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Abstract
Tomato spotted wilt virus (TSWV) is considered one of the most threatening viruses worldwide for different economically
important agricultural crops. In this scenario, it is important to perform an early detection by laboratory tests to prevent
TSWV spread. A rapid and sensitive TSWV detection protocol based on real time reverse transcription loop-mediated
isothermal amplification (RT-LAMP) assay was developed in this work, also using cost-effective and simplified sample
preparation procedure, to assess the suitability of the RT-LAMP assay in field conditions on tomato and pepper samples.
A set of six primers was designed within the nucleotide sequence region coding for the nucleocapsid protein (N) of
segment S, targeting a 220-nucleotide sequence. Sensitivity, specificity, accuracy, and in-field application of the real-time
RT-LAMP assay were evaluated. The developed real-time RT-LAMP assay proved to be one thousand and one hundred
times more sensitive than end-point RT-PCR and real-time RT-PCR methods, respectively, detecting a total of 9.191 × 101

genome copies as minimum target, and no cross-reactivity were detected with other viruses belonging to Tospoviridae and
Bromoviridae families used as outgroup. In addition, the in-field application of the assay using the rapid sample
preparation gave adequate and reliable results within 60 minutes, with an acceptable reaction delay when compared to
canonical RNA extraction. The in-field analyses showed an increase of TSWV-positive samples (37%) detection compared
with end-point RT-PCR and real-time RT-PCR (32% and 29%, respectively), particularly on asymptomatic samples,
confirming that the real-time RT-LAMP assay can be implemented as a routine test both in-field and laboratory conditions
as a rapid and sensitive technique for TSWV detection.
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Introduction

Tomato spotted wilt virus (TSWV), assigned to the species
Orthotospovirus tomatomaculae, belonging to the
Orthotospovirus genus (Tospoviridae family), is considered
one of the most threatening viruses worldwide, as its host
range includes economically important crops and ornamen-
tal plants in temperate, subtropical, and tropical regions
(Sialer et al. 2000; Davino et al. 2004). TSWV has

a tripartite genome consisting of large (L), medium (M)
and small (S) single-stranded RNA segments (Kormelink
et al. 2011). The negative-sense L RNA segment (8.9 kb)
encodes for RNA-dependent RNA polymerase (RdRp),
which is necessary for viral RNA replication and mRNA
transcription. (De Haan et al. 1991; Adkins et al. 1995). The
ambisense M RNA segment (4.8 kb) has two open reading
frames (ORFs) coding for a nonstructural protein (NSm)
and for protein precursor of glycoproteins (GN and GC).
The NSm protein is involved in cell-to-cell movement of
the virus (Kormelink et al. 1994), whereas the glycoproteins
act as viral attachment proteins (Bandla et al. 1998). The
ambisense S RNA segment (2.9 kb) encodes for
a nonstructural protein (NSs) and for the nucleo-capsid
protein (N) (De Haan et al. 1990). The NSs protein is an
RNA silencing suppressor (Takeda et al. 2002), and the
N protein forms the virus nucleocapsid (Richmond et al.
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1998). The disease was first described in Australia in 1915
(Brittlebank 1919) and only subsequently was demonstrated
to be a viral agent (Samuel et al. 1930). Afterward, the
disease has been recorded in other regions of Europe,
South America, North America, Africa, and Asia; to date,
it is a widely distributed pathogen worldwide.

Usually, the impact on tomato crop losses caused by
TSWV can reach values that exceed 40%, with over 90%
of reduction in quality and marketable tomatoes (Sevik and
Arli-Sokmen 2012) and worldwide losses that overcome
one billion dollars annually (Saidi and Warade 2008). In
addition to tomato crop, other important horticultural spe-
cies with great losses caused by TSWV infection are pep-
per, lettuce and eggplant (Roselló et al. 1996).

Tomato spotted wilt virus is included in the OEPP/EPPO
A2 pests list recommended for regulation as a quarantine
pathogen (EPPO 2023a). In Italy, TSWV was first reported
in 1989 in northern areas (Bellardi and Vicchi 1990), and
subsequently its presence was recorded across central and
southern regions (Triolo et al. 1991; Davino et al. 1992).
Compared to other plant viruses, its host range is broader
and includes over 900 plants species, among monocotyle-
dons and dicotyledons, across more than 90 families (Pappu
2008). Major hosts include Solanaceae plants, such as toma-
toes, peppers, eggplant and tobacco, for which TSWV is
a main production constraint worldwide (Pappu 2008).

The symptom diversity depends on the host species and
cultivar, plant stage, crop season and environmental condi-
tions (Oliver and Whitfield 2016). Susceptibility and symp-
tom expression in the host, as well as virus transmission,
replication and translocation, are greatly affected by tem-
perature and photoperiod; in fact, it was observed that
TSWV replication was greatest at 20 °C, while symptoms
were most severe at 33–36 °C (Llamas-Llamas et al. 1998;
Moury et al. 1998). In general, TSWV symptoms are various
and include chlorosis, ring spots, mottling, silvering, necrosis
of different plant parts, stunted growth, local lesions and
even plant death in case of severe infections (Pappu 2008).
In particular, the initial symptoms on tomato leaves can be
confused with cold damage, as the symptoms observed on
the youngest leaves consist of violet-brown discolorations to
the under-leaf side, known as “leaf bronzing” (Davino et al.
2018), subsequently, typical symptoms evolve into small
brown spots, stunted growth and decay of the apices. In
addition, necrotic and concentric rings often appear on grow-
ing tomato fruit, which turn yellow on ripe fruits (Roselló
et al. 1996). On pepper plants, TSWV causes severe stunting
of the growth of young plants and a chlorotic mosaic or
yellow spot on the leaves; infections on mature plants cause
chlorotic lines with necrotic spots that are also observed on
fruits, which often show a ring pattern (Davino et al. 2018).

TSWV is naturally transmitted by at least 10 thrips spe-
cies (Thysanoptera: Thripidae), belonging to Frankliniella
and Thrips genera (Cho et al. 1987; Mound 1995; Moyer

2000; Ullman et al. 2002), both in a circulative and propa-
gative manner (Ullman et al. 1993; Wijkamp et al. 1993).
TSWV began to be a major threat to European horticulture
in the 1980 (Smith et al. 1992), when Frankliniella occiden-
talis (Pergande) was first reported in northern Italy in 1987
(Rampinini 1987). Moreover, it has been reported that the
virus can also be transmitted by seed and pollen (Wang et al.
2022), while it cannot be mechanically transmitted, except
under laboratory conditions (Krishna-Kumar et al. 1993).

Like other bunyaviruses, TSWV have a great potential
for rapid evolution easily overcomes resistance genes,
leading to the emergence of new resistance-breaking
(RB) strains, causing severe economic losses in agricul-
tural crops that commonly amount up to 50% (Crescenzi
et al. 2015). Due to the large number of TSWV strains and
the facility to recombine with each other, the disease is
extremely complex with highly variable symptoms (Lopez
et al. 2011; Almási et al. 2017).

One prevalent defense strategy for disease management
is resistance breeding; natural resistance genes to TSWV
have been identified in tomatoes and pepper, being the
most efficient Tsw gene in pepper and Sw-5 in tomato
cultivars (Stevens et al. 1991; Boiteux and De Avila
1994). These resistance genes are present in some cultivars
and confer high resistance to the virus, which however
decreases over time because the emergence of resistance-
breaking isolates (Almási et al. 2023; Lahre et al. 2023).

Therefore, given the high ability to mutate and adapt
quickly to new resistant genotypes of TSWV (Qiu and
Moyer 1999), it is important to perform an early detection
by laboratory tests to prevent TSWV spread. As reported by
the International Standard EPPO PM7/139 (EPPO 2023b),
several diagnostic assays were developed for TSWV
detection, some of which also validated by European
“Valitest” project (Trontin et al. 2021). In detail, test plant
species (Datura stramonium, Nicotiana benthamiana and
N. occidentalis-P1) can be used upon mechanical inocula-
tion to confirm TSWV infection (Roenhorst et al. 2013). To
date, several serological and molecular methods are avail-
able for TSWV detection. Enzyme-linked immunosorbent
assay (ELISA) (De Àvila et al. 1990), using monoclonal/
polyclonal antibodies (Cho et al. 1988; Sherwood et al.
1989), and immune-gold strip kit (Yoon et al. 2014) are
used for serological detection; in addition, several commer-
cial specific antisera are available in the market (e.g. Agdia,
Bioreba, etc.). Regarding molecular methods, these include
hybridization with cDNA probes (Ronco et al. 1989),
reverse transcription-polymerase chain reaction (RT-PCR)
(Mumford et al. 1994 1996; Panno et al. 2012), and real-
time RT-PCR (Roberts et al. 2000; Boonham et al. 2002;
Mortimer-Jones et al. 2009; Debreczeni et al. 2011).
Isothermal amplification methods, such as reverse trans-
cription-dependent amplification (RT-HDA), recombinase
polymerase amplification combined with lateral flow strips
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(RT-RPA-LFR) (Lee et al. 2021), and immunocapture
reverse transcription loop-mediated isothermal amplification
(IC/RT-LAMP) (Fukuta et al. 2004), have been developed
for the specific TSWV detection (Wu et al. 2016). In addi-
tion, a new hyperspectral analysis model, named Outlier
Removal Auxiliary Classifier Generative Adversarial Nets
(OR-AC-GAN) (Wang et al. 2019) was recently reported. In
this context, an early, rapid, and sensitive real time detection
is an essential strategy for TSWV management.

In the last two decades, molecular detection tests based
on real-time LAMP technique (Notomi et al. 2000) have
provided rapid, low-cost and accurate diagnosis both in the
laboratory and in the field conditions, representing an excel-
lent tool to prevent the spread of endemic diseases and the
introduction of dangerous pathogens into new geographical
areas (Davino et al. 2012, 2017a; Caruso et al. 2023).
Moreover, the LAMP technique, thanks to its robustness
and simplicity can be used in a resource-limited context,
such as in-field conditions. The robustness of the LAMP
permit to analyze unprocessed samples or direct crude plant
extracts to avoid total RNA/DNA extraction, as the activity
of the Bst polymerase is not influenced by the presence of
contaminants or inhibiting substances (Panno et al. 2020a).

In this work we developed a rapid and sensitive TSWV
detection protocol based on real-time RT-LAMP. In addi-
tion, a rapid and cost-effective simplified sample homoge-
nization procedure was evaluated allowing to use RT-LAMP
directly in field.

Materials and methods

Source of viral material, RNA extraction and
sample preparation

The LL-N.05 (wild type, WT—GenBank Acc. No.
KP008129) and PVR (Sw-5 resistance-breaking, TBR—
GenBank Acc. No. KP008134) TSWV isolates previously
characterized (Debreczeni et al. 2015) kept in collection at
the Instituto Valenciano de Investigaciones Agrarias—IVIA
(Valencia, Spain), were used as source viral material to
develop a real-time RT-LAMP assay for the specific
TSWV identification. About 200 mg of fresh leaf tissue
from TSWV-infected tomato plants were homogenized in
a mortar with 6 ml of phosphate buffer pH 7 (0.2 M
NaH2PO4, 0.2 M Na2HPO4 × 7H2O), and mechanically
inoculated into five tomato and five pepper plants by rubbing
the homogenate on the plants leaf surface previously
sprinkled with Carborundum (320 mesh); after 48 h after
mechanical inoculation, the plants were transplanted into
pots with sterilized soil and placed in an insect-proof glass-
house (14/10 h photoperiod and 28/20 °C day/night target air
temperature). Thirty days post-inoculations, sampling was
performed from tomato and pepper plants infected with the

previously reported TSWV isolates; ≈100 mg of fresh leaf
tissue were homogenized in a sample extraction bag
(Bioreba, Reinach, Switzerland) using the HOMEX 6 homo-
genizer (Bioreba, Reinach, Switzerland), with 1 mL of
extraction buffer (1.3 g anhydrous sodium sulphite, 20 g
polyvinylpyrrolidone MW 24–40. 000, 2 g chicken albumin
grade II, 20 g Tween-20 in 1 µL distilled water, pH 7.4).
Subsequently, total RNA extraction was performed using the
NucleoSpin® RNA Plant kit (Macherey-Nagel GmbH &
Co., Dueren, Germany), following the manufacturer’s
instructions. In addition, total RNAs extracted from healthy
tomato and pepper plants were used as negative controls.
The total RNA concentration was measured in duplicate
with the NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, MA, USA); the extracted RNAs were
adjusted to ≈50 ng/µL and stored at −80 °C for subsequent
molecular analysis.

Primer design and TSWV detection by end-point
RT-PCR

Two new primer pairs were designed for the specific detec-
tion of TSWV by end-point RT-PCR, named TSWV_SF1/
TSWV_SR1 and TSWV_SF2/TSWV_SR2. In detail, the
full sequences of segment S available in GenBank
(JF960235, MG025804, MH367502, MF688996, KY495612,
KY495611, KY495610, KY495609, KC261949, KC261952,
KC261955, KC261958, KC261961, KC261967, KC261970,
KC261973, KC261976, KP008129, KP008134) were aligned
by using Clustal X2 program (Larkin et al. 2007) and
visually analyzed to identify nucleotide regions showing
a high percentage of homology at the nucleotide level. The
consensus sequence was chosen as the reference sequence
for the primers design, targeting the nucleotide sequence
that encodes for the N (nucleocapsid protein) gene. The
obtained primers were tested with the Nucleotide-BLAST
algorithm (https://www.ncbi.nlm.nih.gov) to detect possible
hybridization with other sequences available in GenBank,
while the predicted secondary structures and hairpins were
checked with Oligo Analyzer Tool (https://eu.idtdna.com/
calc/analyzer). Finally, the primer sets were tested with the
Vector NTI Advance 11.5 software (Invitrogen, Carlsbad,
CA, USA) against the complete genomic sequences of
other common viruses that affect solanaceous crops and
ornamental plants (Table 1), in order to assess their affinity
percentages.

A two-step end-point RT-PCR was carried out with the
primer pairs obtained; in detail, the reverse-transcription (RT)
was carried out in a final reaction volume of 20 µL, contain-
ing 3 µL of total RNA, 0.4 mM dNTPs, 4 µL of 5X First
Strand Buffer [50 mM Tris-HCl pH 8.3, 40 mM KCl, 6 mM
MgCl2] (Thermo Fisher Scientific, Waltham, MA, USA),
1 µM of reverse primer, 20 U of M-MLV reverse transcrip-
tase (Thermo Fisher Scientific, Waltham, MA, USA) and
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RNase-free water to reach the final volume. PCR mixture
was in a final reaction volume of 25 μL, containing 2 μL of
the obtained cDNA, 20 mM Tris–HCl (pH 8.4), 50 mMKCl,
3 mM MgCl2, 0.4 mM dNTPs, 1 µM of each primer, 2 U of
Taq DNA polymerase (Thermo Fisher Scientific, Waltham,
MA, United States) and RNase free water to reach the final
volume. The end-point RT-PCR was conducted in
a MultiGene OptiMax thermal cycler (Labnet International
Inc., Edison, NJ, USA) using the following cycling condi-
tions for RT transcription: 65 °C for 10 min, 42 °C for 45 min
and 95 °C for 10 min; subsequently, the PCR program for
TSWV detection consisted of 1 cycle at 95 °C for 5 min, 40
cycles of 30 s at 95 °C, 40 s at the specific annealing tem-
perature of each primer pair (56 and 50 °C for TSWV_SF1/
TSWV_SR1 and TSWV_SF2/TSWV_SR2, respectively),
60 s at 72 °C and a final extension of 10 min at 72 °C. The
test was conducted in duplicate in three independent assays,
including a gradient temperature from 50 to 60 °C to identify
the optimal annealing temperature. Healthy tomato and pep-
per RNAs and molecular-grade water were used as negative
controls. The PCR products were electrophoresed on 1.5%
(w/v) agarose gel, stained with SYBRTM Safe (Thermo Fisher
Scientific, Waltham, MA, USA) and visualized by an UV
light transilluminator. The obtained PCR product was
sequenced in both directions using an ABI PRISM 3100
DNA sequence analyzer (Applied Biosystems, CA, United
States) and the sequence was finally validated using the
BLAST algorithm (https://www.ncbi.nlm.nih.gov). The pri-
mer pair that demonstrated the greatest specificity and the
absence of any non-specific products was selected to conduct
the subsequent experiments.

TSWV real-time RT-LAMP assay development

RT-LAMP primer design

A 500-bp nucleotide sequence elapsing the nucleotide
sequence region coding for the nucleocapsid protein (N)

of the consensus sequence was used for the specific LAMP
primer set design. A set of six primers were selected using
the Primer Explorer version 5 software (https://primerex
plorer.jp/e/). In detail, the real-time RT-LAMP primer set
includes two outer primers (forward and backward outer
primer—F3 and B3, respectively), two inner primers (for-
ward and backward inner primer—FIP and BIP, respec-
tively), and two loop primers (forward and backward loop
primer—LF and LB, respectively).

Moreover, TSWV real-time LAMP primer set specifi-
city and the potential non-specific cross reactions with
other viruses were assessed through in silico analysis
using Nucleotide-BLAST algorithm (https://www.ncbi.
nlm.nih.gov), available at the National Centre for
Biotechnology Information (NCBI). In addition, to verify
primer affinity, hybridization analysis was performed with
the Vector NTI Advance 11.5 software (Invitrogen,
Carlsbad, CA, USA), testing each primer against the full
genomic sequences of other viruses (Table 1).

RT-LAMP assay optimization and specificity

The real-time RT-LAMP assay was performed in a Rotor-
Gene Q 2plex HRM Platform Thermal Cycler (Qiagen,
Hilden, Germany) in a final volume of 25 μL containing
0.2 μM each of TSWV-F3 and TSWV-B3, 1.6 μM each of
TSWV-FIP and TSWV-BIP, 0.4 μM each of TSWV-LF and
TSWV-LB, 15 μL of LAMP Isothermal Master Mix
(Optigene Limited, West Sussex, United Kingdom), 3 μL
of total RNA (≈50 ng/μL) previously purified from
infected tomato leaves as template, and nuclease-free
water to reach the final volume. In detail, the TSWV
RNA previously tested by end-point RT-PCR was used
for the real-time LAMP assay as positive control, while
healthy tomato and pepper plant RNAs and molecular-
grade water were used as negative controls. Each sample
was analyzed in duplicate in three independent assays. The
real-time RT-LAMP assays were performed at 65 °C for

Table 1 Complete genome sequences of common viruses infecting tomato used for in silico hybridization analysis
Species Genus Family GenBank

Accession No.
Isolate Host

Impatiens necrotic spot virus (INSV) Orthotospovirus Tospoviridae FN400773 YSMi-SH Dendrobium sp.
Tomato chlorotic spot virus (TCSV) MH742961 BR-03 Nicotiana benthamiana
Chrysanthemum stem necrosis virus (CSNV) NC_027719 PD4412741 Chrysanthemum

x morifolium Ramat
Pepper necrotic spot virus (PNSV) HE584762 T2 tomato Solanum licopersicum
Tomato yellow ring virus (TYRV) MT723996 DSMZ PV-0526 Solanum lycopersicum
Watermelon silver mottle virus (WSMoV) JX177645 GZ Watermelon
Groundnut yellow spot virus (GYSV) NC_043210 SP-C Chili
Tomato necrotic spot virus (ToNSV) Ilarvirus Bromoviridae MH780156 Indiana Solanum lycopersicum
Parietaria mottle virus (PMoV) NC_005854 Not reported Hydrangea macrophylla
Cucumber mosaic virus (CMV) Cucumovirus MN326869 EP-1 Phaseolus

vulgaris
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60 min (according to manufacturer’s instructions) with fluor-
escence acquisition every 60 s; additional steps for melting
curve calculation were carried out to record the fluorescence
using the following conditions: 95 °C for 1 min, 40 °C for 1
min, 70 °C for 1 min and an increase in temperature at 0.5 °
C/s up to 95 °C. The relative fluorescence unit (RFU)
threshold value was used, and the threshold time (Tt) was
calculated as the time at which fluorescence was equal to the
threshold value, while the fluorescence data were obtained in
the 6-carboxyfluorescein (FAM) channel according to the
manufacturer’s instructions (excitation at 450–495 nm and
detection at 510–527 nm) during the amplification.

In order to determine the specificity of the real-time RT-
LAMP assay and evaluate potential non-specific reactions
with other orthotospoviruses and common solanaceous-
infecting viruses, a real-time RT-LAMP test was conducted
using the TSWV RNA as positive control and the RNA of the
viruses reported in Table 1. In each run, total RNAs from
healthy tomato plants and healthy pepper plants were included;
each sample was analyzed in duplicate in three independent
LAMP assays. The assay was conducted using the conditions
described above with the additional melting curve steps.

Sensitivity of TSWV real-time RT-LAMP assay and
comparison to end point and real time RT-PCR

A TSWV RNA fragment carrying the target region for the
RT-LAMP assay was amplified through end-point RT-PCR
using the primer pair, designed in this work, that has
demonstrated the highest efficiency after in silico analysis
by Nucleotide-BLAST algorithm and Vector NTI Advance
11.5 software, and absence of non-specific bands.
Subsequently, RT-PCR products were purified from agar-
ose gel, using an UltraClean™ 15 DNA purification kit
(MO-BIO Laboratories, Carlsbad, CA, USA). Afterwards,
the purified RT-PCR product was inserted into the
pGEM-T cloning vector (Promega, WI, United States)
following the manufacturer’s instructions, and cloned into
Escherichia coli One Shot™ Mach1™ competent cells
(Invitrogen Ltd, PA, United Kingdom). The trasformants
were subjected to ampicillin resistance selection, and
a colony-PCR was performed to assess the fragment pre-
sence by using the primer pair previously used. Plasmid
DNA purification was carried out using the NucleoSpin
Plasmid DNA Purification kit (Macherey-Nagel GmbH &
Co., Dueren, Germany), and the obtained plasmids were
quantified twice using a NanoDrop 1000 spectrophot-
ometer (Thermo Fisher Scientific, MA, USA). The plas-
mids were then sequenced in both directions using an
ABI PRISM 3100 DNA sequence analyzer (Applied
Biosystems) and the sequence was confirmed using
the BLAST algorithm available at the NCBI website. Ten-
fold serial dilutions were used to establish the detection

limit of the RT-LAMP assay. Furthermore, end-point RT-
PCR (developed in this work) and real-time RT-PCR
(Roberts et al. 2000) assays were carried out, using the
same serial dilutions to compare their sensitivity to real-
time RT-LAMP. In detail, the ten-fold serial dilutions were
obtained using the purified recombinant plasmid DNA
diluted into a healthy tomato plant RNA extract, starting
from a concentration of ≈50 ng/μL and diluting it up to
≈50 × 10–10 ng/μL. The number of copies was determined
by calculation with the following formula:

No: of copies ¼
DNAamount ng½ � � 6:022 � 1023

DNA template length bp½ � � 1 � 109 � 650

Rapid sample preparation method suitable for the
TSWV real-time RT-LAMP assay

To set up a rapid RT-LAMP assay while avoiding canonical
RNA extraction, the rapid, simple and inexpensive method
called “membrane spot crude extract” was used (Bertacca
et al. 2022), adapting the protocol for tomato and pepper
samples. A total of five tomato and five pepper plants infected
with the previously reported TSWV isolates (see section
“Source of viral material, RNA extraction and sample pre-
paration”) were used. More specifically, ≈100 mg of TSWV-
infected leaves, were homogenized in a sample extraction bag
with 3 mL of extraction buffer. Five µL of extract was spotted
on a 0.5 cm2 Hybond®-N + hybridization membrane (GE
Healthcare, Chicago, IL, USA), dried at room temperature
for 5 min, and placed in a 2 mL tube containing 250 µL of
glycine buffer (0.1 M Glycine, 0.05 M NaCl, 1 mM EDTA).
After 20 s of mixing by manual inversion, samples were
heated at 95 °C for 10 min, and 3 μL of the extract were
used for the real-time LAMP assay in a 25 µL final reaction
volume. Healthy tomato RNA plant, healthy pepper RNA
plant and molecular-grade water were used as negative con-
trols. Each sample was analysed in duplicate in two indepen-
dent real-time RT-LAMP assays, using the “membrane spot
crude extract” method and the total RNA obtained with
commercial kits, respectively (see section “Source of viral
material, RNA extraction and sample preparation”).

Real-time RT-LAMP comparison with end-point and
real time RT-PCR techniques on field samples

A total of 100 samples were collected from Trapani and
Ragusa provinces (Sicily, Italy) to compare the real-time
RT-LAMP results with end-point and real-time RT-PCR
assays using field samples. In detail, 25 symptomatic and
asymptomatic tomato plants and 25 symptomatic and
asymptomatic pepper plants were tested for each province;
each plant was geo-referenced with the Planthology mobile
application (Davino et al. 2017b) and sampled twice to be
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able to carry out both in-field and laboratory analyses,
using a single-hole puncher to collect seven leaf discs
with a diameter of less than ~0.5 cm2 from each plant,
disinfecting the tool between each sample.

Under field conditions, each sample was extracted with
the “membrane spot crude extract” method and analyzed
by real-time RT-LAMP assay, following the protocol
described above (see section “Rapid sample preparation
method suitable for the TSWV real-time RT-LAMP
assay”). The in-field analysis was carried out using
a ready-to-use real-time LAMP reactions, disposables,
and tools as described by Caruso and co-workers (2023),
adapted for TSWV detection, and performed in a bCube2
portable system (Hyris Ltd., London, United Kingdom)
supplied with a 12 Volt (12 Ah) rechargeable battery.

In laboratory conditions, each sample was subjected to
total RNA extraction, using the NucleoSpin® RNA Plant
kit (Macherey-Nagel GmbH & Co., Dueren, Germany)
(see section “Source of viral material, RNA extraction
and sample preparation”), and subsequently analyzed by
end-point RT-PCR, real-time RT-PCR and real-time RT-
LAMP assays, using a Rotor-Gene Q 2plex HRM Platform
thermal cycler (Qiagen, Hilden, Germany). Furthermore,
the same samples were subjected to the “membrane spot
crude extract” RNA extraction method and analyzed by
real-time RT-LAMP assay in both laboratory and field
conditions. Each sample was analyzed in duplicate in
three independents assays. Positive and negative control
RNAs were used in each diagnostic tests.

Results

Primer design and TSWV detection by end-point
RT-PCR

Two primer pairs were designed for the TSWV detection
through end point RT-PCR (Table 2). The results of the in

silico analysis, using Nucleotide-BLAST algorithm and
Vector NTI Advance 11.5 software, showed no matches
with other organisms.

All primer pairs obtained were tested by end-point RT-
PCR. The two tested primer pairs were both able to
amplify the expected amplicons, but SF1/SR1 primer pair
showed the higher specificity without non-specific bands
presence. The PCR product obtained with SF1/SR1 primer
pair showed the expected amplicon size of 504 bp and
a percentage identity >99.9% with the TSWV sequences
deposited in GenBank, indicating that the assay was spe-
cific for TSWV detection. For these reasons, the SF1/SR1
primer pair was chosen as the best candidate for TSWV
detection by end-point RT-PCR.

RT-LAMP primer design

A set of six primers was designed within a 500-bp nucleo-
tide sequence elapsing the nucleotide sequence region cod-
ing for the nucleocapsid protein (N) of segment S to set up
a real-time RT-LAMP assay for rapid TSWV detection. The
primer sequences and binding sites are shown in Table 3 and
Fig. 1, respectively. No cross-reactions with other organisms
were found when performing the in silico analysis using
Nucleotide-BLAST algorithm (BLASTn tool). Furthermore,
hybridization analysis carried out with the Vector NTI 11.5
program has ruled out any matches with other viruses of the
Tospoviridae and Bromoviridae families reported in Table 1.

RT-LAMP assay optimization and specificity

Using the LL-N.05 and PVR TSWV isolates, a real-time
RT-LAMP assay was carried out to assess the performance
of the primer set intended for TSWV detection. In Fig. 2
are reported the melting curve of the TSWV isolates
showed a peak temperature of 84 °C, while the amplifica-
tion curve of the isolate showed an exponential trend
at ≈13 min, reaching the reaction plateau in approximately

Table 2 Primer pairs designed for tomato spotted wilt virus detection by end point RT-PCR
Primer Genomic position (nt) Sequence (5ʹ- 3ʹ) Ta (°C) Amplicon size (bp)
TSWV_SF1 2129–2153 TTGCCTGTTTTTTAACCCCGAACAT 56 504
TSWV_SR1 2612–2633 AGGATTGGAGCCACTGACATGA
TSWV_SF2 1862–1889 GTTTTTTGTTGTTTTTGTTATTTTGTTT 50 784
TSWV_SR2 2624–2646 GAAAACTTCAGACAGGATTGGAG

Table 3 Primer set sequences of the RT-LAMP targeting tomato spotted wilt virus nucleocapsid coding region
Primer name Sequence (5ʹ-3ʹ) Amplicon size (bp)
TSWV-F3 TTCAGCACAGTGCAAACT 220
TSWV-B3 CTTTGATTCAAGCCTATGGATT
TSWV-FIP GCAATAAGAGGTAAGCTACCTCCCCCTCTCGATGATGCAAAGT –
TSWV-BIP ATGATCAGTGTTGTCTTGGCTATATTTCCTTGGTGTCATACTTCT
TSWV-LF AGCATTATGGCAAGTCTCACAG –
TSWV-LB ATCAGGATGCAAAATACAAGGACC
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(2350 .. 2373) TSWV-BIP TSWV-LF (2374 .. 2395)

TSWV-BIP (2396 .. 2414)(2306 .. 2330) TSWV-FIP(2252 .. 2266) TSWV-FIP

TSWV-B3 (2416 .. 2437)(2218 .. 2235) TSWV-F3  (2282 .. 2305) TSWV-LB

Fig. 1 Schematic representation of reverse-transcription loop-mediated
isothermal amplification (RT-LAMP) primer set (SnapGene software;
available at http://www.snapgene.com) designed on the nucleocapsid
coding region of TSWV Segment S. F3 and B3 are shown in orange,

FIP (F1c-F2) and BIP (B1c-B2) in blue, and the two loop primers LF
and LB in green. The numbers on each primer represent the binding
position in the selected consensus sequence

Fig. 2 Real-time RT-LAMP assay results for TSWV detection. Amplification (A) and melting curves (B) of TSWV isolates and negative controls
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22 min (Table 4). The negative controls did not produce
any signals, even at late reaction times.

The specificity of the real-time RT-LAMP assay was
evaluated to assess a potential nonspecific cross-reactions;
none of the viruses reported in Table 1, used as outgroups,
produced any signal, while the TSWV positive samples
showed a single peak at 84 °C in the melting curve and
a reaction plateau of ≈21 min. This demonstrates that the
real-time RT-LAMP developed in this work is highly spe-
cific for TSWV detection.

Sensitivity of TSWV real-time RT-LAMP assay and
comparison to end-point and real-time RT-PCR

The sensitivity and the efficacy of the real-time RT-LAMP
assay was verified by performing a comparative experi-
ment with the end-point and real-time RT-PCR using a ten-
fold serial dilutions of a purified recombinant plasmid,
starting from a concentration of ≈50 ng/µL (9.191 × 1011

copies). The real time RT-LAMP proved to be more sensi-
tive than conventional and real-time RT-PCR assays
(Table 5).

The developed assay was able to detect RNA concen-
trations up to ≈50 × 10–10 ng/μL (9.191 × 101 copies), while
the end-point RT-PCR and the real-time RT-PCR could
only detect a positive signal up to ≈50 × 10–7 ng/μL
(9.191 × 104 copies) and ≈50 × 10–8 ng/μL (9.191 × 103

copies), respectively (Fig. 3).
These results showed that the real-time RT-LAMP assay

can detect TSWV in less than 60 min (Fig. 3), even

considering the lowest detectable concentration of the sam-
ples (≈50 × 10−10 ng/μL), being faster than end point RT-
PCR. The melting curves displayed the same peak tem-
perature at 84–84.5 °C, and the results of RT-LAMP reac-
tion time plateau were calculated as the mean values
obtained from the three replicates (Table 5).

Rapid sample preparation method for TSWV
detection by real-time RT-LAMP assay

In order to make the TSWV real-time RT-LAMP assay
faster and independent of RNA extraction standard proce-
dures, a simple and cost-effective sample preparation
method was evaluated and subsequently compared to
the traditional sample preparation employing the purifica-
tion commercial kit. The results showed that TSWV was
detected in 16–21 min for the RNA extracted with the
commercial kit, and 32–50 min for the membrane spot
crude extracts (Fig. 4 and Table 6), making it a viable
alternative for sample preparation. Lastly, even with this
rapid procedure the negative control showed no amplifi-
cation, as expected (Table 6).

Real-time RT-LAMP comparison with end-point and
real time RT-PCR techniques on field samples

The real-time RT-LAMP assay developed in this study
also proved to be reliable for sensitive and specific TSWV
detection when applied for in-field analysis. The results of
the real-time RT-LAMP performed both under laboratory
conditions and in-field were comparable (Table 7).

In detail, a total of 29 out of 100 samples (all collected
from symptomatic plants) resulted positive to TSWV by
end-point RT-PCR, 32 out of 100 samples resulted positive
by real-time RT-PCR, while 37 out of 100 samples provided
positive results to TSWV infection by real-time RT-LAMP
assay conducted both in-field and laboratory conditions.
Specifically, a total of 13 out of 50 tomato samples resulted
positive for TSWV both in-field and laboratory conditions
by real-time LAMP assay. Compared to end-point RT-PCR

Table 4 Real-time LAMP assay results for TSWV detection
Isolate Real-time LAMP reaction time (min)

Assay #1 Assay #2 Assay #3
LL-N.05 22.4 22.3 21.8
PVR 25.1 24.5 24.8
Healthy tomato RNA – – –
Healthy pepper RNA – – –
Molecular-grade H2O – – –

Table 5 End-point RT-PCR, real-time RT-PCR and real-time RT-LAMP assays sensitivity comparison of 10-fold purified recombinant plasmid
serial dilutions (Mean values ± standard deviation–SD)

Starting DNA concentration (9.191 × 1011 copies)
Assay 101 10−1 10−2 10−3 10−4 10−5 10−6 10−7 10−8 10−9 10−10

End-point
RT-PCR

+ + + + + + + + – – –

Real-time
RT-PCR
Ct value*

14.08 ± 0.1 16.7 ± 0.3 20.7 ± 0.1 23.6 ± 0.2 27.6 ± 0.1 31.2 ± 0.3 34.7 ± 0.3 38.2 ± 0.1 42.4 ± 0.1 – –

LAMP
exponential
phase (min)

4.2 ± 0.1 7.7 ± 0.1 12.1 ± 0.2 16 ± 0.3 18.8 ± 0.2 25.0 ± 0.3 28.3 ± 0.1 32.6 ± 0.2 37.7 ± 0.2 44.9 ± 0.3 51.8 ± 0.3

*A sample is considered positive with a Cycle threshold (Ct) value < 45

704 Journal of Plant Pathology (2024) 106:697–712



Fig. 3 Sensitivity of end point RT-PCR and real-time RT-LAMP
assays for TSWV detection using 10-fold serial dilutions. From 101
to 10–10: 10-fold serial dilutions of a purified recombinant plasmid.
Panel A: RT-PCR products electrophoresis on 2% agarose gel; M:
1kb marker; C +: positive control; NC: negative control. Panel B:

Real-time RT-PCR fluorescence increasing of the 10-fold serial dilu-
tions analyzed. Panel C: Real-time RT-LAMP fluorescence increas-
ing of the 10-fold serial dilutions analyzed (from ≈50 × 101 ng/μL to
≈50 × 10–10 ng/μL) after 3–48 min. Panel D: Real-time RT-LAMP
melting curves
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and real-time RT-PCR, the RT-LAMP assay was able to
detect TSWV infection in 3 and 2 asymptomatic tomato
plants, respectively. Regarding pepper samples, a total of
24 out of 50 samples resulted positive for TSWV infection;
in this case, the RT-LAMP assay was able to detect the
infection in a total of 5 and 3 asymptomatic pepper plants
compared to end-point RT-PCR and real-time RT-PCR,
respectively.

Based on these results, the developed assay showed
an increase in detecting TSWV on asymptomatic plants,
in fact, the percentage of positive samples were 37, 32

and 29% with real time RT-LAMP, real-time RT-PCR
and end-point RT-PCR assays, respectively. Moreover,
the results were confirmed by melting curve analysis,
showing the same peak temperature (84–84.5 °C) in all
positive samples, including the asymptomatic ones
resulted positive by RT-LAMP, concordant with the
TSWV-positive controls.

Discussion

Horticultural crops are constantly threatened by different
viral pathogens (Panno et al. 2021). The management of
viral diseases is complex because pathogens are subject to
rapid mutation and are capable of quickly adapting to dif-
ferent conditions, causing new outbreaks due to resistance
breaking, virulence increase and the emergence of new
symptoms (Acosta-Leal et al. 2011; Ferriol et al. 2013).

Losses in crop production increase every year due to the
different viruses that affect plant species, resulting in
a serious decrease in economic profit. The spread of new
viruses and the re-emergence of existing ones in the
Mediterranean basin reported in recent years emphasize
the need for new effective control measures against plant
pathogens (Davino et al. 2008; Panno et al. 2020b).

Thus, specific, and sensitive diagnostic and detection
tools are needed to control the spread of the disease and
guarantee a viable crop production. Over the years, the
TSWV detection has relied mainly on ELISA and PCR-
based methods; however, possible contaminations make

Fig. 4 Real-time RT-LAMP amplification curves of 10 TSWV-infected samples, starting from total RNA obtained with a commercial kit and the
membrane spot crude extract method

Table 6 Total RNA and membrane spot crude extraction performance
comparison in Real-time RT-LAMP assay for TSWV detection
Sample
source

ID
Sample

Reaction exponential phase (min)
(mean values ± SD)
Total RNA
(commercial kit)

Membrane spot
crude extract

Tomato T1 16.5 ± 0.1 33.4 ± 0.3
T2 19.8 ± 0.3 46.8 ± 0.2
T3 19.0 ± 0.2 43.9 ± 0.3
T4 21.9 ± 0.3 49.3 ± 0.3
T5 17.9 ± 0.3 41.7 ± 0.2
NC – –

Pepper P1 18.2 ± 0.1 42.9 ± 0.4
P2 19.1 ± 0.1 45.5 ± 0.2
P3 17.1 ± 0.3 39.4 ± 0.2
P4 18.0 ± 0.1 40.2 ± 0.1
P5 21.1 ± 0.1 48.1 ± 0.2
NC – –

NC negative control
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Table 7 Comparison results on symptomatic and asymptomatic field samples using end-point RT-PCR, real-time RT-PCR and real-time RT-
LAMP in laboratory and in-field conditions using the rapid sample preparation method. Asymptomatic samples detected only by real-time
LAMP assay are underlined in grey
Sample source Province ID

Sample
Symptomatic In field

conditions
Laboratory conditions

Real−time
RT-LAMP
[min]

End point RT-
PCR

Real−time RT-
PCR
[Ct value]

Real−time RT-LAMP
(total RNA/membrane spot crude
extract) [min]

Tomato Trapani T-01 − − − − −/−
T-02 + 34.73 + 21.30 20.32/34.98
T-03 − − − − −/−
T-04 − − − − −/−
T-05 − − − − −/−
T-06 − − − − −/−
T-07 − − − − −/−
T-08 − − − − −/−
T-09 − − − − −/−
T-10 − − − − −/−
T-11 + 33.89 + 21.11 19.75/32.48
T-12 − − − − −/−
T-13 + 37.01 + 24.57 22.91/37.25
T-14 − − − − −/−
T-15 − − − − −/−
T-16 − − − − −/−
T-17 − − − − −/−
T-18 + 39.15 + 26.93 24.04/39.52
T-19 − − − − −/−
T-20 − − − − −/−
T-21 − − − − −/−
T-22 − − − − −/−
T-23 − 43.25 − 35.89 34.12/42.87
T-24 + 32.74 + 20.17 19.26/32.07
T-25 + 31.85 + 19.56 19.00/31.79

Ragusa T-26 − − − − −/−
T-27 − − − − −/−
T-28 − − − − −/−
T-29 − − − − −/−
T-30 − 48.36 − − 39.23/48.66
T-31 − − − − −/−
T-32 − − − − −/−
T-33 − − − − −/−
T-34 − − − − −/−
T-35 − − − − −/−
T-36 − − − − −/−
T-37 − 47.39 − − 38.88/46.98
T-38 − − − − −/−
T-39 − − − − −/−
T-40 − − − − −/−
T-41 − − − − −/−
T-42 − − − − −/−
T-43 + 32.66 + 21.10 19.82/33.76
T-44 + 31.92 + 19.88 18.93/32.25
T-45 + 33.97 + 22.53 22.83/34.41
T-46 − − − − −/−
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Table 7 (continued)
Sample source Province ID

Sample
Symptomatic In field

conditions
Laboratory conditions

Real−time
RT-LAMP
[min]

End point RT-
PCR

Real−time RT-
PCR
[Ct value]

Real−time RT-LAMP
(total RNA/membrane spot crude
extract) [min]

T-47 + 33.14 + 21.98 21.23/33.05
T-48 − − − − −/−
T-49 − − − − −/−
T-50 − − − − −/−

Pepper Trapani P-01 + 41.33 + 29.02 28.73/41.01
P-02 − 49.13 − − 39.75/48.93
P-03 − − − − −/−
P-04 + 32.65 + 19.98 18.65 /31.84
P-05 − − − − −/−
P-06 − − − − −/−
P-07 − − − − −/−
P-08 − − − − −/−
P-09 − − − − −/−
P-10 − − − − −/−
P-11 − 45.00 − 36.93 35.84/44.38
P-12 − − − − −/−
P-13 + 31.61 + 19.42 17.63 /31.32
P-14 + 33.23 + 21.45 20.04 /32.98
P-15 − − − − −/−
P-16 − − − − −/−
P-17 − 49.66 − − 40.38/48.12
P-18 − 43.00 − 35.21 36.23/42.39
P-19 + 33.46 + 21.98 21.00/33.11
P-20 − − − − −/−
P-21 − − − − −/−
P-22 − − − − −/−
P-23 − − − − −/−
P-24 − − − − −/−
P-25 − − − − −/−

Ragusa P-26 − − − − −/−
P-27 + 34.12 + 22.03 21.42/34.30
P-28 + 35.23 + 23.19 22.78/34.98
P-29 + 33.92 + 22.11 21.73/33.58
P-30 − − − − −/−
P-31 + 34.74 + 22.96 21.83/34.12
P-32 + 36.32 + 24.00 23.56/36.15
P-33 − − − − −/−
P-34 + 35.11 + 23.54 23.00/34.76
P-35 + 35.26 + 23.85 22.99/35.14
P-36 + 35.09 + 23.04 23.01/34.88
P-37 − 50.01 − − 42.25/49.36
P-38 − − − − −/−
P-39 + 33.27 + 20.19 19.69/33.41
P-40 + 33.12 + 20.04 19.45/33.00
P-41 − − − − −/−
P-42 − − − − −/−
P-43 + 34.80 + 24.92 23.26/34.60
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these methods more prone to false positives, while the
presence of inhibitors can cause false negatives (Ferriol
et al. 2015). Among molecular diagnostic measures, the
LAMP assay has been demonstrated to be highly sensitive
and specific for the detection and the correct discrimination
of plant pathogens, and to have a reduced sensitivity to
inhibitors, making it an optimal method to use in field
conditions (Panno et al. 2020a).

In this work, RT-LAMP assay has been proved to have
good sensitivity, specificity, and efficiency for the detection
of TSWV. A set of six primers was designed by selecting
the N protein coding region as a target, and both the in silico
and in vitro analysis showed good specificity for TSWV
detection. The real-time RT-LAMP performed on RNA
extracted from infected tomato and pepper plants proved
to be more sensitive than the conventional end-point and
real-time RT-PCR methods. In addition, the assay optimiza-
tion revealed that reliable results can be obtained in only 60
min, which is much faster than the other RT-PCR assays. In
addition, the “membrane spot crude extract” method adapted
with the RT-LAMP assay developed in this work proved
to be cost effective and reliable for TSWV nucleic acid
extraction, compared to a conventional extraction with
a commercial kit. Thus, RT-LAMP analysis of membrane
spot crude extracts can be used in the field with the aid of
a portable battery-powered thermal cycler, thanks to rapid
sample preparation method, a ready-to-use LAMP reaction
mixture and does not require skilled personnel and specific
laboratory equipment. For these reasons, we propose that
this technique could be used to monitor TSWV spread in
laboratory and field conditions.
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