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Background: Wheat stripe mosaic virus (WhSMV) is a significant wheat pathogen that causes substantial yield
losses in Brazil and other countries. Although several detection methods are available, reliable and efficient
tools for on‐site WhSMV detection are currently lacking. In this study, a Loop‐Mediated Isothermal
Amplification (LAMP) method was developed for rapid and reliable field detection of WhSMV. We designed
WhSMV‐specific primers for the LAMP assay and optimized reaction conditions for increased sensitivity and
specificity using infected plant samples.
Results: We have developed a diagnostic method utilizing the Loop‐Mediated Isothermal Amplification (LAMP)
technique capable of rapidly and reliably detecting WhSMV. The LAMP assay has been optimized to enhance
sensitivity, specificity, and cost‐effectiveness.
Conclusion: The LAMP assay described here represents a valuable tool for early WhSMV detection, serving to
mitigate the adverse economic and social impacts of this viral pathogen. By enabling swift and accurate iden-
tification, this assay can significantly improve the sustainability of cereal production systems, safeguarding
crop yields against the detrimental effects of WhSMV.
1. Introduction

Wheat (Triticum aestivum L.) is one of the most cultivated cereals
globally. In Brazil, wheat is grown during the winter and spring, pri-
marily in the three Southern states: Paraná (PR), Santa Catarina (SC)
and Rio Grande do Sul (RS). Viral diseases are important factors affect-
ing wheat in Brazil.

Wheat stripe mosaic virus (WhSMV) is a plant‐pathogenic virus
consisting of two segments of polyadenylated single‐strand ssRNA
(RNA1 and RNA2), found in Southern Brazil,1 Paraguay,2 and South
Africa,3 and causes considerable yield loss in infected wheat and other
cereal crops. The primary mode of transmission is through the plas-
modiophorid Polymyxa graminis, an obligate plant parasitic soil inhab-
itant that infects the roots of wheat and other cereals.1 The
development of a point‐of‐care diagnostic tool for WhSMV is crucial
to enable early detection and the implementation of effective control
measures. Such a tool would help mitigate the virus's economic and
social impacts and enhance the sustainability of cereal production sys-
tems.4 In addition, this diagnostic tool will be fundamental for charac-
terizing wheat genotypes with respect to WhSMV resistance, as current
characterization relies solely on plant symptoms.5

Other methodologies are available for WhSMV detection, include
serological, molecular, and imaging techniques.1,6 Serological
approaches involve the utilization of virus‐specific antibodies to detect
WhSMV in plant tissues or extracts, with the enzyme‐linked
immunosorbent assay (ELISA) often being employed. Nevertheless,
the efficacy of ELISA in terms of sensitivity and specificity might be
influenced by potential cross‐reactivity with other viruses and varia-
tions in viral concentration.6 ELISA is not considered a point‐of‐care
assay and relies on using laboratory infrastructure for the assay.7
y murine
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Molecular methods, such as polymerase chain reaction (PCR) or
reverse transcription PCR (RT‐PCR), enable the detection of viral
nucleic acids (RNA or DNA), with high sensitivity and specificity.8

However, applying such molecular methods can be time‐consuming,
necessitate specialized equipment and expertise, and are not practical
for on‐site field detection of WhSMV in wheat crops.9

Loop‐mediated isothermal amplification (LAMP) is a nucleic acid
amplification technique that has emerged as a promising alternative
to PCR‐based methods for the detection of viral nucleic acids, includ-
ing RNA or DNA.10 LAMP is a single‐tube reaction that amplifies DNA
sequences under isothermal conditions. This technology offers several
advantages over PCR‐based methods, including high sensitivity and
specificity and simple instrumentation requirements.11 These features
make LAMP a useful tool for rapid and reliable field detection of viral
pathogens, with potential applications in crop protection, disease diag-
nosis, and public health surveillance.12–14

This study focused on developing a LAMP protocol for the point‐of‐
care detection of WhSMV. By designing WhSMV‐specific primers and
fine‐tuning the reaction conditions, we successfully optimized the
LAMP assay for enhanced sensitivity and specificity using infected
wheat plant samples. The significance of this research lies in utilizing
LAMP as an alternative to traditional PCR‐based methods, offering
numerous advantages such as heightened sensitivity, specificity, rapid
detection, and simplified instrumentation requirements.

The application of LAMP for in‐field detection of viral pathogens
holds immense potential not only in crop protection but also in disease
diagnosis and public health surveillance. This study paves the way for
practical and efficient WhSMV detection strategies, ultimately con-
tributing to the mitigation of economic losses, the preservation of cer-
eal production systems, and the overall improvement of agricultural
sustainability.
2. Materials and methods

2.1. Sample collection

Wheat samples, provided by the Plant Virology Laboratory of Cen-
tro de Ciências Agroveterinárias ‐ Universidade do Estado de Santa
Catarina (CAV‐UDESC) were collected from the symptomatic areas
of Embrapa Trigo in Passo Fundo, RS, located at coordinates 28°
130S; 52°240W and an altitude of 648 m. The selection of this location
was based on a documented history of the disease and viral vector,
with the cultivars exhibiting characteristic mosaic symptoms
(Fig. S1). Wheat leaves were tested using RT‐PCR to confirm their
respective virus infection status. Leaf and stem parts of the plant were
collected and stored at −80 °C for subsequent RNA extraction.

The control wheat samples used in this study comprised the same
cultivar, age, and growth conditions, except that they remained non‐
infected.

For specificity studies, rice stripe necrosis virus (RSNV), isolated from
rice (Oryza sativa), served as the control in LAMP specificity assays. In
RT‐LAMP assays, wheat samples infected with barley yellow dwarf virus
(BYDV) were employed as field controls for experimental validation.
2.2. Primer design

In this study, conserved regions of the RNA sequence coding the
viral replication (VR) polyprotein and coat protein (CP) genes (Figs. 1
and 2) were utilized as the foundation for designing RT‐LAMP primers
for WhSMV detection (Table 1). The designed primers hybridized to
VR or CP target genes, (GenBank ‐accession numbers MH151795
and MH151801).1 The primer design was executed using the Primer
Explorer V5 program (Fujitsu Ltd. Tokyo, Japan, https://primerex-
plorer.jp/lampv5e/inde.html) as recommended by the Eiken GENOME
SITE. Modifications were made, specifically adjusting the amount of G
2

and C (40–60 %) to ensure a primer Tm between 60 and 65 °C and a
ΔG value greater than − 4 to improve stability at the 50 end.

The primer set “A” included primers F3, B3, FIP (F1c + F2), BIP
(B1c and B2), LF, and LB, recognizing a total of eight sequences of
the VR gene (Fig. 1) (Table S1). Set B detected the CP gene (ORF 2
of RNA 2) (Table S2), resulting in the use of seven primers (F3, B3,
FIP (F1c + F2), BIP (B1c and B2) and LF) (Fig. 2). Due to restrictions
imposed by the software, it was not possible to design the Loop Back-
ward (LB) primer for ORF 2.

2.3. Total nucleic acid extraction

Total nucleic acid extraction was performed from wheat leaves and
stems (100 mg total weight) using the TRIZOL reagent, following the
protocol suggested by the manufacturer (Thermo Fisher). Subse-
quently, the pellet was resuspended in 30 µL of RNase‐free H2O. The
sample concentration was determined using the NanoDrop equipment
(NanoDrop 2000, Thermo Scientific), and the integrity of the mole-
cules was evaluated by electrophoresis in a 1 % agarose gel. Finally,
the samples were stored at −80 °C.

2.4. Reverse transcription reaction

The synthesis of complementary deoxyribonucleic acid (cDNA) was
performed using M−MLV Reverse Transcriptase, 2 µg of RNA, and
0.5 µg of oligo dT primer, following the manufacturer's instructions
(M−MLV Reverse Transcriptase ‐Promega Corporation, USA). The
cDNA was treated with the ribonuclease inhibitor enzyme RNaseOUT™
(Invitrogen, Life Technologies, Carlsbad, USA) and stored at −80 °C.

2.5. Cloning, sequencing, and sequence analysis

For the synthesis of single‐stranded viral cDNA, M−MLV Reverse
Transcriptase, RNase H Minus (Promega Biotecnologia do Brasil,
Ltd., São Paulo, Brazil) was employed, using random primers (Pro-
mega). The external primers (F3 and B3) of the LAMP assay, flanking
the target gene, were utilized to verify the presence of the viral gene.15

Following reverse transcription, 2 µL of cDNA was used for PCR ampli-
fication, in a total volume of 25 µL. The reaction mixture consisted of
1 µL of each external primer (10 µM), 10 µL of 5X PCR buffer, 4 µL of
MgCl2 (25 mM), 1 µL of dNTP (10 mM), 0.25 µL of GoTaq DNA Poly-
merase (5 U/µL) (Promega), and Milli‐Q ultrapure water to reach the
total volume. Thermocycler parameters were set as follows: an initial
denaturation cycle at 95 °C for 2 min, followed by 35 cycles of denat-
uration at 95 °C for 1 min, primer annealing at 62 °C for 30 s, extension
at 72 °C for 20 s, and a final extension cycle at 72 °C for 5 min.

The PCR product was purified using the QIAquick PCR Purification
Kit (QIAGEN). Subsequently, the purified product was cloned into the
pGEM‐T Easy plasmid (Promega) following the manufacturer's proto-
col and incubated overnight at 4 °C. Once the vector with the insert
was obtained, it was transformed into electrocompetent Escherichia coli
Top10F® cells (Invitrogen).

The bacteria were inoculated in LB‐agar culture medium containing
ampicillin (100 μg/mL), 100 μL of IPTG (100 mg/mL), and 20 μL of X‐
Gal (50 mg/mL) (Promega, Fischer‐Biotech) and incubated at 37 °C over-
night. Selected colonies were added to 1 ml of LB medium containing
ampicillin (50 µg/ml) and incubated at 37 °C with shaking at 200 rpm
overnight. After bacterial colony growth, DNA was obtained using a
DNA extraction kit (QIAprep® Spin MIniprep Kit 250; Promega, GER).

The extracted DNA was subjected to PCR using primers (F3 and B3,
Fig. 1), which anneal to flanking sequences in the inserted DNA frag-
ment, followed by sequencing.

The sequencing was carried out at ACTGene Analytical Moleculars
Ltda. (Rio Grande do Sul, Brasil). Sequences were analyzed using Basic
Local Alignment Search Tool (BLAST) and MEGA 11 software for iden-
tification of viral species.
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Fig. 1. The RNA1 sequence (GenBank accession number MH151795) is depicted as a double-stranded DNA segment in the figure. The sense strand (50 to 30,
uppercase) and the antisense strand (30 to 5´, lowercase) are highlighted to illustrate the specific DNA fragments identified by the software. These fragments were
used to design set A of LAMP primers.

Fig. 2. The RNA2 sequence (GenBank accession number MH151801) is depicted as a double-stranded DNA segment in the figure. The sense strand (50 to 30) and
the antisense strand (30 to 5´) are highlighted to illustrate the specific DNA fragments identified by the software. These fragments were used to design the set B of
LAMP primers.

Table 1
Primer sequences (set A) designed to target the gene associated with WhSMV viral replication (RNA 1 Genebank accession number MH151795).

Identification: A Dimer (Minimum) ΔG = −2.03

Primer Melting Temperature (Tm) °C Sequence (50
–30) Genome Position (50

–30) 50ΔG 30ΔG

F3 60.32 GCTGAACGTCCGAATCTGAC 188–207 −5.26 −4.76
B3 59.59 AACGCTACGCTGAAAGGTC 379–397 −6.07 −4.85
FIP TGCGACTTCCTGCCAGATCCTCTGGGGCAGTTTTTGCGA
BIP GTCTCGTCGTTTGGACACTGCGCGTAGTACCGTCAAAGCCTG
F2 60.15 CTGGGGCAGTTTTTGCGA 210–227 −6.29 −6.10
F1c 65.54 TGCGACTTCCTGCCAGATCCT 264–284 −6.59 −4.59
B2 59.74 CGTAGTACCGTCAAAGCCTG 359–378 −4.90 −6.08
B1c 65.45 GTCTCGTCGTTTGGACACTGCG 304–325 −5.53 −6.57
LF 60.87 GCGATAGCAATCATGTTCATTGATG 229–253 −5.16 −4.07
LB 60.56 TTTTCGGGTTTCGTTGGACC 326–345 −4.47 −5.86
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2.6. LAMP reaction

LAMP reactions were conducted with cDNA produced from RT
reactions detailed above. To select the best primer set among groups
“A” and “B”, LAMP reactions were performed as previously described
by Notomi et al.,.10 The “A” reaction contained 8 primers (Table S1)
3

responsible for recognizing the viral replication protein gene (RV),
while the “B” reaction consisted of a set of 7 primers (Table S2)
responsible for the synthesis of the envelope protein (CP). Each LAMP
reaction was conducted in a total volume of 25 µL, comprising 2.5 µL
of 10x Bst reaction buffer, 0.32 mM dNTPs, 0.64 M betaine, 0.2 µM F3
and 0.2 µM B3 (A and B), 0.64 µM FIB and 0.64 µM BIP (A and B),
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0.32 µM LF (A and B) and 0.32 µM LB (A), 8 mMMgSO4, 0.75 µL cDNA
(1/10 dilution), 2 U/µL Bacillus stearothermophilus (Bst) 2.0 turbo DNA
polymerase (Cellco, São Paulo, Brazil), and ultrapure Milli‐Q water to
complete the total volume for each reaction.

Betaine is a destabilizing agent of the DNA double helix structure
and facilitates the denaturation of double‐stranded DNA, being benefi-
cial for the LAMP technique that operates at constant and relatively
low temperatures. The addition of betaine to the LAMP reaction helps
to improve amplification efficiency and overcome possible inhibitions
that may affect the reaction.16–17 After determining the optimal incu-
bation temperature, MgSO4 concentration, and betaine concentration,
the shortest reaction duration was investigated to define the best set of
primers that recognize the WhSMV virus.

LAMP amplification products (25 μL) were examined by direct
visual inspection of the reaction tube before and after the introduction
of SYBR Green I (Bio‐Rad Laboratórios Brasil Ltda, Santo Amaro, SP,
Brazil) in a dilution of 1:1,000 TE (v/v). In addition, LAMP amplifica-
tion products (25 µL) were detected regularly using agarose gel elec-
trophoresis (1.5 % agarose; TAE).
2.7. Real-time quantitative PCR (qPCR)

The qPCR (Quantitative Polymerase Chain Reaction ‐ qPCR) reac-
tion18 was performed using cDNA samples and the external primer pair
(F3/B3) from set “A” (Table 1), which were used to amplify the frag-
ment corresponding to RP (RNA 1 ‐ ORF 1) of WhSMV virus (Genbank
accession number MH151795) and quantify the viral load of the sam-
ples to evaluate the sensitivity of the LAMP technique. The qPCR reac-
tions were carried out using the SYBR Green PCR Master Mix Kit
(Table S3) (Applied Biosystems, Carlsbad, USA) according to the man-
ufacturer's instructions.

The reaction involved an initial denaturation step at 95 °C for
10 min, followed by 35 cycles of denaturation at 95 °C for 15 s, anneal-
ing and extension at 62 °C for 1 min, and a final step at 95 °C for 15 s.
The analysis of the melting curve was performed with a slow increase
from 62 °C to 95 °C at a rate of 1 °C per 5 s. To quantify the viral load,
the Cq values (quantification cycle) obtained from each sample were
compared with the corresponding standard curve.19 For result analy-
sis, StepOne™ Software V2.1 was used.
2.8. RT LAMP sensitivity and specificity

WhSMV is an RNA virus and therefore, we tested the RT‐LAMP
reaction for the development of a single tube point‐of‐care test. In
these cases, RNA samples (1 μg / μL) were subjected to an RT‐LAMP
reaction as follows. The RT‐LAMP assays were carried out in a final
volume of 25 µL, containing 2.5 µL of 10X Bst 2.0 turbo buffer (Cellco),
8 mMMgSO4, 0.5 mM dNTP, 0.64 M Betaine, 0.64 µM FIP and 0.64 µM
BIP, 0.2 µM F3 and 0.2 µM B3, 0.32 µM LF and 0.32 µM LB, 0.45 µM
MgCl2, 1.8 µM DTT (Ludwig), 200 U of moloney murine leukemia
virus reverse transcriptase (M−MLV RT), 8 U of Bacillus stearother-
mophilus (Bst) 2.0 turbo DNA polymerase (Cellco), 1.0 µL of RNA
extract, and 4.0 µL of nucleases‐free water. RNA extracts from non‐
infected wheat leaves were used as a control.

The RT‐LAMP reactions were incubated at an optimal temperature
for amplification, and following electrophoresis, the resulting bands
were observed as an indicator of amplification.

To test LAMP reaction specificity, RNA samples from the rice stripe
necrosis virus (RSNV virus from the Benyviridae family) were used as
control.1,20 RNA extracted from WhSMV‐infected wheat leaves and
non‐infected wheat leaves were used as control. Three unidentified
samples, two of which were infected with RSNV virus RNA (from
the Benyviridae family) extracted from wheat roots and stems, and
one sample infected with WhSMV RNA extracted from wheat leaves,
were tested as a double‐blind study.
4

2.9. Detection of WhSMV in the field with the RT-LAMP technique

In this study, the effectiveness of the RT‐LAMP technique was eval-
uated, simulating field collection conditions using the pipette tip
method, a variation of the toothpick method 21. Due to the absorbent
nature of toothpicks, which could affect the RT‐LAMP reaction mix-
ture, we replaced them with a 10 µL pipette tip. This pipette tip was
employed to puncture the tissue of the sample (leaf) with 10–15 per-
forations. Method is referred here as the “pipette tip method”. The
reaction conditions are shown in Table S4. The sample was then
immersed in a microtube containing the RT‐LAMP reagents. The study
focused on three different plants: a barley yellow dwarf virus (BYDV)‐
infected wheat plant, a non‐infected wheat plant (Triticum aestivum L.),
and a WhSMV‐infected triticale (a hybrid of wheat and rye).
3. Results

3.1. Confirmation of viral identities

Sequences from cloned samples of the WhSMV virus were submit-
ted to the National Center for Biotechnology Information (NCBI) Gen-
Bank and analyzed using the nucleotide‐nucleotide BLAST (Blastn)
tool. The analysis revealed that the fragments shared 98.18 % identity,
compared to WhSMV isolate (GenBank MH151795.1 and MH151801).
3.2. LAMP reaction

Initially, experiments were conducted to determine the optimal
reaction conditions. Thus, the reactions were tested for both primer
sets (Tables 1 and 2), at constant temperature of 60 °C.

Previous studies demonstrated that increasing the reaction time
beyond 2 h increases the occurrence of non‐specific amplification,
therefore setting reaction times to less than 120 min reduces the pos-
sibility of false positives 22 . To determine the minimum necessary time
for accurate detection, tests were performed for 30, 60, or 90 min
(Fig. 3A). However, the negative control reaction was maintained for
90 min to guarantee the absence of amplification.

Most previous studies conducted with the LAMP technique
employed a concentration of 8 U of Bst DNA polymerase per reac-
tion.10,23–25 To reduce costs, the reduction of Bst DNA polymerase con-
centration in the LAMP reaction was investigated. In Fig. S2, the
absence of amplification can be observed in the negative controls using
8 U of the Bst enzyme (reaction with cDNA from uninfected wheat,
cultivated in the virology laboratory (UDESC)). Infected samples were
tested using different enzyme concentrations specifically 8 U, 6 U, 4 U,
and 2 U per reaction, with 2 U demonstrating efficiency in amplifying
the target gene.

To assess the specificity of the primers designed for WhSMV
detection in our LAMP reactions, we employed rice stripe necrosis
virus (RSNV) cDNA as a negative control. RSNV was chosen because
it shares a 51 % genetic similarity with WhSMV and is transmitted
by the same vector.1 This control helps us verify that our primers
accurately distinguish WhSMV from closely related viruses like
RSNV.

In Fig. 3A, agarose electrophoresis highlights DNA amplification
(left lanes) using replication (RV) primers, starting from 30 min.
Amplification of the coat protein (CP) fragment (right lanes) required
a minimum of 60 min. Primer set A, with an additional Loop primer,
demonstrated faster amplification, therefore, we decided to proceed
with Primer set A for additional testing. Furthermore, Fig. 3B demon-
strates the effective amplification of the WhSMV RNA1 gene using as
little as 0.5 U/reaction of Bst DNA polymerase and primer set A. In this
experiment, the reaction was optimized to enhance cost‐effectiveness
and to test sensitivity with reduced quantities of the Bst DNA poly-
merase enzyme, which is a cost‐sensitive component for large‐scale



Table 2
Primer sequences (set B) designed to target the gene associated with the WhSMV capsid protein (RNA 1, Genebank accession number MH151801).

Identification: B Dimer (Minimum) ΔG = -1,66

Primer Melting Temperature (Tm) °C Sequence (50
–30) Genome Position (50

–30) 50ΔG 30ΔG

F3 59.1 TCGTATAATTTCGGGGCAGG 126–145 −4.31 −6.69
B3 60.01 CGGGAAACGCACGTTCTT 330–347 −6.14 −4.01
FIP ACCCAAGCGTTGGATGCGTACTATGGCAGGCACTTACAGC
BIP GGCTCTCGATGTCACAAAGGCACACGAAACCAACAGTACCCA
F2 59.18 TATGGCAGGCACTTACAGC 146–164 −4.98 −4.98
F1c 65.17 ACCCAAGCGTTGGATGCGTAC 188–208 −5.51 −5.91
B2 59.66 CACGAAACCAACAGTACCCA 307–326 −5.35 −5.09
B1c 64.81 GGCTCTCGATGTCACAAAGGCA 248–269 −5.93 −5.75
LF 60.49 GCGATAGCAATCATGTTCATTGATG 165–184 −6.73 −5.00

Fig. 3. LAMP Amplification and Optimization. In panel A, agarose gel electrophoresis displays LAMP products for WhSMV using primer sets A and B, showing
amplification from 30 to 90 min for WhSMV cDNA and 90 min for the RSNV control virus cDNA. In panel B, agarose gel electrophoresis displays the optimization
of Bst DNA polymerase enzyme concentrations ranging from 2.0 to 0.125 units, respectively to WhSMV, and 2.0 units to RSNV. In panel C, the LAMP optimization
test distinguishes RSNV negative samples (Lane 1) from WhSMV positive samples (Lane 2), on agarose gel electrophoresis. Panel D shows visual inspection,
indicating turbidity andnucleic acid presence in a collection tube, visible to the naked eye. In panel E, LAMP detection using SYBR Green was excited by UV light at
302 nm. (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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testing. As depicted in Fig. 3B, the utilization of 0.5 U of this enzyme
per reaction successfully amplified samples infected with the WhSMV
virus. However, for added safety margin, the utilization of 0.75 U per
reaction was established.

Fig. 3C shows the reaction specificity, where amplification can only
be observed in lane 2, which contains WhSMV cDNA from infected
samples as compared to lane 1 which contains cDNA from RSNV
infected samples.

The LAMP technique enables visual interpretation of molecular
results, expediting diagnoses in labs or point‐of‐care setups. In
Fig. 3D, microtube 1 (RSNV virus cDNA) appears clear, while micro-
tube 2 (WhSMV) displays heightened turbidity due to magnesium
pyrophosphate release post‐reaction.

However, relying solely on turbidity for amplification assessment is
error‐prone and unsuitable as a primary LAMP detection method. A
superior option involves fluorescent agents like the double‐stranded
DNA intercalator SYBR Green. It necessitates a UV light source at
302 nm for detection.26
5

In Fig. 3E, samples were tested using SYBR Green. Notably, micro-
tube 1 (RSNV) exhibited no luminescence, unlike microtube 2
(WhSMV). Positive samples exhibit fluorescence under UV light excita-
tion (3E). To ensure authenticity, an additional 3 µL of SYBR Green
was added to microtube 1 (RSNV) compared to tube 2 (WhSMV), with-
out altering the outcome.
3.3. Real-time amplification efficiency curve – qPCR and sensitivity of
LAMP assay compared to previous methods

The analysis of the standard curve by qPCR technique allows for
the quantification of viral load in samples infected with WhSMV. To
quantify the viral load of WhSMV in each sample with the target gene,
the linear equation for quantitative qPCR y = ‐3.4831x + 40.157 was
used.27 Results are shown in Graphic S1, where Cq values are corre-
lated with the number of viral copies per sample. For the target gene
RNA 1, the external primers “A” demonstrated amplification sensitiv-
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ity in samples with a concentration of 20 pg, which contained an
approximate value of 200 viral copies.

The sensitivity analysis of the LAMP technique was performed by
comparing the number of viral copies quantified per sample using
the qPCR technique. Six different viral load points were selected,
including 100, 101, 102, 103, 104, and 105 copies, to assess the sensitiv-
ity of the LAMP assay. These samples were subjected to the LAMP tech-
nique following the standardized protocol established in this study.
The reactions were incubated at 60 °C for 40 min using the external
primers “A.”

In Fig. 4A, the results of LAMP amplification are present, showing
the detection of ∼ 200 copies of the target gene sequence. This obser-
vation demonstrates the high sensitivity of the LAMP technique in
detecting and amplifying viral genetic material. The results were visu-
alized using 1.5 % agarose gel electrophoresis, confirming the success-
ful amplification of the target gene fragment.
3.4. RT-LAMP assays for WhSMV detection

Several RT‐LAMP parameters were tested to determine the optimal
reaction conditions for the identification of WhSMV. Positive controls
containing WhSMV RNA and negative controls with genetic material
from non‐infected wheat plants were utilized. The set of primers
Fig. 4. In A, the sensitivity test of the LAMP reaction for viral load amplification of
wheat sample; lanes 1–7: samples with different copy amounts of WhSMV virus RN
202. In B, the optimization of the M−MLV enzyme for the amplification of target RN
and 2. Gel C shows RT-LAMP assays for WhSMV detection in wheat root contamina
are RNA extraction samples from RSNV- spiked wheat root. In D, the WhSMV d
electrophoresis illustrating the sensitivity of the LAMP reaction over target dilutio
second lane (CN) presents a control with unrelated target DNA. At the bottom: C
agarose gel displays the RT-PCR results, providing a comparison of detection sens

6

“A,” targeting viral replication (RV) and providing faster amplification
results, was tested at an isothermal temperature of 60 °C with varied
reaction times of 40 and 80 min.

As shown in Fig. S3, amplification was achieved from the positive
control (+) using either a 40‐min (left lane) or 80‐min (right
lane).

In the RT‐LAMP technique, the Bst DNA polymerase enzyme was
used at a concentration of 8 U per reaction28 as recommended by
the manufacturer (Cellco; São Paulo; Brazil). After standardization
and verification of the technique's specificity, RT‐LAMP reactions were
performed with different enzyme concentrations to detect WhSMV,
aiming to reduce the cost of this reagent per reaction.

To detect the WhSMV virus, the RT‐LAMP technique requires a
reverse transcription step, where cDNA is synthesized from RNA.10

Therefore, two enzymes, a strand displacement polymerase, and a
reverse transcriptase (RT) enzyme, are crucial components for per-
forming this technique.

The moloney murine leukemia virus reverse transcriptase (M
−MLV RT) is often used in many studies, at a concentration of 200
U (Promega; São Paulo; Brazil) per reaction.2 In the present study,
the M−MLV (RT) enzyme was chosen due to its cost‐effectiveness.
However, the reactions were performed with reduced concentrations
of 100 U and 50 U. In Fig. 4B, the use of 50 U was observed to be suf-
ficient to obtain a positive result.
the WhSMV virus. Lane M: marker; CN is negative control with the uninfected
A (1) 585,475; (2) 28,923; (3) 14,075; (4) 2,498; (5) 1,206; (6) 782 and (7)
A 1 gene with different concentrations of 100 and 50 U, respectively at lanes 1
ted with WhSMV virus at 80 ng/uL-lane 1 and 10 ng/μL-lane 3. Lanes 2 and 4
etection sensitivity comparison among RT-LAMP and RT-PCR.: Agarose gel
n, ranging from 1 Ăµg (µg) to 1 zeptogram (zg), (lanes 1–6), was tested. The
oncurrently, the same DNA dilutions were subjected to RT-PCR analysis. The
itivity with the LAMP reaction.
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The “A” primers demonstrated specificity by selectively amplifying
WhSMV. Fig. 3C illustrates the amplification of samples infected with
the WhSMV virus.

To assess the relative sensitivity of the methods, RT‐LAMP and RT‐
PCR were performed using a series of five dilutions of extracted RNA
from WhSMV‐infected wheat, covering a range of 1 to 1 × 10−15 μg
per reaction. Positive RT‐LAMP amplifications were detectable down
to dilutions of 1 × 10−6 μg (Fig. 4D), while RT‐PCR yielded positive
results down to dilutions of 1 × 10−3 μg (Fig. 4D). Remarkably, assays
conducted with total RNA at 1 × 10−9 μg or lower displayed inconsis-
tent or indistinguishable product yields in both methods. Conse-
quently, the RT‐LAMP assay exhibited greater sensitivity than RT‐
PCR in detecting the WhSMV pathogen.
3.5. Specificity of the RT-LAMP assay for detecting WhSMV in the field

Conventional methods for DNA/RNA extraction tend to be expen-
sive, time‐consuming, and reliant on complex equipment, presenting
challenges for the development of field‐applicable techniques. How-
ever, the toothpick method has been explored as a simple and rapid
alternative to access genetic material directly from plants.21

In our study, we initially attempted to extract RNA using the tooth-
pick method. However, due to the porous nature of the wooden tooth-
pick, the necessary reaction reagents were absorbed, rendering the
procedure unfeasible. Consequently, we replaced the toothpick with
a plastic pipette tip (10 µL) as a tool for extracting the genetic material.
By making 10–15 punctures on leaves displaying typical symptoms
caused by wheat mosaic virus, we obtained the desired RNA samples.
After this step, the pipette tip was directly immersed in the RT‐LAMP
reaction mixture.

During the RT‐LAMP procedure, the samples were incubated at 60 °C
for 40 min, using 8 U of Bst DNA polymerase, 200 U of M−MLV reverse
transcriptase, and primer “A” designed to amplify the target gene. Fig. 5
presents the specificity of the RT‐LAMP technique, demonstrating the
amplification of WhSMV RNA samples extracted in the field. Negative
controls (NC) consisted of RNA samples obtained from non‐infected
plants using the Trizol method, while the positive control (2) contained
RNA extracted from WhSMV‐infected plants using the Trizol method.
Notably, the RNA samples for lanes 3, 4, and 5 were extracted using
the plastic pipette tip method to simulate field conditions.
4. Discussion

The rapid and accurate detection of viruses is crucial for agricul-
ture, especially regarding diseases affecting important crops. WhSMV
is a recently discovered virus in Brazil. Wheat stripe mosaic virus
Fig. 5. RT-LAMP technique applied in the field to identify the WhSMV virus. Mar
infected wheat sample (extraction with Trizol); lane (2) positive control infected sam
pipette tip method, lane (3) Wheat plant (Triticum aestivum L.) infected with barley y
WhSMV; (5) WhSMV-infected triticale plant (wheat-rye hybrid). (For interpretatio
web version of this article.)
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can cause outbreaks and economic losses of up to 50 % in yield, mak-
ing developing diagnostic tools for proper WhSMV surveillance and
control crucial.2–3,29

The LAMP and RT‐LAMP assays have been the first isothermal tech-
niques developed so far that successfully detected and distinguished
WhSMV from RSNV and BYDV. Initially, two primer sets (Tables 1
and 2) were tested at different incubation times to amplify a conserved
region of the WhSMV gene. According to Cryskely,29 the use of Loop
primers (LB and LF) accelerates the reaction, reducing the incubation
time and, consequently, the time to obtain results.

While our LAMP specificity assay focused initially on RSNV and
BYDV due to their substantial genetic similarity to WhSMV and the
absence of suitable alternatives, it is imperative to acknowledge this
as a limitation of our study, and future research may explore a broader
spectrum of viruses for a comprehensive assessment.

Similarly, in this study, the Loop primer set was also used, resulting
in a reduction of 30 min in the reaction time (Fig. 5. A).

Indeed, in previous studies30 to detect Salmonella enterica by LAMP
reactions, the absence of loop primers resulted in extended reaction
times. It is important to note that an excessively long incubation period
should be avoided as it may lead to false‐positive results; thus, the
ideal incubation time should be less than 120 min.

Therefore, Francois et al.30 and Hao et al.,31 working on the iden-
tification of wheat dwarf virus by LAMP, albeit without using Loop pri-
mers, demonstrated that 1 h of incubation was required for the
amplification of the target gene. Similarly, as in the aforementioned
studies, Zarzyńska‐Nowak et al.32 used the technique for the detection
of barley stripe mosaic virus (BSMV) infecting barley.

Other commonly used diagnostic methods have been developed for
WhSMV detection, including serological methods6 and PCR‐based
methods.1 However, no sensitivity testing has been performed among
the methods used for wheat virus detection. Nevertheless, in a study
conducted by Tiberini et al.33 to detect the onion yellow dwarf virus
(OYDV) infecting onion leaves and bulbs, it was shown that the perfor-
mance of RT‐LAMP is similar to RT‐qPCR. The RT‐LAMP technique
detected a limit of 103 target RNA copies in samples with 1 fg of
RNA, demonstrating a sensitivity 104 times higher than the ELISA
technique and up to 100 times more sensitive than RT‐PCR.

In the present study, the absolute quantification of the number of
RNA molecules in infected samples allowed for a direct comparison
between diagnostic methods based on RT‐qPCR and RT‐LAMP, as
demonstrated by Ortega et al.34 and Wilisiani et al.21 Liu et al.17

affirmed the effectiveness of the RT‐LAMP technique compared to
other diagnostic methods commonly applied in the detection of plant
viruses.

In this study, the LAMP technique showed amplification results of
the target gene from cDNA, allowing the detection of 202 viral copies
ker (M) of 100 bp molecular weight; well (1) negative control (NC) with non-
ple with wheat stripe mosaic virus (extraction with Trizol); lanes 3–5 field test
ellow dwarf virus (BYDV); (4) Wheat plant (Triticum aestivum L.) infected with
n of the references to colour in this figure legend, the reader is referred to the
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at a dilution of 1:7 (see Fig. 3). However, when serial dilution of total
RNA was performed, RT‐LAMP was 10 times more sensitive than
LAMP and RT‐qPCR. The data reported by Tiberini et al.33 using RT‐
qPCR with TaqMan allowed the identification of 103 copies of viral
cDNA, specifically from OYDV. On the other hand, the LAMP‐based
assay demonstrated 10 times higher specificity and sensitivity. Fur-
thermore, the assay allows for selectivity, repeatability, and
reproducibility.

According to LIU et al.,35 qPCR is considered the most commonly
used and sensitive detection technique for plant viruses. These results
highlight the feasibility of using RT‐LAMP as a diagnostic tool in rou-
tine testing.

It is important to highlight that PCR‐based methods are affected
by various inhibitors.33 However, easy sample preparation is crucial
for field applications, without the need for expensive reagents and
instruments. Two different nucleic acid extraction methods were
used in this study for the RT‐LAMP reaction: the conventional
method (Trizol extraction method) and a method that could be easily
used directly in the field (pipette tip method). Both extraction meth-
ods proved to be efficient. Data obtained in this study demonstrated
that the LAMP technique may be less sensitive to inhibitors com-
pared to the RT‐qPCR technique. This detection method, in addition
to being easier and more robust, allows for the use of extraction
methods that reduce the cost of reagents and facilitate on‐field
application.

Therefore, it is important to emphasize that the RT‐LAMP assay
developed in this study showed excellent results when applied to nat-
urally infected cultivars with WhSMV. Regardless of the extraction
method, WhSMV was detected in samples extracted from the leaf
and stem of wheat plants using Trizol. The same result was obtained
when using the pipette tip method, reaffirming once again the efficacy
of the RT‐LAMP technique for rapid on‐field analysis, enabling viral
detection.

Furthermore, the technique allows for the detection of the target at
low concentrations, simulating a natural infection condition. Addition-
ally, the possibility of easily visualizing amplification products in agar-
ose gel through direct SYBR Green staining in tubes or turbidity
confirms the robustness of the assay without the need for advanced
and expensive instruments.
5. Conclusion

In conclusion, this study successfully achieved its objectives of
developing a new, rapid molecular test for the detection of wheat
stripe mosaic virus (WhSMV) in wheat (Triticum aestivum L.) using
the Loop‐mediated isothermal amplification (LAMP) technique.

Specific oligonucleotides were designed for the isothermal amplifi-
cation of WhSMV genetic material. The LAMP reaction was standard-
ized, involving two separate steps: cDNA synthesis and amplification
of the target gene. The RT‐LAMP reaction for viral RNA detection
was also successfully developed.

The sensitivity of RT‐LAMP was determined by comparing it with
the gold standard technique, Real‐Time PCR. The results demonstrated
that RT‐LAMP exhibited comparable sensitivity to Real‐Time PCR, pro-
viding reliable and accurate detection of WhSMV.

The specificity of RT‐LAMP was confirmed by testing it against
other viruses from the same family (Benyviridae). The assay specifi-
cally targeted WhSMV and did not cross‐react with other related
viruses, ensuring its specificity in diagnostic applications.

Field samples, specifically collected leaves, were used to test the
diagnostic capability of RT‐LAMP. The results confirmed the effective-
ness of RT‐LAMP in detecting WhSMV in field‐collected material, high-
lighting its practical applicability for on‐site diagnosis.

Various methods of result visualization were explored, including
turbidity and agarose gel electrophoresis. These methods provided
8

reliable means for result interpretation, offering flexibility in result
visualization based on available resources and equipment.

In summary, the developed RT‐LAMP assay for the detection of
WhSMV in wheat demonstrated excellent performance in terms of sen-
sitivity, specificity, and practical applicability. This new molecular test
holds great promise as a rapid and reliable diagnostic tool for the
timely detection of WhSMV, contributing to improved disease manage-
ment and protection of wheat crops.
6. Availability of data and materials

Data supporting this study are included within the article and/or
supporting materials.
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