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Abstract
Tomato spotted wilt virus (TSWV) is one of the most economically destructive and scienti�cally
challenging plant viruses, which has seriously affected the production of commercial crops. At present,
there is no effective strategy to control this virus. Therefore, there is an urgent need for a rapid and simple
method to detect TSWV, which is of great signi�cance to prevent its spread. In this study, an isolate of
TSWV (TSWV-LNTL) infecting pepper from Liaoning Province of northeast China was obtained. A
phylogenetic tree based on neighbor-joining using coat protein (CP) gene was established. A rapid
method for detecting TSWV by recombinase polymerase ampli�cation (RPA) was established. The
phylogenetic tree based on the nucleotide sequences of coat protein (CP) genes of different TSWV
isolates showed that the genetic relationship of TSWV-LNTL was most closely related to that of TSWV-
LX-Lettuce-12 (Yunnan) and TSWV-TSHL (Shandong) isolates in China. It can be �nished at 39 °C for 20
min and then puri�ed by heating at 65 °C for 10 min. The RPA primers were highly speci�c and no cross-
reactivity was detected with other selected viruses infecting pepper. The results of sensitivity test revealed
that the detection limit of RPA is 1.0 × 103 copies/μL, which was tenfold lower than that of PCR method.
In addition, the RPA method was successfully applied to detect TSWV in �eld samples. These results
reported the occurrence of TSWV on crop in Liaoning Province of northeast China and demonstrated that
the established RPA assay provided an effective molecular diagnostic tool for the accurate and rapid
detection of TSWV to prevent its spread.

Introduction
Tomato spotted wilt virus (TSWV) is the type member of the genus Tospovirus in the family Bunyaviridae
[1, 2]. TSWV can infect more than 900 plant species that include numerous of crops, such as bean,
lettuce, peanut, pepper, potato, tobacco, and tomato [3]. In nature, TSWV is transmitted mainly by several
species of thrips [4]. The �rst description of the ‘spotted wilt’ disease of tomato occurred in 1915 in
Australia [5]. Nowadays, TSWV has been one of the most economically destructive and scienti�cally
challenging plant viruses [6].

In China, symptoms on tomato plants, resembling tomato spotted wilt disease, were �rst described in
Sichuan Province in 1944 [7]. After that, with the spread of TSWV, it has been reported on many
horticultural plants Yunnan, Guangzhou, Shandong, Beijing and Qinghai [8–12]. In northeast China,
Liaoning Province is an important region of vegetable production, especially in winter. In June 2019, the
mosaic disease on Nasturtium (Tropaeolum majus L.) caused by TSWV was identi�ed in Beiling Park in
Shenyang City, Liaoning Province, China [13]. The spread of TSWV in northern China tends to increase,
which will cause serious losses to vegetable production. Therefore, to establish a rapid, sensitive and
speci�c method to detect TSWV is of great importance to the development of early monitoring,
prevention, and effective control strategies.

At present, several methods have been used to detect TSWV in plant tissues, mainly including
immunoelectron microscope (IEM), enzyme-linked immunosorbent assay (ELISA), reverse transcriptase-



Page 3/19

polymerase chain reaction (RT-PCR), real-time RT-PCR and reverse transcription loop-mediated isothermal
ampli�cation (RT-LAMP) [14–18]. However, these methods require appropriate training, technical
expertise, or expensive and sophisticated thermal cycling equipment [19], which are time-consuming and
cannot be used for TSWV detection in �eld samples.

Recombinase polymerase ampli�cation (RPA) is an isothermal nucleic acid ampli�cation technique,
which considered to be a rapid, sensitive and economical method for molecular diagnosis [20]. In recent
years, RPA has been developed rapidly in the detection of plant viruses [21]. Since the emergence of
application of RPA to detect little cherry virus 2 (LChV2) [22], more and more plant viruses have been
detected by RPA, especially in 2020, such as chilli veinal mottle virus (ChiVMV), milk vetch dwarf virus
(MDV), piper yellow mottle virus (PYMoV), cardamom vein clearing virus (CdVCV), barley yellow dwarf
virus (BYDV), cucurbit yellow stunting disorder virus (CYSDV) [23–28]. In this study, pepper leaves with
suspected symptoms of TSWV were collected from Tieling city of Liaoning Province in 2020. The TSWV-
LNTL isolate was identi�ed and analyzed. Moreover, we established a rapid and effective RPA method to
detect TSWV, which laid the foundation of warning mechanism for prevention and control of TSWV.

Materials And Methods

Sources of viral samples
The pepper leaves with suspected symptoms of TSWV were collected from Tieling city of Liaoning
Province in 2020. The positive TSWV Yunnan isolate was provided by Dr. Fenglong Wang (Key
Laboratory of Tobacco Pest Monitoring Controlling & Integrated Management, Tobacco Research
Institute of Chinese Academy of Agricultural Sciences, Qingdao 266101, China), and tobacco mosaic
virus (TMV), cucumber mosaic virus (CMV), pepper mild mottle virus (PMMoV), potato virus Y (PVY) and
ChiVMV were identi�ed and maintained in our laboratory.

Plant materials and virus inoculation
The collected fresh leaves were homogenized with carborundum in 0.01 M phosphate buffer (pH 7.0) at
1:10 (w/v) ratio. The pepper and peanut with vigorous growth at the 5-leaf stage grown in a growth
chamber (day/night temperatures of 26°C/22°C, ∼60 % relative humidity, 16 hours of light and 8 hours of
dark light) were chosen to inoculate with TSWV on two leaves for each plant. After inoculation, the pepper
and peanut plants were grown in the light culture room.

RNA extraction, cDNA synthesis and PCR
Total RNA was extracted from 100 mg of leaves using an EastepTM Super Total RNA Extraction Kit
(Promega, Shanghai, China) following the manufacturers’ instructions, followed by �rst-strand cDNA
synthesis using 1 µg of total RNA with the HiScript® III 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing,
China).
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Conventional PCR was performed using the RPA primers. All conventional PCR reactions were conducted
in 20 µL volumes, containing 0.2 µM of each forward and reverse primer, 10 ul 2 × Taq Master Mix (Dye
Plus) (Vazyme, Nanjing, China), and 0.5 µL template DNA. The PCR cycling conditions were as follows:
95°C for 3 min, 35 cycles at 95°C for 15 s, 55°C for 15 s, and 72°C for 20 s, and a �nal incubation at 72°C
for 5 min. The PCR products were visualized and veri�ed using 1.5% agarose gel electrophoresis.

The obtainment of TSWV-LNTL CP sequence
According to the sequence of TSWV CP gene (GenBank Accession No. NC_002051.1), primers (TSWV-
F/R) were designed to detect TSWV in diseased pepper or peanut plants. The sequencing results were
compared at the GenBank (https://www.ncbi.nlm.nih.gov/genbank/) by BLASTn, and the TSWV-YNHS
isolate (GenBank Accession No. MN365037.1) with 99.54% similarity was selected to design primers
(TSWV-CPF/R) to amplify the full-length CP gene of TSWV-LNTL. The target fragment was ligated into
pEASY-T1 vector (TransGen Biotech, Beijing, China) to construct pEASY-T1-CP plasmid. After sequencing,
the sequence of TSWV-LNTL complete CP gene with 777 bp in length was obtained and deposited in the
GenBank database with accession number MZ005203. The sequences of the primers were listed in Table
1.

Table 1
The information of primers used in this study.

Primers Sequences (5'–3') Length (nt) Product size (bp)

TSWV-F GCATTAGGATTGCTGGAGC 19 434

TSWV-R ACTTCAGACAGGATTGGAGC 20

TSWV-CPF TTAAGCAAGTTCTGCAAGTTTTGCC 25 777

TSWV-CPR ATGTCTAAGGTTAAGCTCACTAAGG 25

RPA- TSWV13F ATAGCAGCATACTCTTTCCCTTTCTTCAC 29 116

RPA- TSWV1R GATCCAAAGAAGTATGACACCAGGGAAGC 29

RPA- TSWV2F AGCAGCATACTCTTTCCCTTTCTTCACCT 29 104

RPA- TSWV2R AGTATGACACCAGGGAAGCCTTAGGAAAA 29

RPA- TSWV13F ATAGCAGCATACTCTTTCCCTTTCTTCAC 29 282

RPA-TSWV3R CCCTCTGATTCAAGCCTATGGATTACCTCT 30

 

Phylogenetic tree construction
In order to analyze the phylogenetic relationship and taxonomic status of TSWV-LNTL isolate, the CP
nucleotide sequence was compared with that of other eighteen TSWV isolates (Accession No.
KX185153.1, KP330471.1, FR693053.1, AB910533.1, KX579057.1, MK524182.1, EF195227.1,
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MH172161.1, FR693048.1, KC494486.1, KY923204.2, KM37914.1, HQ406934.1, GU369727.1,
AF306490.1, HQ267709.1, JX468079.1 and FR603109.1) deposited in GenBank database. The sequence
of tomato chlorotic spot virus (KJ399303.1) was used as outgroup member (Table 2). The phylogenetic
tree of TSWV CP nucleotide sequence was constructed by adjacency method (Neighbor-joining) using
MEGA7.0 software [29]. The phylogenetic tree was constructed using 2000 bootstrap repeat sequences
as matrices in the phylogenetic process of the adjacent connections [23].
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Table 2
The genomic sequence identity between TSWV-LNTL and other 18 TSWV isolates.

Virus
Abbreviation

GenBank
Number

County Host Size
(nt)

Nucleotide
Identity (%)

TSWV-LX-
Lettuce-12

KP330471.1 China lactuca sativa 777 99.74%

TSWV-TSHL KX185153.1 China Cucurbita moschata 777 99.61%

TSWV-
France81

FR693053.1 France Capsicum 774 98.45%

TSWV-pA7 MK524182.1 Argentina pepper 777 98.32%

TSWV-NA3 KX579057.1 Argentina Alstroemeria 777 97.81%

TSWV-AT1 AB910533.1 South Korea Brugmansia sp. 777 97.42%

TSWV-
CHM6

FR693048.1 Italy Chrysanthemum
murifolium

774 96.90%

TSWV-
PFR05

KC494486.1 New Zealand Solanum
lycopersicum

777 96.78%

TSWV-SC-
NRB

KM379142.1 Turkey Capsicum annuum L 777 96.77%

TSWV-KAIxe EF195227.1 South Korea Ixeris chinensis 777 96.77%

TSWV-
Gneung

HQ267709.1 South Korea Capsicum annuum 777 96.65%

TSWV-160-
12

JX468079.1 Bosnia and
Herzegovina

Sinningia speciosa
(gloxinia)

702 96.58%

TSWV-
Hawaiian

AF306490.1 USA —— 859 96.36%

TSWV-AART MH172161.1 Pakistan tomato 777 96.26%

TSWV-VE-
225

GU369727.1 Brazil pepper 777 96.00%

TSWV- P176 FR693109.1 Spain Capsicum 774 95.99%

TSWV-NC-
16

KY923204.2 Iran —— 776 95.74%

TSWV-McC-
SumR

HQ406934.1 USA Arachis hypogaea
cultivar McCloud

777 95.50%

TCSV-DRF1 KJ399303.1 Dominican Republic:
Laguana Bajo

Bean cultivar
Vainita-Larga

777 77.61%
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RPA reaction
Three pairs of speci�c primers for RPA detection were designed according to the conserved regions of
TSWV CP sequences (Table 1). The RPA assays were performed in a total volume of 50 µL using a
TwistAmp Basic® Kit (TwistDX Ltd., Cambridge, United Kingdom) following the manufacturers’
instructions. Each 50 µL reaction contained 29.5 µL of a rehydration buffer, 2.4 µL of each primer (10
µM), 2.5 µL of magnesium acetate (280 mM), 11.2 µL of nuclease-free water, and 2.0 µL of cDNAs or
plasmids. All reagents, except for MgOAc, were prepared in a master mix and added to a reaction tube
containing a dried enzyme pellet. The RPA reaction was initiated by adding 280 mM MgOAc, then
incubated at 39°C for 20 min.

After the RPA reaction, the enzyme proteins are combined with DNA to affect agarose gel electrophoresis.
Therefore, DNA products need to be puri�ed or other processing [20, 30]. In order to facilitate the
visualization of RPA products, we processed the DNA products of RPA in a water bath at 65°C for 10 min,
a method previously veri�ed in our laboratory [31]. After that, the puri�ed DNA was electrophoresed on 1.5
% agarose gel.

Speci�city and sensitivity analysis of the RPA assay
To evaluate the speci�city of the established RPA assay, we tested six viruses infecting pepper, including
TSWV, TMV, CMV, PMMoV, ChiVMV and PVY. Tissues from buffer-inoculated healthy pepper plants were
used as negative controls in this study. To assess the sensitivity of the RPA primers, the pEASY-T1-CP
plasmid was used, which was diluted to 1.0-1.0 × 109 copies/µL as template for RPA and PCR to evaluate
the detection limit, respectively. Plasmid copy number was calculated using the following formula:
Number of copies = (amount [ng] * 6.022 x 1023)/ (length [bp] * 1 x 109* 660) [32].

Optimization of RPA reaction time
To optimize the reaction time, the RPA assays were reacted for 10, 20, 30, 40, 50, 60 min using cDNAs of
TSWV-infected pepper plants as template, respectively. The DNA products of RPA were processed in a
water bath at 65°C for 10 min and then visualized in 1.5 % agarose gels through electrophoresis and
ethidium bromide staining.

Feasibility tests of RPA assay for �eld samples
The feasibility of RPA method for the detection of TSWV in �eld samples was investigated. Sample
collection, synthetic cDNA and RPA tests were performed as described above. In addition, these 10 �eld
samples were also detected by conventional PCR. Pepper plants inoculated by TSWV-LNTL and buffer
were used as positive and negative controls, respectively.

Results
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Identi�cation of TSWV infecting pepper plants in Liaoning
Province of China
During the investigation of viral diseases on pepper in Tieling city of Liaoning Province in 2020, leaf
samples with chlorosis, mottle, yellowing, and malformation symptoms were collected from �eld-grown
pepper plants (Fig. 1A). To determine the virus causing pepper disease, the TSWV detection primers
(TSWV-F/R) were used to detect the collected pepper sample by RT-PCR. The results showed that the
speci�c band of about 435 bp were ampli�ed in pepper sample. The nucleotide sequences of PCR
products were obtained through cloning and sequencing, which were then aligned by BLASTn in GenBank
database. The results revealed that the sequences had over 99% homology with that of TSWV.

To explore the pathogenicity of the putative TSWV, the crude extract of collected samples was
mechanically inoculated onto different host plants. After twenty days post inoculation, the symptoms of
chlorosis and yellowing were shown in all tested pepper and peanut plants (Fig. 1A). Moreover, the TSWV
detection primers (TSWV-F/R) were used to detect the inoculated pepper and peanut samples by RT-PCR.
The results showed that the speci�c bands of about 435 bp were obtained in the inoculated samples as
that in �eld-collected pepper plants (Fig. 1B). Therefore, we determined that the symptomatic pepper
samples were infected by TSWV (named TSWV-LNTL).

Phylogenetic analysis of TSWV-LNTL
To analyze the phylogenetic relationship, the complete CP sequence of TSWV-LNTL was obtained by RT-
PCR using TSWV-CPF/R primers. The results showed that the nucleotide homology was 95.50~ 99.74%
between TSWV-LNTL and other selected eighteen isolates. Notably, the nucleotide sequence identity
values between TSWV-LNTL and a Yunnan isolate TSWV-LX-Lettuce-12 from Lactuca sativa and a
Shandong isolate TSWV-TSHL from Cucurbita moschata were the highest (99.74% and 99.61%,
respectively) (Table 2). The identity values were 97.42~ 98.45% with the TSWV isolates from France,
South Korea and Argentina India (Table 2). The nucleotide-based neighbor-joining phylogenetic analysis
showed that the isolates of TSWV-LNTL, TSWV-LX-Lettuce-12 and TSWV-TSHL were clustered in one
branch (Fig. 2), suggesting that TSWV-LNTL had the closest relationship with the isolates of TSWV-LX-
Lettuce-12 and TSWV-TSHL, consistent with the result based on identity value of the nucleotide
sequence. These results indicated that the possible source of TSWV-LNTL came from the epidemic virus
in China.

Speci�city of the RPA assay
To obtain a better ampli�ed result, three pairs of RPA primers for TSWV detection were designed based on
conserved regions of CP sequences (Table 1). In the RPA results, only RPA-TSWV13F/3R could amplify
bright and speci�c bands in both TSWV-LNTL and TSWV Yunnan isolates (Fig. 3). To evaluate the
speci�city of primers RPA-TSWV13F/3R, we tested the TSWV-, TMV-, CMV-, PMMoV-, ChiVMV-, or PVY-
infected pepper leaf tissues. The results showed that only one clear DNA band of ∼280 bp in length was
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visualized in the gels under the UV light from the TSWV-infected pepper leaf tissues (Fig. 4). This �nding
suggested that the primers of RPA method developed in this study for TSWV detection were speci�c.

Optimization of RPA reaction time
To optimize the RPA reaction time, the assays were reacted for 10, 20, 30, 40, 50, 60 min using cDNAs of
TSWV-infected pepper plants as template. Analysis through densitometry revealed that the concentration
of DNA band after 20 min or more time reaction was almost two-fold higher than that after 10 min
reaction (Fig. 5). In consideration of effectiveness for TSWV detection, we selected 20 minutes as RPA
reaction time in this study.

Sensitivity detection of RPA
In order to determine the sensitivity of the RPA assay, a series of 10-fold dilutions from 1.0×109 to
1.0×100 copies/µL of pEASY-T1-CP plasmids were used as template for RPA and PCR assays,
respectively. Results showed that TSWV was detected in the plasmids diluted up to 1.0×103 copies/µL by
RPA, which was about ten-fold more sensitive than that detected by PCR (up to 1.0×104 copies/µL) (Fig.
6). This result indicated that the RPA assay was more sensitive than PCR assay for TSWV detection,
based on the DNA band intensity in gels.

Application of RPA assay for TSWV detection in �eld-
collected samples
To evaluate the feasibility of RPA method for TSWV detection in the �eld, 11 samples with TSWV or viral-
like symptoms collected from Shenyang, Tieling and Huludao of Liaoning Province were tested by RPA
and PCR assays, respectively (Supplementary Table 1). The results showed that TSWV was detected in
three plant samples from Shenyang and Tieling by RPA and PCR methods (Fig. 7). These results
demonstrated that the established RPA assay was a rapid and sensitive method for TSWV detection, and
could be successfully applied in the �eld-collected samples.

Discussion
TSWV causes severe yield losses by producing less valuable or unmarketable plants, fruits or �owers in
many economically important crops [33]. In the investigation of plant viral diseases in 2020, we found
diseased pepper plants infected with TSWV in Tieling city of Liaoning Province (Fig. 1). Liaoning
Province is an important vegetable production base in northeast China. The infection of TSWV is
expected to have a great impact on the production of commercial crops in this area. In 2020, TSWV were
�rst reported on nasturtium in Dongling Park of Shenyang, Liaoning Province [13]. Moreover, we also
detected TSWV in pepper and peanut plants collected from Shenyang city (Fig. 7). These results
indicated that TSWV has been a serious threat on vegetables in Liaoning Province. By constructing the
phylogenetic tree of TSWV-LNTL, we found that TSWV-LNTL was closely related to other isolates in
China (Fig. 2). We speculated that the TSWV in Liaoning Province might come from vegetables or
seedlings infected TSWV by the transportation from other epidemic areas in China.
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As an important isothermal ampli�cation technology, RPA has attracted more and more attention in
recent years, especially in virus detection [21]. In this work, the RPA method was successfully established
to detect TSWV, which could be completed in 20 min. In addition, RPA ampli�cation was carried out at
39°C and puri�ed at 65°C, all of which could be performed under the condition of heating in a water bath
pot, without the need for trained personnel and expensive equipment or procedures, which greatly
increased the number of tests.

The di�culty in developing RPA is to obtain highly speci�c RPA primers [34]. We designed the primers of
RPA followed the principles provided by the TwistAmp Basic® Kit (TwistDX Ltd., Cambridge, United
Kingdom). Brie�y, the principles were as follows: 1) the length of the primer is 30-35 nt. 2) long tracks of
guanines at the 5’end (�rst 35 nucleotides) should be avoided, while cytidines (and perhaps in general
pyrimidines) may be bene�cial, possibly because this encourages the formation of recombinase
�laments. In previous studies, PCR analysis of CP gene against TSWV has been developed and widely
used [35]. In this study, TSWV CP gene was used for PCR and RPA primer design and screening.

In the sensitivity test, the detection limit of RPA reaction was 103 copies /µL of plasmid DNA, which was
about 10 times higher than that of PCR (Fig. 6). Previous studies have con�rmed that the sensitivity of
RPA was the same as that of traditional real-time PCR analysis, or more sensitive than traditional PCR
and LAMP assays [23, 36].

Compared to conventional and real-time PCR assays, the RPA assay does not require sophisticated
equipment or electricity supply to perform the temperature changes required for DNA ampli�cation.
Therefore, RPA is a promising method for the diagnosis of plant pathogens [37]. In addition, further tests
were also carried out to verify the diagnostic effectiveness of the RPA using �eld-collected samples by
comparison with traditional PCR (Fig. 7). Therefore, RPA method is a simple and rapid alternative method
for molecular diagnosis of TSWV in �eld-collected samples.

Conclusions
In conclusion, an isolate of TSWV (TSWV-LNTL) infecting pepper from Liaoning Province of northeast
China was obtained. The genetic relationship between TSWV-LNTL and other isolates in China were
relatively close. A RT-RPA method for detecting TSWV was established, which had the advantages of high
speci�city, high sensitivity, fast, simple equipment, strong practicability and so on. In a word, these
characteristics make RPA assay a promising molecular diagnostic tool for accurate and rapid detection
of TSWV.
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Figure 1

Identi�cation of TSWV infecting pepper plants. A: Symptoms of diseased pepper and peanut plants in the
�eld or laboratory after inoculation, B: TSWV detection by RT-PCR method. Lane M, Trans2K DNA marker;
lane 1, double-distilled water; lane 2, diseased pepper in the �eld; lane 3, diseased pepper in the laboratory
after inoculation with TSWV; lane 4, diseased peanut in the laboratory after inoculation with TSWV.
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Figure 2

Phylogenetic analysis of 19 TSWV isolates based on CP nucleotide sequence. The phylogenetic trees
were generated using the neighbor-joining method by MEGA7 software. The percentage of replicate trees
in which the associated taxa clustered together in the bootstrap test (1000 replicates) was shown next to
the branches.
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Figure 3

Tests of three pairs of primers by RPA. Three pairs of primers were used to amplify the cDNAs of pepper
plants infected with TSWV-LNTL (lane 1-3) and tobacco plants infected with TSWV Yunnan isolate (lane
4-6). Lane M, Trans2K DNA marker; lane 1 and 4, primers RPA-TSWV13F/ RPA-TSWV1R; lane 2 and 5,
primers RPA-TSWV2F/ RPA-TSWV2R; lane 3 and 6, primers RPA-TSWV13F/RPA-TSWV3R.
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Figure 4

Speci�city of RPA assay. Lane M, Trans2K DNA marker; lane 1, TSWV-LNTL-infected pepper plants; lane
2, ddH2O; lane 3, healthy pepper leaf tissues; lane 4-8, TMV-, CMV-, PMMoV-, ChiVMV- and PVY-infected
pepper plants, respectively.

Figure 5

Optimization of RPA reaction time. Lane M, Trans2K DNA marker; lanes 1-6, DNA products ampli�ed by
RPA for 10, 20, 30, 40, 50 and 60 min, respectively.
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Figure 6

Sensitivity detection of RPA. A: Using RPA assay. B: Using PCR assay. Lane M, Trans2K DNA marker;
lanes 1-10, a series of dilutions of plasmid DNAs with concentrations of 109, 108, 107, 106, 105, 104, 103,
102, 101, and 100 copies/μL, respectively; lane 11, ddH2O.
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Figure 7

Application of RPA assay for TSWV detection in �eld-collected samples. A: Using RPA assay. B: Using RT-
PCR assay. Lane M, DL2000 Plus DNA marker; lane 1, healthy pepper plants; lane 2, pepper plants
infected with TSWV-LNTL; lanes 3-6, pepper leaf samples in �eld; lane 7, peanut leaf samples in �eld;
lanes 8-12, tomato leaf samples in �eld.
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