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A B S T R A C T

Rapid detection of severe fever with thrombocytopenia syndrome virus (SFTSV) is crucial for its control and
surveillance. In this study, a rapid isothermal real-time reverse-transcription recombinase polymerase amplifi-
cation (RT-RPA) assay was developed for the detection of SFTSV. The detection limit at 95% probability was 241
copies per reaction. A test of 120 serum samples of suspected severe fever with thrombocytopenia syndrome
(SFTS) patients revealed that the sensitivity and specificity of the RT-RPA assay was approximately 96.00%
(95%CI: 80.46%–99.79%) and 98.95% (95% CI: 94.28%–99.95%), respectively; the kappa value was 0.9495 (P
＜0.001). The Bland-Altman analysis showed that 87.50% of the different data points were located within the
95% limits of agreement, indicating a good correlation between the results from RT-RPA assays and those of RT-
qPCR assays. In conclusion, the rapid and efficient RT-RPA assay can be a promising candidate for point-of-care
detection method of SFTSV.

1. Introduction

Severe fever with thrombocytopenia syndrome virus (SFTSV), be-
longing to the family Phenuiviridae, the genus Banyangvirus, the species
Huaiyangshan banyangvirus, was first identified as the causative pa-
thogen of the outbreak of severe fever with thrombocytopenia syn-
drome (SFTS) in the central and northeast regions of China in 2009 [1].
During the following decade, this emerging endemic tick-borne disease
has been reported in many countries worldwide, including South Korea,
Japan, United Arab Emirates, and the United States [2–5]. Delayed
admission due to nonspecific clinical manifestations, along with rapid
progression to multiple organ dysfunction in severe cases led to a high
case fatality rate of 6.40–30% in SFTS patients [6,7].

Currently, detection methods of SFTSV comprise nucleic acid
testing, serological detection, and virus isolation [1,8,9]. Due to the
long turnaround time of serological detection and virus isolation, nu-
cleic acid testing, such as real-time reverse-transcription PCR (RT-
qPCR) and reverse-transcription loop-mediated isothermal

amplification (RT-LAMP), are more widely used for early diagnosis of
this acute febrile disease [10–12]. Nevertheless, most PCR-based de-
tection methods require sophisticated equipment and skilled personnel.
Besides, LAMP faced problems of high false-positive rates and con-
tamination, and the requirement for six primers adds up to the difficulty
of primer design. Such limitations hampered the application of these
nucleic acid detection methods as point-of-care diagnostic methods
since the endemic areas of SFTS in China are usually rural mountain
areas with limited medical resources [7].

Recombinase polymerase amplification (RPA) is a novel isothermal
amplification technique first unveiled in 2006 [13], which employs
three major proteins for DNA molecule amplification, including a T4
uvsX recombinase, a single-stranded DNA binding protein, and a
polymerase. These enzymes show high activity at a constant tempera-
ture ranging from 37 to 42 °C. With the addition of reverse transcriptase
and a fluorescence-modified probe, the RPA technique can also be used
for real-time detection of RNA molecules. This user-friendly technique
with short turnaround time can be a promising candidate for point-of-
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care detection assays in resource-limited SFTS endemic areas. In this
study, a real-time reverse-transcription RPA (RT-RPA) assay for the
rapid detection of SFTSV was established and the performance of this
assay was evaluated with clinical specimens of suspected SFTS patients.

2. Materials and methods

2.1. Clinical samples and viruses

A total of 120 blood samples were collected from patients with
suspected cases of SFTS admitted to the Zhoushan Hospital, China be-
tween January 2011 and December 2014. A 2 ml whole blood sample
was obtained from each patient and the serum were stored at −80 °C.
After tested by nested-PCR assays, 26 of these patients were eventually
confirmed being infected with SFTSV.

Nucleic acids preparations from 15 SFTSV-negative clinical samples
were kindly provided by Fudan University, China and Zhoushan
Hospital, China. These samples were confirmed positive for either of the
following non-SFTSV pathogens, including parainfluenza virus-1 (PIV-
1), PIV-2, measles virus, mumps virus, rubella virus, coronavirus, re-
spiratory syncytial virus, rotavirus, human adenovirus, human herpes-
virus-1 (HHV-1), HHV-2, HHV-3, HHV-5, HHV-6, and dengue virus.

Written informed consents were obtained from all patients. This
study was conducted in accordance with the national ethical regula-
tions of China and approved by the Ethics Committee of Zhoushan
Hospital, Zhoushan, China [(2016) approval No. 28].

2.2. RNA extraction

Total RNA was extracted from 200 μL of each serum specimen using
the QIAamp Viral RNA Mini Kit (Qiagen, Shanghai, China) following
the manufacturer's instruction. The extracted RNA was diluted using
50 μL nuclease-free water and stored at −20 °C until further analysis.

2.3. Design of primers and probes

Primers and probes used in this study were designed based on the
conservative L-segment of the SFTSV genome. Highly-conserved se-
quence regions of the L-segment, which codes for the RNA dependent

RNA polymerase of SFTSV, was identified using the CD-Search tool
provided by the National Center for Biotechnology Information. The
primers and exo-probes for RT-RPA assays were designed manually per
the instructions of the reverse-transcription recombinase-aided ampli-
fication (RT-RAA) exo kit manufacturer (Qitian Bio-Tech Co. Ltd.,
Jiangsu, China). All the oligonucleotides, including RT-qPCR and RT-
PCR primers, were designed using the Oligo 7 Primer Analysis software
(Molecular Biology Insights, Colorado, U.S.A), and the specificity of
each primer and probe was verified by BLAST analysis. The primers and
probes were synthesized by Invitrogen (Shanghai, China) and Sangon
Biotech Co., Ltd. (Shanghai, China), respectively. The sensitivity and
specificity of these primers and probes was evaluated using RT-RAA
basic kits and RT-RAA exo kits (Qitian Bio-Tech Co. Ltd., Jiangsu,
China) to find out an optimal combination. Sequences and details of the
optimal combination of oligonucleotides are listed in Table 1.

2.4. Generation of RNA standard

A 569-bp (nt114-682, GenBank accession no. KR017845.1) frag-
ment of the L-segment of SFTSV was amplified using a PrimeScript™
RT-PCR kit (TaKaRa, Shanghai, China) according to the manufacturer's
protocol. Primer pair st-F/st-R (Table 1) and extracted RNA from a
SFTSV-positive clinical sample was used to perform RT-PCR. Target
amplicons were ligated using a pMD19-T vector cloning kit (TaKaRa,
Shanghai, China), and ligations were transformed into Escherichia coli.
The recombinant plasmids were verified by sequencing and then line-
arized. In vitro transcription of L-segment RNA standard was performed
using T7 RNA polymerase (Thermo Scientific™, Shanghai, China) ac-
cording to the manufacturer's instructions. Quantification of RNA
standards was carried out using an ND-2000c spectrophotometer (Na-
noDrop, Wilmington, U.S.A).

2.5. Development of SFTSV RT-RPA assays

RT-RPA assay with exo-probe to detect SFTSV was performed in a
20 μL reaction system using RT-RAA exo kits (Qitian Bio-Tech Co.Ltd.,
Jiangsu, China). Details of primer set and probe used for RT-RPA assays
are shown in Table 1. The reaction mixture contained 25 μL of rehy-
dration buffer, 2.1 μL of each primer (10 μM, final concentration:

Table of abbreviations

dT-FAM Thymidine nucleotide carrying FAM fluorophore
dT-BHQ1 Thymidine nucleotide carrying BHQ-1 quencher
HHV Human herpesvirus
LAMP Loop-mediated isothermal amplification
LOD Limit of detection
PIV Parainfluenza virus
RPA Recombinase polymerase amplification

RT-LAMP Reverse-transcription loop-mediated isothermal amplifi-
cation

RT-PCR Reverse-transcription polymerase chain reaction
RT-qPCR Real-time reverse-transcription polymerase chain reaction
RT-RAA Reverse-transcription recombinase-aided amplification
RT-RPA Real-time reverse-transcription recombinase polymerase

amplification
SFTS Severe fever with thrombocytopenia syndrome
SFTSV Severe fever with thrombocytopenia syndrome virus

Table 1
Sequences and details of the primers and probe used for SFTSV RT-RPA assays, RT-qPCR assays and RT-PCR assays.

Assay Primer/Probe Sequence (5′-3′) Number of base pairs

RT-RPA RPA-L-F4a ATCACAATCCAGCTCTCTGAAGCGTATAAG 128
RPA-L-R4b CATGTTGGACAGAACTCCTCCTGACGACACTAC
RPA-L-P2c AGGCAGCATACAGGACAAAGATAGAAAAG[dT-FAM] [dSpacer][dT-BHQ1]AGGGACCCAATCTCAA-[C3 Spacer]

RT-qPCR qPCR-Fa CTTCTTTGGGGTTATTGTAGTGT 131
qPCR-Rb CCATAGACCTAGCCTTAGTGT

RT-PCR st-Fa TGCCAGACCTAGATGTGACTG 569
st-Rb CTCAAGCTCTTCTTCGCTCT

a F indicates forward primer.
b R indicates reverse primer.
c P indicates exo-probe. For probe modifications: dT-FAM, thymidine nucleotide carrying FAM fluorophore; dSpacer, a tetrahydrofuran residue; dT-BHQ1, thy-

midine nucleotide carrying BHQ-1 quencher; C3 Spacer, 3′-block.
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420 nM), 0.3 μL of exo-probe (10 μM, final concentration: 60 nM), and
15.5 μL of nuclease-free water. Lyophilized pellets were rehydrated
with 45 μL of the reaction mixture. 18 μL aliquot of the resulting
mixture was then transferred to each reaction tube. Then, 1 μL of the
RNA template was added to the aliquot and 1 μL of 280 nM magnesium
acetate was pipetted into the lid of each reaction tube. Lid was closed
carefully, and the magnesium acetate was spun down into the mixture
to catalyze the reaction by a mini centrifuge. After gentle inversion and
quick spin down by a mini centrifuge, the reaction tubes were placed
immediately into the 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA) and incubated at 39 °C for 30 min. Optimal reaction
conditions were defined after testing different incubation temperatures
(37 °C, 38 °C, 39 °C, 40 °C, 41 °C), as well as different final con-
centrations of primer (150–600 nM) and exo-probe (50–150 nM).

The fluorescence signal was collected in the FAM-Channel (excita-
tion 488 nm and emission 520 nm) once every 30 s. The threshold time
of each sample, representing the time a reaction needed to generate
fluorescence signals that exceeded the threshold, was recorded. The
threshold was defined as the mean value of negative control (nuclease-
free water) plus three times its standard deviation.

2.6. RT-qPCR assays

The RT-qPCR assay was established as the reference method and
performed using SuperScript™ III One-Step RT-PCR System with
Platinum™ Taq DNA Polymerase (Invitrogen, Shanghai, China). A
12.5 μL reaction system was prepared according to the manufacturer's
instructions, with the addition of a primer set as shown in Table 1. The

7500 Real-Time PCR System (Applied Biosystems, Foster City, CA) was
used and programmed as follows: reverse transcription for 15 min at
50 °C; polymerase activation for 2 min at 95 °C; followed by 45 cycles of
95 °C for 5 s, 56 °C for 30 s, and 68 °C for 30 s. The cycle threshold value
of each sample was recorded.

2.7. Analysis of sensitivity and specificity

Ten-fold serial dilutions of the SFTSV RNA standard from 106 to 10
copies/μL were prepared and tested in three replicates for two in-
dependent runs to determine the sensitivity of the RT-RPA assay. The
threshold time was plotted against molecules detected and a semi-
logarithmic regression was calculated using Prism 7.0 software
(Graphpad Software Inc., California, U.S.A.). Also, a probit regression
was performed to determine the limit of detection (LOD) of the RT-RPA
assay at 95% probability using SPSS Statistics software (IBM
Corporation, New York, U.S.A).

The specificity of the RT-RPA assay was evaluated using nucleic
acids of fifteen non-SFTSV viruses (listed above) that could cause si-
milar clinical symptoms. RNA extraction from one SFTSV-positive
clinical sample was tested concurrently as a positive control.

2.8. Detection of clinical samples

All the clinical samples were tested to evaluate the sensitivity and
specificity of SFTSV RT-RPA assays. Alongside all the samples were
tested by RT-qPCR assays. Results of RT-RPA assays were compared
with those of RT-qPCR assays. To assess the agreement of RT-RPA and

Fig. 1. Analysis of sensitivity and specificity of SFTSV RT-RPA assays. (A) Representative fluorescence amplification curves of SFTSV RT-RPA assays were
developed with the 106–10 copies/μL RNA standard dilutions. NC indicated negative control. (B) Calibration curves of SFTSV RT-RPA assays (red square,
R2 = 0.967) and RT-qPCR assays (black triangle, R2 = 0.996). Each dilution was tested in three replicates by both assays. (C) Probit regression analysis of SFTSV RT-
RPA assays predicted LOD at 95% probability (triangle). (D) No cross-reactivity was observed. Nucleic acids of fifteen non-SFTSV pathogens were tested, including
PIV-1, PIV-2, measles virus, mumps virus, rubella virus, coronavirus, respiratory syncytial virus, rotavirus, human adenovirus, HHV-1, HHV-2, HHV-3, HHV-5, HHV-
6, and dengue virus. Pos indicated positive control with the SFTSV RNA. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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RT-qPCR, the kappa value was calculated, and the Bland-Altman ana-
lysis was performed using results from both assays with SPSS Statistics
software (IBM Corporation, New York, U.S.A.).

3. Result

3.1. Optimization of SFTSV RT-RPA assays

The candidate primer pairs were tested for detection of the SFTSV
RNA standard using RT-RAA basic kits and the amplicons were ana-
lyzed with 0.8% agarose gel. The primer pair with the best amplifica-
tion efficiency and specificity was used for the screening of exo-probe
with RT-RAA exo kits. Of the primer pairs, the RPA-L-F4/RPA-L-R4/
RPA-L-P2 set was identified as the ideal combination that produces
maximal fluorescence signals in the least time and was incorporated in
further assays (listed in Table 1). Besides, different incubation tem-
peratures and concentrations of primers and exo-probe were tested for
the specificity and rapidity of the assay. The optimized performance
was achieved when incubated at 39 °C with a primer/probe final con-
centration settled to 420 nM/60 nM.

3.2. Sensitivity and specificity of SFTSV RT-RPA assay

The sensitivity of the SFTSV RT-RPA assay was determined by
testing with a serial dilution of RNA standard from 106 to 10 copies/μL.
Robust fluorescence signals of the 106 copies/μL standards were rapidly
observed within 1.85–1.92 min. Positive signals of 105–102 copies/μL
dilutions were successfully detected within 2.73–9.41 min (Fig. 1A).
Results from semi-logarithmic regression showed a good correlation
between molecule concentrations and detection time of real-time RPA
assay, with the R2 value of 0.967 (Fig. 1B). Calibration curves of RT-
RPA and RT-qPCR assay also illustrated that the detection time of RT-
RPA assay was shorter than that of RT-qPCR assay by an average of
10 min.

The detection limit was further determined by applying probit re-
gression analysis using a data set of six RT-RPA runs on the RNA
standard, and the predicted LOD was 241 copies per reaction at 95%
probability (Fig. 1C).

The specificity of the SFTSV RT-RPA assay was determined using
nucleic acid extracted from a panel of viruses that can lead to clinical
manifestations similar to SFTS. No unspecific amplification was ob-
served with nucleic acids of fifteen non-SFTSV pathogens. Only the
positive control of RNA extraction from a SFTSV-positive clinical
sample produced robust fluorescence signals (Fig. 1D).

3.3. Evaluation of SFTSV RT-RPA assay using clinical samples

A total of 120 extracted nucleic acids from serum samples of sus-
pected SFTS patients were tested to evaluate the clinical applicability of
SFTSV RT-RPA assays, and the results were compared with those of the
RT-qPCR assays (Table 2). 25 of the 120 samples were tested positive by
RT-qPCR assays. RT-RPA assays successfully detected 24 (96.00%) of
these RT-qPCR-positive samples. Among the 95 samples tested negative
by RT-qPCR assays, 94 (98.95%) samples were also determined nega-
tive by RT-RPA assays.

When RT-qPCR was used as the reference method, the sensitivity
and specificity of RT-RPA assay were estimated to be 96.00% (95%CI:
80.46%–99.79%) and 98.95% (95% CI: 94.28%–99.95%), respectively.
The agreement of these methods was 98.39%. A kappa value of 0.9495
(z = 10.40, P＜0.001) indicated that the results of RT-RPA were con-
sistent with those of the conventional RT-qPCR. The agreement of the
RT-RPA and RT-qPCR assay was further assessed using the Bland-
Altman analysis (Fig. 2). A total of 21 (87.50%) different data points
were located within the 95% limits of agreement, which indicate a good
correlation between the results of these assays. Only two samples failed
to produce consistent results. The RT-RPA-positive but RT-qPCR-

negative sample was confirmed as positive by nested-PCR. The RT-RPA-
negative but RT-qPCR-positive sample was also scored positive by
nested-PCR and sent for further sequencing. The sequencing result re-
vealed that there were two mismatches of the probe (442C/T and
460G/A), one of which was located next to the BHQ-coupled nucleo-
tide, and two mismatches of the reverse primer (562G/C and 544A/G).

4. Discussion

SFTS is an acute infectious disease with a high case fatality rate [6].
The most commonly seen clinical manifestations of SFTSV infection,
including fever, thrombocytopenia and lymphocytopenia, are often
unspecific and need to be differentiated from other infectious diseases,
such as haemorrhagic fever with renal syndrome, human anaplasmosis
[6,14]. A recent study showed an increasing incidence of SFTSV-spe-
cific antibody seropositivity among healthy people in high endemic
areas of China, suggesting the existence of asymptomatic SFTSV in-
fections [15]. Human-to-human transmission through blood and/or
body fluid contact or aerosols and resulting multiple cluster cases have
also made SFTS a threat to public health [16,17]. Therefore, a rapid
detection method is in urgent need for early diagnosis of SFTSV infec-
tion to improve clinical outcome and prevent transmission. Currently,
the diagnosis of SFTS is based on serological methods and PCR-based
viral nucleic acid testing [14]. However, specific antibodies to SFTSV
are detectable after about 7 days from disease onset [18], and PCR-
based nucleic acid tests usually require a centralized laboratory with
high-end instrumentation and skilled personnel to perform. The novel
RT-RPA technique might be an ideal candidate for point-of-care de-
tection of SFTSV.

This study established a highly sensitive and specific diagnostic
approach for the detection of SFTSV nucleic acids in clinical serum
specimens. The detection limit of SFTSV RT-RPA assay was statistically
estimated as 241 copies of target RNA per reaction, which is consistent
with other published literature [19–21]. While the sensitivity of this
RT-RPA assay is lower than conventional RT-qPCR for SFTSV, the de-
tection limit is still far below the viremia level in most clinical SFTS
patients [18]. With the application of RT-RPA, the detection time was
reduced to<30 min, whereas RT-qPCR generally takes> 1.5 h. In
addition to the reduced detection time, the constant reaction tem-
perature of 39 °C allowed RT-RPA assays to be performed using simple
equipment such as a water or metal bath, while RT-qPCR requires so-
phisticated thermocyclers. The short detection time and isothermal
reaction condition therefore provided the RT-RPA assay with ad-
vantages over RT-qPCR as a point-of-care detection assay in resource-
limited areas.

The clinical performance of this RT-RPA assay was also proved to be
satisfactory using a series of clinical serum samples. The sensitivity and
specificity are comparable with other established detection methods
[10,11,22–25]. One RPA-negative sample was positive by nest-PCR.
The sequencing result of the RPA-negative sample revealed that there
were several mismatches within the binding sites of the probe and the
reverse primer. Previous study, regarding foot-and-mouth disease virus
and human immunodeficiency virus, indicated that perhaps as a result
of the length of primer and probe compensating for mismatches in
target sequence, RPA can tolerate up to nine mismatches across the

Table 2
Detection of SFTSV nucleic acids in clinical samples using SFTSV RT-RPA assays
and RT-qPCR assays.

Method RT-qPCR Total Kappa P-value of Kappa

Positive Negative

RT-RPA Positive 24 1 25 0.9495 ＜0.001
Negative 1 94 95
Total 25 95 120
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primer and probe binding sites [26,27]. However, in our study, one
mismatch is located next to the fluorophore-modified nucleotide of the
probe. Due to its location, it might hinder recognition of the tetra-
hydrofuran spacer by the double-strand-specific endonuclease IV and
subsequent separation of the fluorophore/quencher complex, thereby,
leading to significant reduction of fluorescence signal in the RT-RPA
assay. Several studies also observed that mismatches covering the
center and both extremities of the primer sequence would hamper RPA
reaction [28]. Mismatches of probe show greater negative impact on
the efficiency of RPA reaction than the primer, and RPA reaction effi-
ciency decreases as the number of mismatches increases on the probe
binding site [29]. Our SFTSV-specific probe and primers successfully
distinguished target pathogen from fifteen other pathogens, exhibiting
high specificity for SFTSV. Therefore, the RPA technique can probably
be integrated into the detection of single nucleotide polymorphisms and
pathogen-differentiating diagnostic methods, like the SHERLOCK de-
tection platform, combining RPA with CRISPR-Cas13a, does in de-
tecting Dengue or Zika virus ssRNA as well as mutations [30].

However, the RT-RPA assay we developed has certain limitations
and should be improved in further studies. The RNA extraction method
used in this study to process serum sample still require much effort and
heavy centrifuges, which might hamper the practicality of this assay in
point-of-care settings. Magnetic bead-based methods [21] or one-step
RPA microfluidics [31] could be employed to simplify the sample
preparation process. In detection of clinical samples, the RT-RPA assay
has a certain probability to produce false-negative results [32]. To
improve the clinical sensitivity of RT-RPA, investigation into the in-
fluence of the amount and distribution of mismatches on RPA and the
employment of degenerate primers [33] is in need. Besides, with better
fluorescence detection equipment, this technique can be integrated into
a phone-size portable device and be easily used for field detection in
SFTS-prevalent areas.

In conclusion, as shown in this study, we developed a rapid iso-
thermal detection method for SFTSV with high sensitivity and specifi-
city. The RT-RPA assay can be a suitable choice as a point-of-care de-
tection assay for SFTSV.
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