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Soybean (Glycine max L.) is one of the most widely 
planted and used legumes in the world, being used for 
food, animal feed products, and industrial production. 
The soybean mosaic virus (SMV) is the most prevalent 
virus infecting soybean plants. This study developed 
a diagnostic method for the rapid and sensitive detec-
tion of SMV using a reverse transcription-recombinase 
polymerase amplification (RT-RPA) technique com-
bined with a lateral flow strip (LFS). The RT-RPA and 
RT-RPA-LFS conditions to detect the SMV were opti-
mized using the selected primer set that amplified part 
of the VPg protein gene. The optimized reaction tem-
perature for the RT-RPA primer and RT-RPA-LFS 
primer used in this study was 38℃ for both, and the 
minimum reaction time was 10 min and 5 min, respec-
tively. The RT-RPA-LFS was as sensitive as RT-PCR to 
detect SMV with 10 pg/μl of total RNA. The reliability 

of the developed RT-RPA-LFS assay was evaluated us-
ing leaves collected from soybean fields. The RT-RPA-
LFS diagnostic method developed in this study will 
be useful as a diagnostic method that can quickly and 
precisely detect SMV in the epidemiological investiga-
tion of SMV, in the selection process of SMV-resistant 
varieties, on local farms with limited resources.

Keywords : lateral flow strip (LFS), reverse transcription 
recombinase polymerase amplification (RT-RPA), soybean 
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Soybean (Glycine max L.), belonging to the order Rosales 
and the family Fabaceae, is an annual dicotyledonous plant 
native to East Asia - including Korea (Lee et al., 2015b). 
Soybean is one of the most widely planted and used le-
gumes worldwide, being used for food, animal feed prod-
ucts, and industrial production (Lee et al., 2012). In 2021, 
soybean ranked third for per capita food grain consumption 
in Korea (Ministry of Agriculture, Food and Rural Affairs, 
2022). At least 46 viruses belonging to 27 distinct taxo-
nomic groups have been reported and found in soybeans 
worldwide (Tolin and Lacy, 2004). More than 14 of these 
viruses have been found in soybeans grown in Korea (Cho, 
2007; Cho and Chung, 1976; Jang et al., 2018; Kil et al., 
2017; Kim et al., 2006; Lee et al., 1980, 1985, 2015c; Lim 
et al., 2014; Nam et al., 2009, 2012; Shin et al., 2014; Yoon 
et al., 2018). Among them, soybean mosaic virus (SMV; of 
the genus Potyvirus) occurs most frequently in the soybean 
cultivation fields in Korea (Jo et al., 2020). SMV is not 
only one of the most prevalent viruses, it reduces produc-
tivity and quality in soybeans (Goodmand and Oard, 1980).
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Cho and Chung (1976) reported on SMV in Korea, find-
ing that it is a member of the genus Potyvirus in the family 
Potyviridae (Domier et al., 2011). The SMV genome is 
comprised of a single-stranded RNA encoding at least 11 
proteins (Jayaram et al., 1992; Liu et al., 2016), with SMV 
being transmitted non-persistently by more than 35 spe-
cies of aphids (Irwin and Goodman, 1981). The transmis-
sion level of SMV through seeds ranged from 0 to 43% 
depending on the soybean line and virus strain analyzed 
(Domier et al., 2007, 2011). Symptoms of SMV are com-
prised of leaf mottling, distortion of leaves, necrosis, and 
overall stunting of the plants, often exhibiting mottling on 
the seeds derived from the infected plants (Hajimorad et 
al., 2018). It is therefore important to develop rapid and 
sensitive methods by which the SMV virus can be detected 
directly and early in the field as a first step towards the ef-
fective management of the virus.

Diagnosis of SMV is achieved in an enzyme-linked im-
munosorbent assay, reverse transcription polymerase chain 
reaction (RT-PCR), and loop-mediated isothermal ampli-
fication (LAMP) (Botelho et al., 2016; Lee et al., 2015b; 
Maury et al., 1986). Due to its speed, specificity, and sen-
sitivity, an RT-PCR or reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) is the most com-
monly used nucleic acid-based detection method for plant 
diseases to SMV (Lopez et al., 2009). These protocols 
require laboratory-based sample processing, take 1 to 2 h 
to obtain the results, utilize high price thermal cyclers, and 
require trained researchers to properly use.

Recombinase polymerase amplification (RPA), devel-
oped by Piepenburg, is remarkable due to its low cost, 
convenience, faster processing time, high specificity, and 
sensitivity (Piepenburg et al., 2006). The RPA reaction is 
based on the system containing three enzymes: recombi-
nase, single-stranded DNA-binding protein, and strand-
displacing polymerase (Supplementary Fig. 1A) (Li et al., 
2019; Piepenburg et al., 2006; Yonesaki and Minagawa, 
1985). The RPA assay requires constant low temperatures 
(30-42°C), and achieves amplification in a short time 
span of 15 min or less. The lateral flow strip (LFS) assay 
coupled with RPA can cause the extremely rapid visualiza-
tion of RPA products (Crannell et al., 2014). The RPA-
LFS assay is based on the Immuno-chromatographic with 
modified primer 5′ end with antigenic labels such as car-
boxyfluorescein (FAM), and Biotin and Digoxigenin (DIG) 
(Crannell et al., 2016; Lobato and O’Sullivan, 2018). The 
RPA amplicons containing FAM and biotin or FAM and 
DIG bind the nitrocellulose membrane, which visualizing 
the band on the strip with anti-Biotin, anti-DIG antibod-
ies, and anti-FAM gold conjugates (Supplementary Fig. 

1B). This study is aimed to establish a one-step RT-RPA-
LFS assay to detect SMV, and to validate for on-site SMV 
detection in soybean samples from farms with equipment-
free thermal source.

Materials and Methods

Plant materials and total RNA extraction. Soybean 
(Chamol, 01-0003-2013-2) leaves that showed mottle, 
mosaic, and yellow symptoms were obtained in 2022 from 
the National Institute of Crop Science of the Rural Devel-
opment Administration, Korea. The plants were stored in a 
deep freezer at –70℃. The total RNA was extracted from 
the symptomatic leaves using an easy-BLUE total RNA 
extraction kit according to the manufacturer’s instructions 
(iNtRON Biotechnology Inc., Seongnam, Korea). The 
total RNA from the SMV-infected soybean leaves were 
confirmed by RT-PCR with specific primer to SMV (Lee 
et al., 2012) (Supplementary Table 1). The total RNA was 
stored at –70℃ for later use.

Design of the RT-RPA primer and modification. To 
design primers specific for RT-RPA assay, the viral pro-
tein genome-linked (VPg) and coat protein (CP) gene se-
quences of the SMV isolates (NC_002634.1, FJ640979.1, 
AY294044.1, FJ807700.1, MT603835.1, MT603826.1, 
FJ548849.1, MH919385.1, KT285170.1, and KP710868.1) 
were obtained from the GenBank database. The conserved 
regions of the SMV VPg gene were then found using 
multiple sequence alignments of MEGA 11 (Tamura et 
al., 2021). The RT-RPA primers were designed according 
to the TwistDx instruction manual and the PrimedRPA 
program (TwistDX, Ltd., Cambridge, UK) (Higgins et al., 
2019). After the five primer sets targeting the SMV VPg 
and CP gene were designed, primer set was selected based 
on the RT-RPA results for the optimal. The FAM and bio-
tin were attached to the 5′ end of the RT-RPA primers and 
were used for optimizing the RT-RPA-LFS assay.

RT-PCR assays. The RT-PCR was performed using the 
2× SuPrimeScript RT-PCR Premix according to the manu-
facturer’s protocol (GeNet Bio, Daejeon, Korea). The 20 
μl of the total reaction volume was contained in 10 μl of 
2× SuPrimeScript RT-PCR Premix, 7 μl of nuclease-free 
water, 1 μl of each of 10 pmoles of forward and reverse 
primers, and 1 μl of total RNA. The RT-PCR was con-
ducted with the specific primer to SMV, soybean yellow 
mottle mosaic virus (SYMMV), tomato spotted wilt virus 
(TSWV), and cucumber mosaic virus (CMV) as described 
previously, and designed using the clover yellow vein vi-
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rus (ClYVV) primer (Lee, 2022; Lee et al., 2012; Yoon 
et al., 2014) (Supplementary Table 1). The soybean ACT 
gene was used as the internal control for the RT-PCR assay 
(Libault et al., 2008) (Supplementary Table 1). The thermo-
cycling conditions were as follows: reverse transcription at 
50℃ for 30 min; initial denaturation at 95℃ for 10 min, 
followed by 35 cycles of denaturation at 95℃ for 30 s; an-
nealing at 55℃ for 30 s and extension at 72℃ for 40 s; and 
final extension at 72℃ for 5 min in the All-in-One Cycler 
thermal cycler (Bioneer, Daejeon, Korea). The RT-PCR 
products were analyzed on 2% agarose gels stained with an 
ethidium bromide solution (Sigma-Aldrich, St. Louis, MO, 
USA).

RT-RPA-LFS assay. The RT-RPA assay was performed 
according to the manufacturer's instructions for the Twi-
stAmp Basic kit (TwistDX, Ltd.). The RPA kit contains 
positive control primer and template to confirm the activity 
of kit components. The positive control containing RPA 
kit were conducted using 1 μl of the positive control DNA, 
29.5 μl of rehydration buffer, 8 μl of the positive control 
primer mix, 2.5 μl of 280 mM magnesium acetate, and 9 μl 
of nuclease-free water (Qiagen, Hilden, Germany) with a 
total reaction volume of 50 μl. The components were incu-
bated for 20 min at 38℃ in an All-in-One Cycler thermal 
cycler (Bioneer). The RT-RPA assay to detect SMV was 
carried out using 1 μl of total RNA isolated SMV-infected 
soybean leaves, 29.5 μl of rehydration buffer, 2.4 μl of 4 
μM forward primer (RPA_SMV_VPg: 5′-CTATATG-
GAGTTGAGCCAGAGAATTACA-3′), 2.4 μl of 4 μM 
reverse primer (RPA_SMV_VPg: 5′-TCTTTCCAAT-
GAAATAAGCCTGTAAACC-3′), 1.0 μl of RevertAid 
reverse transcriptase (Thermo Fisher Scientific, Waltham, 

MA, USA), 2.5 μl of 280 mM magnesium acetate, and 
11.2 μl of nuclease-free water, with a total reaction volume 
of 50 μl. The reaction was conducted for 15 min at 38℃ 
in a thermal cycler. To combine the RT-RPA with a LFS 
assay, the RT-RPA amplified products were diluted at 1:99 
with HybriDetect Assay Buffer in the Milenia GenLine 
HybriDectect 1 (Milenia Biotec, Giessen, Germany) in new 
reaction tube. The LFS was dipped into the mixture and 
incubated for 5 min at room temperature. The line with one 
purple band in the control line was considered negative, 
and the line with two visible bands in both control line and 
test line indicated a positive (Supplementary Fig. 1B). To 
detect the SMV without thermal equipment, some of the 
thermal sources were used to conduct RT-RPA-LFS assay 
such as heating block, thermos, and normothermia.

Results

Establishment of the RPA-LFS assay for the detection 
of SMV. The tests were initially carried out to ensure the 
RT-RPA primer could amplify the target site of 207 bp 
(RPA_SMV_VPg) in the SMV-infected leaf (Fig. 1A). The 
positive control to test the activity of the kit components 
was showed an amplification product of 141 bp (Fig. 1A). 
The RT-RPA combined with the LFS was successful in its 
detection of SMV against the SMV VPg gene and did not 
detect the no template control and healthy soybean plant 
similarly to the result on the agarose gel (Fig. 1B). These 
results suggested that the RT-RPA LFS could be used for 
detection of SMV in soybeans.

Specificity tests of RPA primers. The detection specific-
ity of the primer sets was evaluated by RT-RPA and RT-

Fig. 1. Establishment of the reverse transcription-recombinase polymerase amplification (RT-RPA) experimental system for the detec-
tion of soybean mosaic virus (SMV). (A) The RT-RPA products were visualized on a 2% agarose gel. The amplicon size expected was 
207 bp for the SMV primer. (B) The RT-RPA assay combined with lateral flow strip. The RT-RPA products were diluted at 1:99 with 
the HybriDetect Assay Buffer. Lane M, 100 bp DNA ladder marker (Cosmo Gentech, Seoul, Korea); lane P, the positive control provid-
ed by the manufacturer; lane NTC, no template control contained water; lane N, healthy soybean sample (negative control); lane SMV, 
SMV-infected template. 
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RPA-LFS assay using the virus′ infected soybean. The RT-
RPA-LFS results indicated that only the SMV-infected 
sample was shown as a distinct band without cross-reaction 
to SYMMV, TSWV, CMV, and ClYVV, which was not 
observed in the test line (Fig. 2A). The presence of the sin-
gle SMV, SYMMV, TSWV, CMV, and ClYVV infected 
sample were verified by the RT-PCR using specific prim-
ers, respectively (Fig. 2B, Supplementary Table 1). Each 
sample was confirmed so that they were isolated from the 
soybean by an internal control primer that targeted the Ac-
tin gene.

Optimization of the RT-RPA-LFS assay. The optimal 
reaction conditions were determined through examina-
tion of temperature and reaction time. To validate the RT-
RPA-LFS optimum reaction temperature, the reaction was 
carried out at serial different temperatures (30℃, 34℃, 
38℃, 42℃, 46℃, and 50℃) for 15 min. The results of the 
different temperatures were visualized as a red band on the 
test line at 30 up to 46℃ (Fig. 3A). The results showed that 
the red band faded on the strip at 46℃. To determine the 
RT-RPA-LFS minimum reaction time, the reaction was 
conducted at serial different reaction time (1 min, 5 min, 10 
min, 15 min, 20 min) at 38℃ (Fig. 3B). The red band on 
the test line was detectable after 5 min; however, the best 
reaction time was 15 min, which showed a thick band.

Sensitivity tests of the RPA primers. To evaluate the 
sensitivity of the RT-RPA LFS assay, a 10-fold serial dilu-
tion of the SMV total RNA 10 to 10–5 ng) was used to test 
the RT-RPA-LFS and RT-PCR. The sensitivity was estab-
lished through a comparison of the RT-RPA-LFS with RT-

Fig. 2. The specificity of the reverse transcription-recombinase 
polymerase amplification (RT-RPA) assay and RT-RPA assay 
combined with the lateral flow strip (LFS) assay. The experiment 
used the soybean mosaic virus (SMV), soybean yellow mottle 
mosaic virus (SYMMV), cucumber mosaic virus (CMV), tomato 
spotted wilt virus (TSWV), and clover yellow vein virus (ClYVV) 
as they were the major soybean viruses. (A) The results of the 
RT-RPA-LFS assay to detect SMV. (B) Reverse transcription 
polymerase chain reaction (RT-PCR) products were visualized 
on 2% agarose gels. Lane 1, the SMV-infected sample; lane 2, 
the SYMMV-infected sample; lane 3, the CMV-infected sample; 
lane 4, the TSWV-infected sample; lane 5, the ClYVV-infected 
sample. Lane M is a 100 bp DNA marker. The Actin was used as 
an internal control. 

Fig. 3. The optimization of the reaction temperature and minimum time for the reverse transcription-recombinase polymerase amplifi-
cation (RT-RPA) technique combined with a lateral flow strip (RT-RPA-LFS) assay. (A) The different conditions for each temperature 
were set up at 30℃, 34℃, 38℃, 42℃, 46℃, and 50℃. The determination of the optimal temperature of the RT-RPA-LFS reaction. 
The RT-RPA-LFS were shown as a red band from 30℃ to 46℃ on the test line for 15 min. (B) Assessment of the optimal reaction 
time of the RT-RPA assay at 38℃, from 1 to 20 min. The results were visualized with a distinct line at the test line from 5 to 20 min. 
The N was a healthy soybean plant sample.
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Fig. 4. The sensitivity of the reverse transcription-recombinase polymerase amplification technique combined with a lateral flow strip 
(RT-RPA-LFS) assay for detecting soybean mosaic virus (SMV). The RT-RPA-LFS and reverse transcription polymerase chain reac-
tion (RT-PCR) were performed in a 10-fold serial dilution of total RNA from 10 to 10–5 ng. (A) In the RT-RPA-LFS assay, the detection 
limit was 1 × 10–2 ng (total RNA). (B) The RT-PCR were visualized on agarose gels. The RT-PCR assay was performed in a range of 
total RNA concentration from 10 to 10–2 ng. Lane M was a 100 bp DNA ladder maker. Lane N was a healthy soybean plant sample.

Fig. 5. The application of the reverse transcription-recombinase polymerase amplification technique combined with a lateral flow strip 
(RT-RPA-LFS) assay to the field samples. (A) The detection of soybean mosaic virus (SMV) in the field samples using the RT-RPA-
LFS assay. (B) The reverse transcription polymerase chain reaction (RT-PCR) assay was compared using soybean samples collected 
from the field. Lane M, 100 bp DNA ladder maker; lanes 1-12, viral symptom-like soybean leaf samples; lane SMV, the SMV-infected 
sample (positive sample); lane N, the healthy soybean plant (negative sample).
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PCR. The concentration of the total RNA isolated from 
the SMV-infected leaves was quantified using a BioTek 
Epoch microplate spectrophotometer (Agilent Technolo-
gies, Santa Clara, CA, USA). The RT-RPA-LFS results of 
the sensitivity showed a red band at least 10-2 ng (Fig. 4A). 
The results of the RT-PCR showed similar RT-RPA-LFS 
sensitivity, which could be observed by a band of at least 
10–2 ng total RNA (Fig. 4B).

Application of the RT-RPA-LFS assay to detect SMV 
in field-collected samples. To confirm the reliability of the 
RT-RPA-LFS assay, 12 soybean samples with or without 
SMV and symptoms were used. The samples were col-
lected in a soybean cultivation field in Gimje-si, Korea. 
The soybean samples were isolated from the total RNA 
and the test was conducted by RT-PCR and RT-RPA-LFS. 
Among the 12 soybean samples, six leaves were detected 
with SMV by the RT-RPA-LFS assay (Fig. 5A), which 
was consistent with the RT-PCR results (Fig. 5B). These 

results indicated that the RT-RPA-LFS assay could be used 
for SMV detection and screening in soybean fields.

RT-RPA-LFS assay using equipment-free thermal 
sources. To assess the equipment-free conditions, the RT-
RPA-LFS was conducted on the heating block, thermos, 
and normothermia (Fig. 6A). The temperature of the ther-
mal supplies was adjusted at 38℃ in the heating block and 
thermos. After the RT-RPA-LFS reaction, the temperature 
was changed from 38 to 36.8℃ in thermos conditions. 
The incipient temperature of the hand condition was 
35℃. While the RT-RPA-LFS was conducted, the hand’s 
temperature went back and forth between 34 and 35℃, 
measured by an electron thermometer. After the RT-RPA 
reaction was finished using the thermal supplies, the prod-
uct was diluted with a HybriDetect Assay Buffer and used 
in an LFS. The red bands on the LFS were visualized by 
various conditions without non-specific amplification (Fig. 
6B). This demonstrated that the RT-RPA-LFS assay could 

Fig. 6. The various equipment-free conditions for on-site diagnosis using the reverse transcription-recombinase polymerase amplifica-
tion technique combined with a lateral flow strip (RT-RPA-LFS) assay. (A) The various substituted conditions used, such as a heating 
block (left), thermos (middle), and normothermia (right). The temperature at each condition was 38℃ in a heating block, from 36.8℃ 
to 38℃ in a thermos, and from 34℃ to 35℃ in the palm of the hand. (B) Detection of the soybean mosaic virus (SMV)-infected sample 
using the RT-RPA-LFS assay in the thermal source without a thermocycler, such as the heating block (lanes 1-2), thermos (lanes 3-4), 
and hand palm (lanes 5-6). Lanes 1, 3, 5, healthy soybean plant; lanes 2, 4, 6, SMV-infected sample.
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be utilized as an on-site diagnosis method.

Discussion

This study established that an RT-RPA-LFS assay could 
be used for the detection of the SMV. The specificity of 
RT-RPA-LFS assay for SMV detection did not show 
cross-reactivity with four soybean-infecting viruses (Fig. 
2). Through the evaluation of reaction conditions, the RT-
RPA-LFS assay can successfully amplify from flexible 
incubation temperature and within 5 min. Applicability 
of RT-RPA-LFS assay for on-site detection of SMV was 
determined by screening soybean leaves in a soybean culti-
vation field. In addition, the results of RT-RPA-LFS assay 
with simple thermal sources were showed this method was 
portable and user-friendly for on-site detection of SMV 
without an expensive thermocycler. The benefits of the 
RT-RPA-LFS assay were that it was rapid, user-friendly, 
portable, specific, and efficient. The results showed that the 
RT-RPA-LFS was likely to aid in the early and convenient 
detection of SMV in the laboratory and field.

In the past, the diagnosis systems were developed 
through PCR-based method to detect SMV such as RT-
PCR, RT-qPCR, and RT-LAMP (Botelho et al., 2016; Kim 
et al., 1999; Lee et al., 2015b). These methods are limited 
in their on-site applicability, with RT-PCR and RT-qPCR 
requiring expensive instruments, especially RT-qPCR 
which demands a costly specific probe; while RT-LAMP 
has issues with cross-contamination among the four to six 
primers and with the detection of non-specific amplicons 
(Mehetre et al., 2021; Yan et al., 2014). In addition, ex-
tremely sensitive new methods, such as digital PCR (dPCR) 
and high throughput sequencing (HTS), are currently being 
developed. The dPCR and HTS can detect viruses in symp-
tomless samples and identify an arbitrary viral disease (Lee 
et al., 2015a, 2023). Although dPCR and HTS have many 
advantages, there are limitations in that they are prone to 
representing false-positive results, requiring costly instru-
ments and materials, and demanding particular software to 
analyze the data (Lee et al., 2015a, 2023). A comparison 
with other techniques indicated that the RT-RPA-LFS as-
say was appropriate for rapid and convenient diagnosis of 
SMV in soybean cultivation fields.

Many branches of bacteriology, mycology, and clinical 
medicine have researched the use of RPA assays (Jiang et 
al., 2022; Li et al., 2022; Liu et al., 2021). The RPA that is 
available is a combination of flocculation assay, electro-
chemical assay, chemiluminescent assay, silicon microring 
resonator-based photonic assay, surface-enhanced Raman 
scattering assay, and LFS assay (Del Rio et al., 2015; Kun-

ze et al., 2016; Li et al., 2019; Qi et al., 2018; Tsaloglou 
et al., 2018; Wang et al., 2017). The RT-RPA combined 
with an LFS was first reported by Qi et al. (2018) and has 
becoming a promising method. Although RT-RPA-LFS 
has been actively researched as a diagnostic tool for plant 
diseases, duplex and multiplex RT-RPA-LFS have yet to 
be reported on. Most RT-RPA-LFS assays were developed 
using a probe-base kit that has since been discontinued 
by the manufacturer (Zhou et al., 2022; Zou et al., 2022a, 
2022b).

This study showed that the RT-RPA-LFS procedure was 
capable of amplifying without a particular sophisticated 
thermocycler. The step for RNA extraction was able to be 
streamlined by finding the optimal extraction buffers (Yoon 
et al., 2014). Further research is needed to overcome a 
number of challenges, such as simplifying the series of pro-
cesses, duplex and multiplex amplification, and ultimately 
commercializing the mobile package for use in agricultural 
fields.
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