synthesis
The S. suis gdh gene sequence (GenBank accession
number: AF229683) and A. pleuropneumoniae ApxIV gene
sequence (GenBank accession number: HM021153) were
downloaded from GenBank and compared and analyzed
using DNAStar software. Five pairs of S. suis-specific RPA
primers and five pairs of A. pleuropneumoniae-specific
RPA primers were designed, and these primers were then
synthesized by Sangon Biological Engineering Co., Ltd.
Bacterial Genomic DNA Extraction
The genomic DNA templates of all strains used in the
experiment were extracted from overnight cultures
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of bacteria using a bacterial DNA extraction kit. The
concentration of the extracted DNA templates was
uniformly diluted to 10 ng/μL for use.
To obtain bacterial DNA from tissues, 1 mL of PBS was
added to 2 g of infected pig lung tissue, and a suspension
produced by grinding. The suspension was centrifuged at
2000 g/min for 5 min, and a 500-μL aliquot of supernatant
was collected and centrifuged at 12000 g/min for 5 min.
The supernatant was discarded, and 100 μL of bacterial
lysis buffer was added for resuspension. The suspension
was maintained at 57°C for 1 h and then at 100°C for 10
min. The suspension was then centrifuged (12000 g/min,
5 min), and the supernatant was stored at -80°C until use
for the RPA reaction.
RPA-Basic
For screening of the primers, the RPA reaction was
performed using 2 μL of the template and the conditions
provided in the instructions for the TwistAmp® Basic kit
(TwistDX, UK). The screening ensured that the primer
reaction conditions for each S. suis or A. pleuropneumoniae
pair were the same, and templates for positive and negative
controls were set for each pair of primers.
After selection of the optimal primer pairs, the RPA
reaction was performed using a 50-μL preliminary reaction
system according to the instructions for the TwistAmp®
Basic kit (TwistDX, UK). The single-plex reaction fraction
consisted of 29.5 μL of reaction buffer, 2.4 μL of each of
the S. suis and A. pleuropneumoniae forward and reverse
primers, 2 μL of the template (DNA) and 6.4 μL of
nuclease-free water. The above mixture was gently mixed,
added to the lyophilized RPA reaction tube, shaken and
mixed well to rehydrate the solid reactant in the lyophilized
state. Afterward, 2.5 μL of 280 mM MgAc was added
and incubated at 39°C for 20 min using a thermocycler,
and the amplified products were detected by 2% agarose
gel electrophoresis. To determine the optimal reaction
conditions of dual RPA for RPA-Basic reactions, the RPA
primer concentration ratio, temperature and time in the
reaction system were optimized. First, the reaction system
was used for the screening of different primer volume
ratios, and the determined primer ratios were then
used for the stepwise screening of different temperatures
(30°C, 35°C, 37°C, 39°C, and 45°C) and durations (5
min, 10 min, 15 min, 20 min, 25 min, 30 min, 35 min,
and 40 min).
The dual RPA-Basic assay was evaluated using genomic
DNA of six nontarget bacteria, namely, enteropathogenic
E. coli, Salmonella, Glaesserella parasuis, gen. nov., comb.
nov., S. aureus, Pasteurella, and A. hydrophila, to assess
the specificity of the RPA-LFD. The template was subjected
to 10-fold sequential dilutions to obtain 9 different
concentrations (100-10-8 ng/μL). The sensitivity experiment
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was performed using the established dual RPA-Basic assay
to evaluate the lowest limit of detection of the method.
RPA-LFD
The RPA-nfo amplification reaction was performed
according to the conditions provided with the DNA
constant-temperature rapid amplification kit (TwistAmp
RPA nfo kit; TwistDX), and after the reaction was
completed, the results were interpreted using the Milenia
GenLine HybriDetect kit. Specifically, 5 μL was added
to a centrifuge tube containing 195 μL of HybriDetect
Assay Buffer, and after even mixing, the sample end of the
colloidal gold test strip was inserted into the centrifuge
tube and allowed to reach equilibrium; the result was
interpreted within 10 min. The same controlled reaction
conditions were used for each pair of S. suis or
A. pleuropneumoniae RPA-nfo reactions, and positive
and negative controls were established for each pair of
primers.
To improve the sensitivity of RPA-LFD, different primer
and probe concentration ratios were evaluated. The
reaction components included buffer A, template, primers
and probes (the S. suis and A. pleuropneumoniae forward
and reverse primers and probes were changed to obtain
a ratio of 1:1:0.3, and a total of 7 groups of experimental
groups and 1 group of negative controls were established).
The above composition premix was added to a 0.2-mL
RPA-nfo reaction tube containing lyophilized enzyme
powder. Finally, 2.5 μL of buffer B was added to the cap of
the reaction tube and fully mixed. After mixing well, the
reaction solution was shaken to the bottom of the tube,
and the reaction tube was then immediately incubated
at 39°C for 20 min. At the end of the reaction, 5 μL of
product was added to a centrifuge tube containing 195
μL of MGCBB and mixed well. The sample end of the
colloidal gold strip was then inserted into the centrifuge
tube and allowed to reach equilibrium. The results were
interpreted by observing the control line and the test line
within 10 min.
The specificity of this dual RPA-LFD method was assessed
through experiments using the optimized dual RPA-LFD
system with genomic DNA from a mixture of S. suis and
A. pleuropneumoniae, A. pleuropneumoniae, S. suis, E. coli,
Salmonella, Glaesserella parasuis, gen. nov., comb. nov.,
S. aureus, Pasteurella, and A. hydrophila. The template
was diluted to 9 concentrations ranging from 100 ng/μL
to 10-8 ng/μL. A negative control that lacked any added
DNA template was used. Sensitivity experiments were
performed using the established dual RPA-LFD system to
evaluate the minimum limit of detection of the method.
Sample Collection and Bacterial Isolation
A 40-day-old nursery piglet group in a large-scale pig farm
in Henan was suspected of having an infectious disease.

Research Article

The body temperature of the sick pigs rose above 40ºC,
accompanied by obvious respiratory symptoms. The lung
samples of 45 affected piglets were collected aseptically
and inoculated with THB agar plates containing 5% (v/v)
sheep blood and/or TSA agar plates containing 10% (v/v)
newborn calf serum and 0.01% (v/v) NAD by streaking
with an inoculation ring. After culturing for 24 h at 37ºC
in a CO2 incubator, suspected colonies were picked for
Gram stain microscopy.
Detection by Conventional PCR
A pair of primers was designed to specifically amplify a 650bp fragment of the ApxIV gene of A. pleuropneumoniae [24].
A multiplex PCR was developed to detect all serotypes of
S. suis [25].
Clinical Application Test
To further confirm the effect of using the dual RPA-LFD
system in clinical application, 45 clinical lung tissues
of pigs suspected of being infected with S. suis and/or
A. pleuropneumoniae from Shandong and Henan provinces
were collected in this study, and RPA-LFD was performed
under the optimal reaction conditions using pMD18T-gdh recombinant plasmid as a positive control,
ddH2O as a blank control, and total DNA from healthy
pig lung tissues as a negative control. Additionally, the
abovementioned lung tissue samples were subjected to
traditional bacterial isolation and culture and conventional
PCR detection [24,25], and the test results were compared
and analyzed.

Results
Screening of the RPA-Basic Primers
The screening revealed that the A. pleuropneumoniae
ApxIV2698F/ApxIV3020R primer pair and S. suis
gdh1166F/GDH1346R primer pair yielded a clear and
single band (at the 323-bp and 180-bp positions,
respectively) after the RPA amplification reaction, and the
controls yielded no bands (Table 1, Fig. 1). Therefore, the
primer pairs ApxIV2698F/ApxIV3020R and GDH1166F/
GDH1346R were used for the subsequent experiments.
Optimization of the Dual RPA-Basic Amplification
System
The optimization work showed that the two specific
bands could be detected with volume ratio of S. suis and
A. pleuropneumoniae primers equal to 2.4 µL:0.6 µL, 2.4
µL:1.2 µL, 2.4 µL:1.8 µL, 2.4 µL:2.4 µL, 1.8 µL:2.4 µL, and
1.2 µL:2.4 µL (Fig. 2-A), and the volume ratio of the S. suis
and A. pleuropneumoniae primers of 2.4 µL:1.2 µL was
the preferred ratio for the subsequent assays. The optimal
primer ratio was then used to screen the reaction time. The
results showed that electrophoresis bands could be detected
with RPA reaction durations of 15-35 min (Fig. 2-B), but
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Table 1. Primer pairs and probes for RPA-Basic
Primer/Probe
Name

Target Fragment Length
(bp)

Primer sequence (5’→3’)

ApxIV2698F

AGCAGTGCTTCTGTCGTTAGAGTCACGCCTTC

ApxIV3020R

CGAGAATAATCGGCTACCCAT TTCCCTTCG

ApxIV323Pn

FAM-CAATTAAGTAGTATACGCAATGTAAAGCAT[THF]ATCCTACCGTTATGC-C3spacer

323 bp

gdh1166F

TTCGCTTGTCATGGACTCGTGAAGAAGTAG

gdh1346R

TATACCAAACCTTGGGCAATCATGCTATCC

gdh1225Pn

FAM-AAATACGACCTTGGTACAGACTACCTTGCAGG[THF]GCTAACATCGCAGCCT-C3spacer

180 bp

Fig 1. Results of the different primers detected by
RPA-Basic. A. The results of APP primers detected
by RPA-Basic. M. 1000 DNA Ladder, lanes 1-8 are:
APP, negative control, enteropathogenic E. coli,
Salmonella, H. parasuis, S. aureus, Pasteurella, A.
hydrophila. B. The results of SS primers detected
by RPA-Basic. M. 1000 DNA Ladder; lanes 1-8
are: SS, negative control, enteropathogenic E. coli,
Salmonella, H. parasuis, S. aureus, Pasteurella, A.
hydrophila

Fig 2. Results from the optimization of the dual
RPA-Basic amplification system. A. Optimization
of the RPA-Basic SS-APP primer volume ratio
(µL). M, 1000 DNA Ladder; lanes 1-9, 2.4:0,
2.4:0.6, 2.4:1.2, 2.4:1.8, 2.4:2.4, 1.8:2.4, 1.2:2.4,
0.6:2.4, and 0:2.4, respectively; B. Optimization
of the RPA-Basic reaction time. M,1000 DNA
Ladder; lanes 1-7, 5 min, 10 min, 15 min, 20
min, 25 min, 30 min, and 35 min, respectively;
C. Optimization of the RPA-Basic reaction
temperature. M, 1000 DNA Ladder; lanes
1-6, 25ºC, 30ºC, 35ºC, 37ºC, 39ºC, and 45ºC,
respectively

Fig 3. Comparison of the specificity and sensitivity of the dual RPA-Basic system and PCR. A. Results from the analysis of the sensitivity of Basic-RPA.
M, 1000 DNA Ladder; lanes 1-10, nucleic acid concentrations of 100, 10-1, 10-2, 10-3, 10-4, 10-5, 10-6, 10-7, and 10-8 ng/μL, and negative control, respectively;
B. Results from the analysis of the sensitivity of PCR. M, 1000 DNA Ladder; lanes 1-10, nucleic acid concentrations of 100, 10-1, 10-2, 10-3, 10-4, 10-5, 10-6,
10-7, and 10-8 ng/μL, and negative control, respectively

no significant difference in the brightness of the test line
was observed after 20 min. Therefore, 20 min was selected
as the optimal reaction time for the subsequent tests. The
reaction temperature was then optimized by determining
the optimal primer concentration and reaction time. The

results showed that when the temperature was between
30°C and 45°C, the agarose gel could specifically detect
RPA amplification products (Fig. 2-C). Considering the
detection application, 37°C was selected as the reaction
temperature for the subsequent experiments.
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Specificity and Sensitivity of the Dual RPA-Basic System
The optimized dual RPA-Basic reaction system yielded
amplification products only with the S. suis and/or A.
pleuropneumoniae groups, and no amplification products
were observed with the other 6 groups or the negative
control group (Fig. 3), confirming the specificity of the
dual RPA-Basic detection method. To determine the
sensitivity of the dual RPA-Basic system, the template was
sequentially diluted 10-fold to obtain 10 concentrations
ranging from 100 to 10-9 ng/μL. The results showed that
the nucleic acid detection limit of RPA-Basic was 10-3
ng/μL, which was higher than that of PCR (10-2 ng/μL)
(Fig. 3).
Screening of Probes for the Dual RPA-LFD System
The selected reverse primers of S. suis and A.
pleuropneumoniae were labeled with biotin, and the
designed probes were labeled with 6-Carboxyfluorescein
under these conditions. This labeling was only applied to
detect a single colloidal gold test strip under this condition.
To screen the optimal probe for the dual RPA-LFD system,
the same template and reaction conditions were used for
each S. suis and A. pleuropneumoniae RPA-nfo reaction;
additionally, each pair of primers was tested using a
positive control, negative control, and enteropathogenic
E. coli, Salmonella, Glaesserella parasuis, gen. nov., comb.
nov., S. aureus, Pasteurella, and A. hydrophila. The final
screening combination is shown in Table 1, and the
respective reaction results are shown in Fig. 4. The test
and control lines of the S. suis and A. pleuropneumoniae
RPA-LFD detection groups both appeared, whereas the
other groups yielded only a control line, indicating that
this primer-probe combination could be used for the
subsequent experiments.
Optimization of the Dual RPA-LFD Detection
Reaction System
The RPA-LFD primer and probe concentration ratio in the
reaction system was optimized using the selected primers
and probes listed in Table 1. The selected S. suis reverse
primer was labeled with biotin, the A. pleuropneumoniae
reverse primer was labeled with digoxigenin digoxin, and both
probes were labeled with FAM fluorescein, corresponding
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to the double colloidal gold detection test strip. The results
showed that the colors of the A. pleuropneumoniae test
line and S. suis test line were most similar when the A.
pleuropneumoniae and S. suis upstream and downstream
primers and probes were added to the systems containing
A. pleuropneumoniae volumes of 2, 2, or 0.6 µL and S. suis
volumes of 0.5, 0.5, or 0.15 µL in the seven experimental
groups (Fig. 5); notably, the negative control only yielded
the control line; thus, the reaction systems consisting
of 2, 2, or 0.6 µL of A. pleuropneumoniae and 0.5, 0.5,
or 0.15 µL of S. suis were selected for the subsequent
experiments.
Specificity and Sensitivity of Dual RPA-LFD Detection
The optimized dual RPA-LFD system was used for specificity
experiments using genomic DNA from a mixture of S.
suis and A. pleuropneumoniae, A. pleuropneumoniae, S.
suis, the negative control, E. coli, Salmonella, Glaesserella
parasuis, gen. nov., comb. nov., S. aureus, Pasteurella, and
A. hydrophila. As shown in Fig. 6-A, the results showed
that the double-positive and single-positive results for
A. pleuropneumoniae and/or S. suis all displayed both
the appropriate test line(s) and the control line. For the
controls and the nontarget bacteria, only the control
line was displayed; thus, the specificity of the method
was demonstrated. To determine the sensitivity of the
dual RPA-LFD system, the template was sequentially
diluted 10-fold to obtain 10 concentrations (100-10-9
ng/μL). The results showed that the colors of the test
lines of A. pleuropneumoniae and S. suis gradually faded
with decrease in the concentrations from 100 to 10-5 ng/
μL, and the test line completely disappeared with lower
concentrations (10-6 ng/μL and less) (Fig. 6-B). In addition,
only the control line was observed with the negative
control. Therefore, the limit of detection of the dual RPALFD established in this study was 10-5 ng/μL, which is 100
times that of the constructed dual RPA-Basic system and
1.000 times that of PCR.
Isolation and Identification of S. suis and A.
pleuropneumoniae
A total of 10 strains of S. suis were isolated from different
pig tissue samples at different time points in the affected

Fig 4. Screening of detection probes for the dual RPA-LFD
system. A. Screening of probe for SS. Lanes 1-9, Streptococcus suis,
negative control, enteropathogenic Escherichia coli, Salmonella,
Glaesserella parasuis, gen. nov., comb. nov., Staphylococcus aureus,
Pasteurella, Bacillus, Aeromonas hydrophila, and Actinobacillus
pleurisy, respectively; B. Screening of probe for APP. Lanes
1-9, Actinobacillus pleurisy, negative control, enteropathogenic
Escherichia coli, Salmonella, Glaesserella parasuis, gen. nov., comb.
nov., Staphylococcus aureus, Pasteurella, Aeromonas hydrophila, and
Streptococcus suis, respectively
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pig farm, and the bacteria were small round, gray-white
and translucent colonies on the THB agar plates. The
isolated bacterial smear was Gram-stained and observed
under an oil microscope with a light microscope, and it
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was a blue-purple brevis. A. pleuropneumoniae was not
isolated from any lung tissue samples (Table 2).
Conventional PCR Detection
Among 45 clinical samples suspected of S. suis or A.
pleuropneumoniae infection, a total of 18 S. suis-positive
samples were detected by conventional PCR detection,
including 7 strains of serotype 2, 3 strains of serotype 7
and 2 strains of serotype 9, accounting for 15.2%, 6.7%
and 4.4% of the total samples, respectively (Table 2). One
strain of A. pleuropneumoniae was detected.
Clinical Application of Dual RPA-LFD Detection
Using the established dual LFD-RPA method to detect
each serotype strain of S. suis and A. pleuropneumoniae,
the test lines could be clearly observed (Fig. 7). Among
45 clinical samples suspected to involve S. suis or A.
pleuropneumoniae infection, a total of 19 S. suis-positive
samples and 1 A. pleuropneumoniae-positive sample were
detected by LFD-RPA (without mixed infection). The
dual RPA-LFD method resulted in a higher detection rate
of S. suis compared with the conventional PCR method
(Table 2).

Fig 5. Optimization results of the dual LFD-RPA reaction system. 1. APP (0, 0,
0), SS (2, 2, 0.6). 2. APP (2, 2, 0.6), SS (2, 2, 0.6). 3. APP (2, 2, 0.6), SS (1.5, 1.5,
0.45). 4. APP (2, 2, 0.6), SS (1, 1, 0.3). 5. APP (2, 2, 0.6), SS (0.5, 0.5, 0.15). 6.
APP (2, 2, 0.6), SS (0, 0, 0). unit (μL). 7. negative control

Discussion
A. pleuropneumoniae and S. suis are important pathogenic
bacteria that endanger the pig industry [9]. Both bacteria

Fig 6. Specificity and sensitivity of the dual RPA-LFD detection
method. A. Specificity of RPA-LFD. Lanes 1-10, SS and APP positive
control, APP positive control, SS positive control, negative control,
Escherichia coli, Salmonella, Glaesserella parasuis, gen. nov., comb.
nov., Staphylococcus aureus, Pasteurella, and Aeromonas hydrophila,
respectively. B. Sensitivity of RPA-LFD. Lanes 1-9, nucleic acid
concentrations of 100, 10-1, 10-2, 10-3, 10-4, 10-5, 10-6, 10-7, and 10-8 ng
μL, respectively; lane 10, negative control

Fig 7. Clinical sample results with the dual PRA-LFD system.
Lanes 1-4, SS and APP positive control, SS positive control, APP
positive control, and negative control, respectively; Lanes 5-13,
clinical test samples
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Table 2. Application of different methods for the detection of actual samples
S. suis
Isolates

Bacterial Isolates

A. pleuropneumoniae

Serotype-specific PCR
2

7

9

Other Serotype

Dual RPA-LFD

Bacterial Isolates

PCR

Dual RPA-LFD

+

+

XXHX001
XXHX002
XXHX003

+

+

XXHX004
XXHX005

+
+

+

+
+

XXHX006
XXHX007

+

+

XXHX008
XXHX009

+

+

+

XXHX010

+
+

+

XXHX011

+

+

XXHX012

+

+

+

+

+

+

XXHX013
XXHX014
XXHX015
XXHX016
XXHX017
XXHX018

+

+

XXHX019
XXHX020
XXHX021

+

+

+

XXHX022
XXHX023
XXHX024

+

+

+

XXHX025
XXHX026
XXHX027
XXHX028

+

+

+

XXHX029
XXHX030

+

+

XXHX031
XXHX032
XXHX033

+

+

+

XXHX034
XXHX035

+

+

XXHX036
XXHX037

+

XXHX038
XXHX039
XXHX040

+

+

+

XXHX041
XXHX042
XXHX043
XXHX044
XXHX045

+

+
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often concurrently infect pig herds and can cause
respiratory symptoms in pigs, which makes the condition
complex and results in great difficulty in obtaining
clinical differential diagnoses [9]. Therefore, to improve the
efficiency and accuracy of detection, this study selected the
highly conserved S. suis gdh gene and A. pleuropneumoniae
ApxIV gene as diagnostic antigens and developed a dual
RPA-LFD visual rapid detection method that resulted
in the highly sensitive, highly specific and simultaneous
detection of these two bacteria. Therefore, this method
can be conveniently applied in clinical laboratories and/or
used for field diagnosis.
In molecular biology detection methods, the accurate
selection of target genes is crucial and can directly
affect the reliability of the reaction results. S. suis strains
exhibit extensive genetic heterogeneity within and among
serotypes, which increases the difficulty of establishing
genetic diagnostic methods [21]. The gdh gene of S. suis is
highly conserved in all capsular serotypes and can be used
as a diagnostic antigen [21]. In our previous study, Gdh
was selected as a diagnostic antigen for developing PPAELISA and dot-PPA-ELISA diagnostic methods, which
have been demonstrated to be suitable for the large-scale
and on-site/field diagnosis of S. suis infections [2,26]. ApxIV
is one of the virulence factors of A. pleuropneumoniae and
belongs to the RTX toxin family. ApxIV is present in all
serotype strains of A. pleuropneumoniae but not in other
closely related species of bacteria and is a good target gene
for the detection of A. pleuropneumoniae species [27,28].
Based on these observations, in this study, we selected the
gdh and ApxIV genes as targets for the establishment of a
dual RPA-LFD visualization rapid detection method.
Nucleic acid isothermal amplification technology provides
simplified nucleic acid artificial replication conditions
that require only a constant temperature without thermal
cycling. Nucleic acid isothermal amplification technology
not only reduces the time of amplification by eliminating
repeated heating and cooling steps but also can achieve
multiple molecular reactions that proceed asynchronously,
which greatly improves the efficiency of nucleic acid
amplification [19]. At present, the widely used nucleic
acid isothermal amplification methods include nucleic
acid sequence-based amplification (NASBA), LAMP,
strand displacement amplification (SDA) and RPA [29-32].
Compared with traditional PCR detection methods and
other DNA isothermal amplification technologies, RPA
can amplify target DNA to detectable levels without special
equipment in a shorter time and at lower temperatures [33].
In addition, it has been shown that RPA has a sensitivity
similar to that of PCR detection, and the sensitivity of
some RPA systems is even 10 or 1.000 times greater than
that of PCR detection [34,35]. Detection methods such as
real-time fluorescence quantitative RPA, RPA-LFD, and
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RPA-ELISA that were developed in combination with this
technology have been widely used in diagnosis, medical
treatment, agriculture, food safety and other fields [7,36,37].
Among these methods, LFD technology is a visual
detection tool that can be performed without expensive
and complex instruments and trained personnel, and
the results can be observed within 5-10 min. This study
combined RPA and LFD technology to establish a method
for the simultaneous detection of A. pleuropneumoniae
and S. suis. This rapid RPA-LFD visual detection method
can be used in resource-constrained laboratories or for
on-site/field diagnosis and can be considered a convenient
method for the detection of distant, less portable samples.
In addition, the limit of detection of the RPA-LFD
detection method established in this study was as low
as 10-5 ng/μL, which is 100 times that of the constructed
dual RPA-Basic detection method and 1.000 times that of
conventional PCR detection technology.
The practicability of RPA-LFD detection technology is an
important indicator of its application and promotion [38].
On the one hand, in this study, RPA-LFD was applied
for the analysis of collected disease materials, and the
detection rate was higher than that of conventional PCR.
On the other hand, experimental screening revealed that
the expected RPA amplification bands could appear at the
optimal reaction temperature of RPA (between 30°C and
45°C), which indicated that the reaction conditions needed
for RPA are relatively flexible and that the reaction can be
completed by heating in a water bath. These results indicate
that RPA-LFD technology is very practical for the rapid
dual detection of S. suis and A. pleuropneumoniae, which
is conducive to the achievement of rapid on-site detection
or field detection. In terms of detection efficiency, RPALFD detection can be completed within 30 min, whereas
conventional PCR and LAMP technology usually take 2.5
h and 1 h, respectively. Therefore, the detection efficiency
of RPA-LFD technology is significantly higher than that
of PCR or LAMP technology [36]. In addition, RPA-LFD
amplification requires only two primers, which greatly
reduces the difficulty and complexity of primer design
compared with that needed for LAMP technology, which
requires six primers [33]. The reliability of the detection
technology depends on its specificity, and the analysis
of the specificity of the dual RPA-LFD visualization
rapid detection system established in this study showed
that the detection method did not cross-react with six
other common pathogenic microorganisms, which
demonstrated that the method exhibits good specificity.
In summary, the dual RPA-LFD detection method for A.
pleuropneumoniae and S. suis established in this study
has several advantages, including high sensitivity, high
specificity and fast speed. Additionally, using this method,
the results can be directly observed by the naked eye,
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and large-scale precision instruments are not necessary.
Therefore, this method is very suitable for on-site or field
detection and has broad application potential.
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