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Swift and portable detection of
soybean mosaic virus SC7
through RNA extraction and
loop-mediated isothermal
amplification using lateral flow
device

Shui-Xian Guo?!, Qing Zhang', Nan-Nan Bai?, Pei-Yao Yue?,
Jing-Ping Niu®, Cong-Cong Yin!, Ai-Qin Yue?, Wei-Jun Du?* and
Jin-Zhong Zhao'*

tDepartment of Basic Sciences, Shanxi Agricultural University, Taigu, Shanxi, China, 2College of
Agronomy, Shanxi Agricultural University, Taigu, Shanxi, China, *College of Life Science, Shanxi
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The soybean mosaic disease—caused by the soybean mosaic virus
(SMV)—significantly impacts soybean quality and yield. Among its various
strains, SMV-SC7 is prevalent in China. Therefore, rapid and accurate diagnosis
is deemed critical to mitigate the spread of SMV-SC7. In this study, a simple
and rapid magnetic bead-based RNA extraction method was optimized.
Furthermore, a reverse-transcription loop-mediated isothermal amplification
(RT-LAMP) assay that requires no specialized equipment such as PCR Amplifier
was proposed, employing a lateral flow device (LFD) for visual interpretation of
SMV-SC7. The RT-LAMP-LFD approach facilitated specificity testing of SMV-SC7.
Moreover, the limit of detection (LOD) of this method was as low as 107> ng
(2.4 copies). The sensitivity of RT-LAMP-LFD was 10-fold higher than that of the
colorimetric RT-LAMP method. In 194 field samples tested, the RT-LAMP-LFD
detection of the SMV-SC7 had accuracy of 98.45% in comparison to RT-gPCR. In
conclusion, the assay exhibited high specificity, sensitivity, and rapidity, enabling
economical and portable detection of SMV-SC7 and providing technical support
to identify SMV-SC7-infected soybeans.

KEYWORDS

soybean, soybean mosaic virus, virulent strain SC7, magnetic beads-based RNA
extraction method, LAMP, lateral flow device

1 Introduction

Globally, soybean mosaic disease—caused by Soybean mosaic virus (SMV)—leads to
decline in soybean seed yield and quality (Liu et al., 2016; Usovsky et al., 2022). Currently,
effective measures to prevent SMV-associated diseases are lacking (Hajimorad et al., 2018;
Usovsky et al., 2022; Song et al., 2024). Therefore, early and accurate detection of SMV is
beneficial to effectively control soybean mosaic disease.

Plant virus detection primarily encompasses phenotype screening, protein analysis,
and nucleic acid detection (Debreczeni et al., 2011; Fox and Mumford, 2017; Sheveleva
et al,, 2018). Among these methods, nucleic acid detection is particularly crucial for plant
virus identification and diagnosis, owing to its exceptional sensitivity (Rubio et al., 2020).
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Nucleic acid amplification-based detection of plant diseases
comprises three primary stages: extraction/purification of nucleic
acids, amplification, and detection of the amplified product
(Paul et al., 2020). The nucleic acid extraction plays a critical
role in the detection process. To date, extraction from plant
samples has primarily been performed using chemical reagents
and silica columns (Palani et al, 2019; Paul et al, 2020).
Traditional chemical-based methods are relatively cumbersome,
time-consuming, and impractical for rapid on-site processing
(Simoes et al., 2013). Although silica gel column-based commercial
kits have significantly streamlined the extraction process and
yielded purer products, the higher cost of the specific kits and
the consumables required makes them potentially difficult to
implement in situations with limited resources or space (Smuts
et al., 2014; Valiant et al., 2024). Recently, a magnetic bead (MB)-
based nucleic acid extraction method has been developed and
applied across various fields, offering benefits, such as simplicity,
speediness (reduced extraction time by 66.7%), cost-effectiveness
(saved costs by ~78.6%) (Fei et al., 2022; He et al., 2021; Li et al.,
2017; Mao et al., 2024).

Nucleic acid testing plays a vital role in effectively controlling
the spread of viruses. RT-qPCR was considered the gold standard
to diagnose a wide range of diseases in laboratories and clinics
(Yi et al, 2024). However, this method relied on expensive
and sophisticated equipment. In recent years, nucleic acid-
based isothermal amplification methods, such as recombinase
polymerase amplification (RPA) (Ghosh et al., 2018, 2020),
helicase-dependent amplification (HDA) (Vincent et al., 2004),
rolling-circle amplification (RCA) (Lizardi et al., 1998), and loop-
mediated isothermal amplification (LAMP) (Notomi et al., 20005
Kokane et al, 2020), have been widely used. While the RPA
reaction can be performed at 42°C, it requires the addition of
magnesium acetate prior to amplification, which complicates the
test protocol (Behrmann et al., 2020). The HDA is successfully
performed at 37°C, but it is limited by low speed and processivity
of the Escherichia coli UvrD helicase, and lacks coordination
between the helicase and the DNA polymerase (Lee et al,
2022; Wharam et al, 2001). Nevertheless, the RT-LAMP assay
is straightforward. The typical requirement for such an assay
is a solution mainly comprising the Bst DNA polymerase with
strong strand displacement activity and tolerance for elevated
temperatures, primer sets and reaction buffer. In addition, LAMP
is realized by 4-6 specific primers to target 6-8 regions on a target
sequence, which can ensure high specificity for target amplification
(Notomi et al., 2000). Whereas both RPA and HAD are realized by
two specific primers, and it is difficult to ensure high specificity.
Therefore, LAMP has been widely applied across various fields due
to its high simplicity and specificity including diagnosing clinical
conditions, conducting veterinary tests, assessing food safety, and
evaluating the environment (Dong et al., 2022; Lee et al., 2019; Sheu
etal., 2018; Singh et al., 2019).

To visualize LAMP results, methods, such as turbidity
measurement, DNA intercalating dyes, pH indicators, and metal
ion indicators, have been employed (Bhat et al., 2013; Rahman
et al., 2022; Wang et al,, 2021; Wu et al., 2022; Zeng et al., 2021).
However, these techniques are non-specific and may lead to false
positives (Luo et al., 2021). For instance, the amplification process
produces hydrogen ions along with the release of pyrophosphate
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(PPi), allowing visualization of the LAMP reaction by monitoring
pH changes (Zhang et al., 2014). In recent years, lateral flow nucleic
acid biosensors have gained significant attention due to their high
sensitivity and rapid visual detection capabilities (Ge et al., 2014).
LAMP results can be visualized by employing a lateral flow device
(LFD) when the 5 ends of internal primers (FIP and BIP) and loop
primers (LF and LB) are labeled with biotin and FAM, respectively
(Peng et al., 2021). Moreover, some studies have combined LAMP
with lateral flow biosensors using gold nanoparticles for the
sequence-specific detection of pathogenic microorganisms (Chen
et al,, 2023; Wang et al.,, 2022). Furthermore, previous research
results suggested that the integration of RT-LAMP with LFD can
enhance the sensitivity of traditional RT-LAMP assays (Andrade
and Lightner, 2009; Nimitphak et al., 2008; Thongkao et al., 2015).

Therefore, a simple and rapid RNA extraction method using
MBs was optimized, a set of LAMP primers based on the P3
gene sequence of SMV-SC7 was designed, and integration with
an LFD for sequence-specific detection of the SMV-SC7 strain
was achieved (working principle is illustrated in Figure 1). The
LAMP assays were used to assess primer sensitivity and specificity.
Furthermore, 194 soybean leaves collected from fields were utilized
to assess the performance of this detection platform for SMV-SC7.
The visual results were semi-quantified through gray-scale analysis
and normalization. The quantitative analysis was subsequently
performed to determine SMV-SC7 viral load in these field samples.
In conclusion, a rapid, portable, cost-effective, and precise platform
was established to detect SMV-SC7, aimed at preventing soybean
yield reduction.

2 Materials and methods

2.1 Sample collection

SMV-SC3, SMV-SC7, and SMV-SC15 strains were supplied
by the National Center for Soybean Improvement (NCSI) at
Nanjing Agricultural University, Nanjing, China, and kept in
the leaves of soybean cultivar Nannong 1138-2. In 2023, 194
soybean cultivars (see Supplementary Table 1) were cultivated at
the Shenfeng Experimental Station in the Taigu district—a part
of College of Agriculture, Shanxi Agricultural University. During
the seedling phase, 3-4 leaves were picked and subsequently stored
at —80°C.

2.2 RNA extraction, optimization, and cDNA
synthesis

MBs size, incubation time, number of washes and bead-to-
sample mass ratio affected RNA extraction efficiency by affecting
RNA binding efficiency. Therefore, the extraction protocol was
optimized based on the MBs method for nucleic acid extraction
(Wang et al., 2015). Parameters, such as MBs size (40, 200, 300,
and 400 nm), incubation time (1, 3, 5, 7, 9, and 11 min), number
of washes (2-4 times), and bead-to-sample mass ratio (1:500,
1:1000, 1:1500, 1:2000, and 1:2500) were optimized respectively
during RNA extraction using MBs while other parameters were
maintained under constant conditions. Total RNA was isolated
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from soybean leaves according to the optimized protocol, which
is described as follows: (1) A specific mass of soybean leaves
was added to a 1.5mL enzyme-free centrifuge tube; (2) After
the addition of lysis buffer, the mixture was incubated at room
temperature for 3 min, then centrifuged at 13,000 rpm for 3 min; (3)
The MBs and supernatant were thoroughly mixed by vortexing in a
new 1.5 mL nuclease-free centrifuge tube; (4) After being vortexed,
the mixture was incubated at room temperature for 3 min; (5) The
tube was placed on a magnetic rack for 15s until the solution
clarified; (6) Freshly prepared 80% ethanol was added and the
supernatant was removed after 15s incubation; (7) The MBs were
air-dried and nuclease-free H,O was added.

To compare this method with the kit extraction method, the
EZ-10 DNA away RNA Mini-Preps Kit (Sangon Biotech, Shanghai,
China) was used also used to isolate total RNA from soybean leaves.

The cDNA synthesis was carried out using the GoScript™
Reverse Transcription System (Promega, USA).

2.3 LAMP primer designing and synthesis

The P3 gene is a highly conserved gene, which plays a
crucial role in virus movement and replication, as well as host
infection (Luan et al, 2019). After comparing the P3 genomic
sequences of SMV-SC3, SMV-SC4, SMV-SC6, SMV-SC7, and
SMV- SC15 received from GenBank (MH919385.1, MN539670.1,
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KP710867.1, MH919384.1, MH919386.1), Primer Explorer V5
was used to design a set of LAMP-specific primers for SMV-
SC7 (Supplementary Table 1). The 5" ends of SC7-BIP and SC7-
LB primers were labeled with biotin and FAM, respectively, for
visualization using LFD. The primers were synthesized by Sangon
Biotech, Ltd. (Shanghai, China).

2.4 RT-LAMP assay optimization

The RT-LAMP reaction system for SMV-SC7 was optimized

and a real-time fluorescence method was employed for
quantification. The assay optimization involved five parameters:
temperature (62.6, 65.0, 67.0, 68.1, and 68.6°C), Bst DNA
polymerase concentration (2, 4, 6, 8, and 10U), inner to outer
primer ratio (1:1, 2:1, 4:1, 6:1, and 8:1), Mg*" concentration
(3-7 mM), and betaine concentration (0.4, 0.6, 0.8, 1.0, and 1.2 M).

Each parameter was repeated three times.

2.5 RT-LAMP-LFD assay

The RT-LAMP reaction mixture consisted of 2.0 pL 10x
Isothermal Amplification Buffer, 4.0 mM MgSOy4, 1.2uM inner
primers, 0.2 uM outer primers, 0.6 uM SC7-LB, 0.8 mM dNTPs
(Solarbio, Beijing), 1.0 M betaine (Solarbio, Beijing), 4.0 U Bst DNA
polymerase (New England Biolabs), and a cDNA template (100
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ng/iL), with sterilized ddH,O added to adjust the total volume
to 20 wL. The reaction was incubated at 65°C for 30 min. The
RT-LAMP amplification products were checked by 2% agarose
gel electrophoresis.

All components and procedures used in the RT-LAMP-LFD
reaction were the same as used in the RT-LAMP reaction, except
biotinylated inner primers (SC7-BIP-Bio) and a fluorescently
labeled loop primer (SC7-LB-FAM).

2.6 RT-LAMP product analysis

For the colorimetric RT-LAMP reaction, 2.0 L of SYBR Green
Tata 1000x concentration (Solarbio, Beijing) was added to 9 uL of
the RT-LAMP amplification product. The results were determined
by observing the color shift—an orange color indicating a negative
reaction and a green color signifying a positive reaction (Iwamoto
et al., 2003; Wu et al., 2024).

For the RT-LAMP-LFD reaction, 20 wL of the RT-LAMP
product was added to 70 wL of sterilized ddH,O. The LFD strips
were immersed in the solution and incubated for 2 min, and then
removed and photographed. When test and control lines appeared
simultaneously (Figure 1), the result was considered positive; when
only a control line appeared, the result was considered negative. If
only the test line appeared, the result was deemed doubtful and
required a retest. Image] software was utilized to extract gray-
scale data from the test lines, and the signals were subsequently
normalized (Mao et al., 2024).

2.7 Specificity and sensitivity evaluation

The specificity of RT-LAMP, RT-PCR, and RT-qPCR reactions
for SMV-SC7 was assessed utilizing SMV-SC3, SMV-SC7, and
SMV-SC15 cDNA templates.

The cDNA of SMV-SC7 was subjected to a 10-fold serial
dilution, for achieving a concentration range from 10! to 107>
ng/WL to evaluate the sensitivity of RT-LAMP, RT-qPCR and
conventional PCR. Sterilized ddH,O, heated to 121°C, served as a
negative control. The fluorescence signal was detected in real time
by adding SYBR Green I, and then the limit of detection (LOD)
of RT-LAMP was determined. The RT-PCR results were verified
by agarose gel electrophoresis. Each reaction was conducted in
triplicate. The copy number calculations were made according to
the formula (Nakiboneka et al., 2024):

Amount (ng/ /LL) X Avogadrols constant

Co L= 1
PY/i Length (bp) x 1.00E + 09 x 660 W

2.8 RT-PCR
The RT-PCR reaction mixture consisted of 0.3

WL  of 10xEasyTaq® Buffer, 02puM SMV-SC7-F  (5'-
AAAAGGGGTGGAGTTGTG-3') and SMV-SC7-R  (5-
CTTGTATGACGGTGGTACT-3'), respectively, 0.2mM dNTPs,
2.5U EasyTag® DNA Polymerase (TransGen Biotech), and 1 wL
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100 ng/pwL cDNA template, with sterilized ddH,O added to adjust
the total volume to 15 L. The following settings were used for
the RT-PCR reaction: an initial denaturation at 94°C for 2 min,
followed by 32 cycles of denaturation at 94°C for 30's, annealing
at 60°C for 30s, and extension at 72°C for 20s, and then final
extension at 72°C for 5 min. The RT-PCR amplification products
were analyzed by 1% agarose gel electrophoresis.

2.9 RT-gPCR

To evaluate the feasibility of detecting SMV-SC7 in field
samples, RT-qPCR amplification was performed by using the
Bio-RAD CFX96 Touch instrument. The amplification mixture
for RT-qPCR included 10 pL 2X TransStart Tip Green qPCR
SuperMix (TransGen Biotech, Beijing), 0.2puM SMV-SC7-F
(5'-AAAAGGGGTGGAGTTGTG-3') and SMV-SC7-R (5-
CTTGTATGACGGTGGTACT-3'), respectively, and 1 pL 100
ng/kL ¢cDNA template, with sterilized ddH,O added to adjust
the total volume to 20 L. The following settings were used for
the RT-qPCR reaction: an initial denaturation at 94°C for 30s,
followed by 37 cycles of denaturation at 94°C for 5s and extension
at 61°C for 30 s. Finally, a quantitative standard curve for SMV-SC7
was established using a 10-fold serial dilution of SMV-SC7 cDNA
to analyze the viral load.

2.10 Field sample testing

To conduct a direct field screening of soybean varieties with
resistance to SMV-SC7, the leaves of 194 soybean varieties were
gathered at the seedling stage and analyzed using colorimetric
RT-LAMP, RT-LAMP-LED, and RT-qPCR methods. Accuracy
= (TP+TN)/(TP+TN+FP+FN); Sensitivity = TP/(TP+EN);
Specificity = TN/(FP+TN). TP, True Positive; FN, False Negative;
TN, True Negative; FP, False Positive.

3 Results

3.1 RT-LAMP primers designed to detect of
SMV-SC7

SMV—a member of the genus Potyvirus within the family
Potyviridae—possesses a single-stranded, positive-sense ~9.6kb
long RNA. It encodes at least 11 proteins, including potyvirus
1 (P1), helper-component proteinase (HC-Pro), and potyvirus 3
(P3), and so forth (Urcuqui-Inchima et al, 2001). Among them,
the P3 gene is closely related to replication, movement, and
pathogenesis in SMV (Luan et al., 2016). Therefore, LAMP primers
were designed to target a specific segment of the P3 gene of SMV-
SC7. Five primers set were comprised of a pair outer primer
(SC7-F3/SC7-B3), a pair inner primer (SC7-FIP/SC7-BIP), and
a loop primer (SC7-LB). The primer design schematic diagram
and primer sequences were shown in Supplementary Figure 1 and
Supplementary Table 1, respectively. Biotin and FAM were labeled
at the 5’ ends of SC7-BIP and SC7-LB, respectively, for lateral flow
strip detection (Supplementary Table 1).
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Evaluation of the RT-LAMP assay specificity for SMV-SC7. The cDNA of SMV-SC3, SMV-SC7, and SMV-SC15 were used to assess the RT-LAMP assay's
specificity. (A) Gel electrophoresis image of LAMP reaction products. (B) Evaluation of specificity in real-time RT-LAMP. (C) Assessment of specificity
in colorimetric RT-LAMP stained with SYBR Green |. (D) Specificity was assessed using LFD in RT-LAMP-LFD. M, DNA Marker Ill; NC, negative control.

3.2 Specificity evaluation of RT-LAMP assay
for SMV-SC7

NCBI has only published the sequences of five SMV strains
(SC3, SC4, SC6, SC7, and SCI15). The sequence of SMV-SC3,
SMV-SC4, and SMV-SC6 are completely identical within the
region relevant to primer design. To evaluate the specificity of
the designed primers to amplify SMV-SC7, RT-LAMP experiments
were conducted by using SMV-SC7, SMV-SC3, and SMV-SCI15
c¢DNA. The J-shaped curve and distinctive ladder-like pattern were
observed in SMV-SC7 only (Figures 2A, B). For visual detection
of LAMP products, SYBR Green I and LFD were employed,
respectively, with outcomes consistent with those from real-
time fluorescence quantification and gel electrophoresis analysis
(Figures 2C, D). In addition, RT-PCR and RT-qPCR specificity were
efficiently evaluated. As shown in Supplementary Figure 2, RT-PCR
and RT-qPCR could specifically amplify SMV-SC7.

3.3 RT-LAMP reaction optimization

Five factors were assessed to optimize the LAMP tests,
including the reaction temperature, concentration of the Bst
DNA polymerase, the ratio of inner to outer primers, Mg?™
concentration, and betaine concentration. As shown in Figure 3A,
the cycle threshold (Ct) of the LAMP reaction at 65°C was
~25.2, while the Ct values at other temperatures ranged from

Frontiersin Microbiology

26.5 to 36.1, which were higher than the Ct value at 65°C,
indicating that optimal amplification efficiency was achieved at
65°C with the lowest Ct value. Excessively high or low temperatures
resulted in lower amplification efficiencies compared to the
moderate temperature. The Ct value decreased by 26.3% as the
amount of Bst DNA polymerase was increased from 2U to 4 U.
However, when the Bst DNA polymerase amount ranged from
4U to 10U, the Ct value did not show a substantial further
decrease (Figure 3B). Considering cost-effectiveness, 4 U of Bst
DNA polymerase were selected as the optimal concentration. As
shown in Figure 3C, the Ct value of the LAMP reaction with
an inner-to-outer primer ratio of 6:1 was ~16.2, which was
lower than the Ct values (~17.2-28.3) for other inner-to-outer
primer ratios (1:1, 2:1, 4:1, and 8:1). Thus, the optimal inner-
to-outer primer ratio in the RT-LAMP system was determined
to be 6:1. Furthermore, an improvement (reduction) in the
LAMP Ct value was observed at an Mg>" concentration of
4.0mM, with decreases of 8.0%—23.5% compared to other
Mg?* concentrations (Figure 3D). This indicated that optimal
amplification efficiency in this LAMP system was achieved at a
4.0mM Mg>* concentration, yielding the lowest Ct value. The Ct
values of LAMP reaction decreased with betaine concentrations
ranging from 1.2 to 0.4 M (Figure 3E). However, the dissolution
curve peaks were not sufficiently sharp at betaine concentrations
of 0.4, 0.6, and 0.8 M, indicating greater instability in the reaction
system (Figure 3F). Consequently, a final concentration of 1.0 M
betaine was chosen based on the combination of amplification
efficiency and system stability.
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In summary, the optimal reaction parameters were

established as follows: 4.0U Bst DNA polymerase, inner

to outer primer ratio-6:1, 4.0mM Mg2+, and 1.0M
betaine, within a 20 pL reaction system maintained
at 65°C.
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3.4 MB-based RNA extraction optimization
To enhance extraction efficiency and obtain high-quality RNA

from soybean leaves, an MB-based RNA extraction process was
optimized. Initially, the influence of MB size on nucleic acid
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extraction efficiency was investigated. As depicted in Figure 4A,
200 nm MBs demonstrated optimal performance, characterized by
the shortest amplification time and lowest Ct value. Conversely,
300 and 400 nm MBs showed lower performances, potentially due
to their larger particle size and comparatively smaller specific
surface area, suggesting a reduced capacity for RNA binding.
For 40nm MBs, diminished performance was observed, which
can be attributed to the lowest amount of SiO, coating on
MBs (He et al,, 2021), consequently reducing their RNA capture
capacity. Subsequently, to ensure adequate MB binding to RNA,
sufficient incubation time was found to be critical. Extraction
efficiency improved with incubation time increased from 1 to
3 min. However, extending the incubation time beyond 3 min did
not further enhance amplification efficiency and instead slightly
decreased the efficiency, possibly due to RNA degradation from
prolonged incubation time (Figure 4B). Thus, a 3-min incubation
time resulted in optimal performance, characterized by the shortest
amplification duration. Consequently, the optimal incubation time
for the MBs to capture free viral RNA was determined to be 3 min.
Given that the amount of MBs affects RNA extraction efficiency, the
MB to sample mass ratio was investigated. As shown in Figure 4C,
performance improved as the sample input increased within a
ratio range of 1:500-1:1500. However, when the ratios exceeded
1:1500, the amplification efficiency ceased to increase and rather
slightly decreased. This reduction may be due to fewer numbers
of MBs, resulting in inadequate MB binding to the nucleic acid,
thereby diminishing extraction efficiency. Additionally, the impact
of different washing times (using 80% ethanol) on extraction
efficiency was examined. Among all the washing times, three times
washing provided the best performance, achieving the shortest
amplification time, whereas two and four times washing resulted
in lower performances (Figure 4D). This may be attributed to the
point that insufficient washing may leave residues of impurities
and inhibitors, thereby affecting downstream processing efficiency.
Conversely, excessive washing may lead to the loss of nucleic acids
bound to the MBs, thereby reducing amplification efficiency.

In summary, the optimal conditions for RNA extraction using
MBs were established as follows: 200 nm beads, a 3-min incubation
period, a 1:1500 bead-to-sample ratio, and three washes with
80% ethanol.

3.5 Evaluation of MB-based RNA extraction
method with RT-LAMP

To evaluate the sensitivity of RT-LAMP, RT-qPCR, and RT-PCR
for SMV-SC7 detection, the cDNA was diluted in a 10-fold gradient.
As shown in Supplementary Figure 3D, SMV-SC7 was successfully
detected by real-time fluorescent RT-LAMP, ranging from 10! to
10~* ng/pL, with an LOD of 10~* ng/uL (24 copies/wL). The
J-shaped curve was observed by RT-qPCR, ranging from 10! to
10~% ng/WL (Supplementary Figure 3A). There was a good linear
relationship between cDNA concentration and cycle threshold
time (CT) (Supplementary Figure 3B). However, RT-PCR could
only detect cDNA concentrations up to 1072 ng/pL (2.4 x 103
copies/iL) (Supplementary Figure 3C).

To assess the efficacy of the MB-based RNA extraction
method from soybean leaves, its performance was compared with
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a commercial RNA extraction kit using RT-LAMP. The real-
time fluorescence results showed that both MB-based method
and commercial kit successfully detected SMV-SC7, with similar
amplification times. Notably, the Ct value for the commercial
kit was significantly lower than that of the MB-based method
(Supplementary Figure 4). Subsequently, colorimetric RT-LAMP
assays were conducted to evaluate the efficiency of the two RNA
extraction methods using serially diluted SMV-SC7 ¢cDNA, ranging
from 10! to 107> ng/nL. As depicted in Figures 5A, B, for both
RNA extraction methods, the LAMP reaction solution turned
green at SMV-SC7 ¢cDNA concentrations ranging from 10~ to
10! ng/pL. However, at concentrations lower than 10~% ng/pL
(24 copies/LL), the test solutions stayed orange, matching in color
with that of the negative control. These findings demonstrated that
the two RNA extraction methods did not impact the sensitivity of
LAMP visualization. Finally, RT-LAMP-LFD assays using serially
diluted SMV-SC7 cDNA were performed to assess the sensitivity
of the MB-based RNA extraction method. As shown in Figures 5C,
D, the LFD showed that with the commercial RNA extraction kit,
a red test band was visible at cDNA concentrations from 107°
to 10! ng/pL, whereas the MB-based method could only detect
cDNA concentrations up to 107> ng/uL (2.4 copies/pL). These
findings suggest that the RT-LAMP-LFD approach is more sensitive
than colorimetric RT-LAMP for both RNA extraction methods,
demonstrating that incorporating an LFD into the LAMP assay
enhances sensitivity.

As LFD visualization is limited to qualitative analysis, the
test lines on the LFD are subjected to the gray-scale analysis
using Image] for semi-quantitative assessment. The results
demonstrated consistency between the gray-scale analysis findings
and visualization outcomes (Figures 5C, D).

3.6 Field soybean sample testing using
RT-LAMP-LFD assay

To assess the accuracy and reliability of the RT-LAMP-LFD
assay for SMV-SC7 in field applications, the SMV-SC7 infection
status was evaluated on leaves from 194 soybean varieties at the
Shanxi Shenfeng Experimental Field. Initially, RNA from the leaves
of 194 soybean varieties were extracted using the MB-based RNA
extraction method. Given that RT-qPCR is regarded as the gold
standard in laboratories and clinics to diagnose multiple diseases
(Yi et al, 2024), RT-qPCR testing was conducted on 194 field
samples, using a threshold of 37 cycles to determine positivity.
Subsequently, colorimetric RT-LAMP and RT-LAMP-LFD
methods were employed to detect SMV-SC7. The results showed
that 62 samples were identified as positive for SMV-SC7 by RT-
qPCR (Ct values of 21.3-36.8), whereas 41 samples were validated
as positive by colorimetric LAMP, and 59 samples were identified
as positive by RT-LAMP-LFD. The SMV-SC7 positive rate was
32.96% (62/194), 21.12% (41/194), and 30.41% (59/194) with
RT-qPCR, colorimetric LAMP, and RT-LAMP-LFD, respectively.
Compared with the RT-qPCR method, the colorimetric RT-LAMP
and RT-LAMP-LFD assays, respectively, demonstrated a specificity
of 97.73% (129/132) and 100% (132/132), a sensitivity of 61.29%
(38/62) and 95.16% (59/62), and an overall accuracy of 86.08%
(167/194) and 98.45% (191/194) (Table 1, Supplementary Table 2,
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FIGURE 4
Optimization of nucleic acid extraction utilizing MBs. (A) Evaluation fluorescence signals and Ct value in the RT-LAMP reaction system with different
Mbs sizes (40, 200, 300, and 400 nm). (B) Assessment fluorescence signals and Ct value in the RT-LAMP reaction system with different incubation
time (1, 3, 5,7, 9, and 11 min). (C) Examination fluorescence signals and Ct value in the RT-LAMP reaction system with different ratio of MBs to
sample mass at 1:500, 1:1000, 1:1500, 1:2000, and 1:2500. (D) Evaluation fluorescence signals and Ct value in the RT-LAMP reaction system with
different washes times (2, 3, and 4 times). Error bars represent SD of mean, n = 3. P < 0.05 was considered statistically significant. RFU, relative
fluorescence units.

Supplementary Figures 5, 6). These findings suggested that the
RT-LAMP-LFD assay demonstrated an excellent diagnostic
agreement with the RT-qPCR assay for SMV-SC7 detection and
could be a useful tool to qualitatively analyze endpoint results in
field soybean samples.

Given the of RT-LAMP-LFD
visualization at the endpoint, the visual signals were quantified

qualitative  limitations
using Image], and normalization was applied to the field samples
(Figure 6A). Color data extracted by Image] confirmed consistency
with the results described earlier, although this was not a fully
quantitative analysis. Consequently, a 10-fold gradient dilution of
the SMV-SC7 ¢cDNA template was performed for the RT-qPCR
assay to establish a linear correlation between Ct values and viral
load, facilitating the estimation of SMV-SC7 load in field soybean
samples (Supplementary Figures 3A, B). The median estimated
viral load in positive samples was 107>° ng (2.4 x 10! copies),
with a range from 10%¢ to 107%* ng/pL (Figure 6B). All false
negatives in the RT-LAMP-LFD assay exhibited estimated viral
loads of <10~* ng (24 copies), likely falling below the threshold
required for viral transmission (Larremore et al., 2021). However,
of the 14 samples that fell below this threshold, the RT-LAMP-LFD
still detected SMV-SC7 in more than half of them. At levels
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above this threshold, the assay achieved 100% sensitivity. In
addition, viral load variations among different varieties indicated
that these varieties had different resistance levels to SMV-SC7.
These findings suggest that the assay platform could potentially
serve as a quantitative tool to analyze field soybean samples. The
RT-LAMP-LFD visualization platform developed in this study
provides rapid, portable, cost-effective, and precise detection of
SMV-SC7 in soybeans, offering a new strategy for monitoring
SMV-SC7 infection.

4 Discussion

Soybean mosaic disease—commonly attributed to SMV—is a
prevalent viral disease affecting soybeans, impacting seed yield and
quality (Hajimorad et al.,, 2018; Liu et al., 2016; Usovsky et al.,
2022). Point-of-care testing (POCT) is critical for diagnosing and
managing soybean mosaic disease in various settings, particularly
in remote places. The traditional approach for detecting and
diagnosing viruses that infect crops is to examine their biological
properties such as symptoms (Debreczeni et al., 2011). However,
these tests may take several weeks. PCR-based methods are
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FIGURE 5

Evaluation of RNA extraction based on MBs the method and the commercial RNA extraction kit method. Sensitivity evaluation of (A) commercial RNA
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negative, and a green color signifies positive. Sensitivity evaluation of (C) commercial RNA extraction kit method and (D) the MBs based RNA
extraction method used LFD visual detection, respectively. When control line (blue) and test line (red) appeared simultaneously, the result was
considered positive; when only a control line appeared, the result was considered negative. Visual signals from the LFD were quantified using ImageJ,
and subsequent normalization was carried out. The y-axis (C,D) represents the normalized intensity of the gray-scale analysis results and the x-axis
(C.D) denotes the logarithm of SC7 template concentrations. The concentrations 10*-10~7 ng/pL represent different concentrations of SC7
template used for testing purposes; NC refers to negative control. Negative control by RT-LAMP-LFD was colored purple. Error bars represent SD of
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TABLE 1 Field samples evaluated by the colorimetric RT-LAMP and the RT-LAMP-LFD.

Total specimens tested Sensitivity Specificity Accuracy Total samples
Colorimetric RT-LAMP 38/62 (61.29%) 129/132 (97.73%) 167/194 (86.08%) 194
RT-LAMP-LED 59/62 (95.16%) 132/132 (100%) 191/194 (98.45%) 194
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Application of the detection platform in field samples. (A) Visual signals from the RT-LAMP-LFD were quantified using ImageJ, with subsequent
normalization applied to field samples. (B) The estimation of viral load in each sample was determined using the quantitative standard curve obtained
from RT-qPCR. Samples identified as negative by RT-LAMP-LFD are marked in red.
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cumbersome because they require the initial isolation of nucleic
acids, followed by amplification of the target sequence and analysis
of the products on an agarose gel (Bhat et al., 2022). By contrast,
LAMP can be performed at a single temperature without the need
for thermal cyclers, and the results can be visualized as a color
change and LFD (Notomi et al., 2000; Chen et al., 2023). In this
study, a simple and rapid MB-based RNA extraction approach
was optimized and combined with RT-LAMP-LFD for specific
detection of the SMV-SC7 strain. The RT-LAMP-LFD platform did
not require specialized equipment or technical expertise, facilitating
early diagnosis of plant diseases, such as SMV-SC7. This enables
timely interventions to control outbreaks, mitigate the impact
of SMV-SC7 on soybean yields, and minimize economic losses
for farmers.

In recent years, MB-based nucleic acid extraction methods have
been employed across various fields (Faggi et al., 2005; Faye et al,,
2024; Klein et al, 2020; Wang et al., 2024). Typically, the MB-
based RNA extraction process involves stages of lysis, incubation,
washing, and elution. Research has indicated that the general yield
of nucleic acids from MB-based methods ranges from 70% to 80%.
The primary cause of this loss has been attributed to the elution step
(Branch et al,, 2017; Wielinga et al., 2011; Xu et al., 2017; Zhang
et al., 2015; Zhang Z. M. et al,, 2022). Consequently, in this study,
RNA was not eluted from the MBs during extraction but was rather
used directly for RT-LAMP.

In addition, in animal nucleic acid extraction, the MB-based
method can eliminate the need for centrifugation (Klein et al,
2020; Zhang et al., 2015; Zhang Z. M. et al., 2022). However, due
to the rigid polysaccharide cell walls of plant cells, centrifugation
is still required during the extraction of nucleic acids from plant
tissues. Thus, developing techniques to eliminate centrifugation
and further simplify the extraction process remains a crucial area
for future research in plant tissue nucleic acid extraction.

Methods for visualizing RT-LAMP reaction results include
pH-sensitive dyes (Luo et al., 2021), metal ion indicators (Yang
et al., 2024), nanoparticles (Wang et al., 2023), and fluorescent
dyes (Wu et al, 2024), among others. In the present study,
SYBR Green I and LFD were utilized for RT-LAMP assay
visualization. In colorimetric RT-LAMP detection, sensitivity
can reach 107% ng/pL (24 copies/nL), whereas RT-LAMP-LFD
methods can achieve sensitivities up to 107> ng/iL (2.4 copies/pL).
Nimitphak et al. developed a LAMP-LFD assay for the detection
of shrimp hepatopancreatic parvovirus (PmDNV), and found
that the integration of LAMP with LFD could enhance the
sensitivity of traditional RT-LAMP assays, which is consistent
with the result of our study. And the sensitivity of the developed
assay showed an improvement of one and three orders of
magnitude, respectively, compared with RT-qPCR and RT-PCR
assays (Supplementary Figure 3). Since RT-qPCR is considered the
gold standard for diagnosing diseases in laboratories and clinics (Yi
etal., 2024), the viral load in infected soybeans was assessed by RT-
qPCR in our study. The results showed that the viral load of all
infected soybeans was higher than 107> ng (2.4 copies) (Figure 6A).
Therefore, a detection limit of 107> ng (2.4 copies) is sufficient for
field applications.

The RT-LAMP-LFD results can be visually recognized with
the naked eye. While visualization detection enables qualitative
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analysis of endpoints by identifying the presence or absence of test
lines, it is not suitable for absolute quantitative analysis due to the
“plateau effect” observed in RT-LAMP product pre-amplification.
Given the limitations of qualitative analysis in visually inspecting
RT-LAMP-LFD endpoints, the visual signals from RT-LAMP-LFD
were quantified through color data extraction using Image] and
subsequent normalization of the samples. However, this approach
provides semi-quantitative analysis only. Finally, RT-qPCR was
employed to establish a linear relationship between Ct values and
viral load, enabling the assessment of SMV-SC7 load in the field
samples. This suggests that the assay platform has the potential to
function as a quantitative analysis tool.

Screening of SMV-resistant soybean germplasms directly in the
fields is a primary strategy for breeders. In this study, RT-LAMP
primers were specifically designed for detecting the SMV-SC7
strain. The colorimetric RT-LAMP and RT-LAMP-LFD assays were
employed to evaluate SMV-SC7 infection in leaves of 194 soybean
cultivars, selected at the seedling stage from the fields that had been
continuously cultivated with soybeans for 6 years. Consequently,
132 of these cultivars showed no signs of SMV-SC7 infection,
suggesting their potential resistance to this strain and highlighting
their suitability as candidates for future breeding programs aimed
at enhancing SMV resistance. In contrast (Li et al., 2024) found
that only 69 out of 200 soybean varieties were resistant to SMV-
SC15 at the seedling stage, under similar conditions of continuous
cultivation. This indicates that SMV-SC15 exhibits greater toxicity
and dominance than SMV-SC7, aligning with findings reported by
Zhang K. et al. (2022).

The RT-LAMP-LFD assay consists of Mb extraction RNA,
LAMP amplification and product analysis by LED. The MB-based
method is more economical, and each sample is ~1.2 dollars
inexpensive than commercial kits (Palani et al., 2019; Simoes
et al., 2013). RT-LAMP is an isothermal-based amplification assay
that does not require complex laboratory equipment (Notomi
et al., 2000). Bst DNA polymerase used for LAMP amplification
has strong strand displacement activity and high temperature
tolerance, which is particularly important for field applications in
resource-limited environments. And the use of the LFD makes
it possible to visualize to analyze the products. Furthermore,
the total RT-LAMP-LFD analysis procedure can be completed
within ~75min including MB-based RNA extraction (15 min),
reverse transcription (30 min), RT-LAMP amplification (30 min)
and result interpretation (<2 min). However, the total RT-qPCR
analysis procedure can be completed within ~140 min including
commercial kit RNA extraction (30min), reverse transcription
(30 min) and RT-qPCR reaction (80 min). RT-LAMP-LFD reduced
the time by ~46% compared to RT-qPCR. In conclusion, the assay
enables rapid and portable detection of SMV-SC7 and providing
technical support to identify SMV-SC7-infected soybeans.

This study has several limitations. First, the criteria used to test
individuals may influence group characteristics, potentially leading
to deviations in our results. Second, although the MB-based RNA
extraction method was optimized to simplify and accelerate the
process, the RNA extraction step remains necessary, still incurring
both time and cost. Lastly, the transition from laboratory settings
to real field applications has not yet been achieved. In future, it
could be considered to circumvent RNA extraction (e.g., direct
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RT-LAMP on crude lysates) in SMV testing to reduce the time and
cost. In addition, future research could focus on integrating simpler
sample handling methods and portable detection devices with the
established RT-LAMP-LFD assay, which would enhance its utility
for direct field testing.

In conclusion, this study developed a simple, rapid, portable,
and robust assay for SMV-SC7 detection by combining MB-based
nucleic acid extraction with the RT-LAMP-LFD approach. The
method offers good specificity and high sensitivity, facilitating easy
and intuitive detection of SMV-SC7 without the need of expensive
instrumentation. RT-LAMP-LFD reduced the time by ~46%
compared to RT-qPCR. This provides essential technical support
for SMV control and early diagnosis of soybeans susceptible
to SMV-SC7 infection. Additionally, the assay holds significant
potential to serve as an ideal diagnostic tool for rapid and precise
detection of SMV-SC7 infection in resource-limited settings.
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