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Manjunatha Channappa?, Venkatesan Thiruvengadam™, Nanditha Shivakumar?,
Shivakumara K. Thammayya?, Nishtha Nayyar?, Mohan Muthugounder?,

Gandhi G. Ramasamy?, Ramya R. Syamala?, Aditya Kukreti', Chikkabidare M. Karthik?,
Selvababu Selvamani?, Jyoti Pathak?, Girish K. Jha? & Satya N. Sushil*

The fall armyworm, Spodoptera frugiperda, is an invasive, polyphagous pest that threatens
approximately 353 plant species across 72 families worldwide. Due to morphological similarities

with other noctuid pests during the early larval, pupal, and adult stages, traditional identification
methods are labour-intensive and require specialist expertise. Rapid, reliable detection is essential
given the pest’s potential for widespread destruction. Through genome-wide in-silico analysis, this
study identified a unique region within a signal peptide gene of S. frugiperda, which served as the
basis for developing PCR, LAMP, and RPA-based assays for detection. The PCR assay produced a
specific 550 bp amplicon for S. frugiperda, showing no cross-reactivity with negative controls. In the
LAMP assay, positive samples exhibited a sky-blue colour, while negative samples turned violet when
hydroxynaphthol blue dye was used. The RPA assay, with SYBR green dye, displayed bright green

in positive samples and brick-red in negatives. Sensitivity tests demonstrated that PCR detected as
low as 1 pg/pL, while LAMP and RPA achieved a higher sensitivity of 100 fg/uL. This study introduces
the first RPA colorimetric assay for S. frugiperda, providing a time-efficient, cost-effective option that
requires minimal equipment, ideal for field detection, thereby supporting timely pest monitoring and
management.
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Fall armyworm (FAW), Spodoptera frugiperda (J. E. Smith, 1797), is an invasive polyphagous lepidopteran pest
that infests about 353 species of crop plants from 72 families worldwide!. Fast growth, rapid reproduction,
ability to migrate long distances, phenotypic plasticity, tolerance of a wide range of environmental conditions,
a diverse range of food habits, and a strong potential to compete with native species are the characteristics
that facilitate its rapid dispersal and establishment in exotic regions. FAW has emerged as a serious threat to
cereal crop productivity, particularly maize and sorghum, two of the major staple food crops of Asia and Africa’s
smallholder farmers, jeopardizing regional food security®. The pest feeds on economically important crops such
as maize, rice, wheat, millet, barley, and cotton>. Maize is a major economic crop cultivated across 180.63 million
hectares in 165 countries with an estimated production of 1,134 million tonnes (https://apeda.gov.in). In India,
FAW has emerged as a significant pest of maize, causing production losses up to 34%*. In the early stages of
the crop, the young larvae feed on leaves by scraping the chlorophyll content, subsequently, they devour the
entire leaf, as well as crop tassels and cobs®. Morphologically, FAW closely resembles other Spodoptera species,
especially in their early larval instars, making it difficult to distinguish them®. Female moths are typically tough
to identify, especially if they are preserved in poor condition with missing wing scales. Adult specimens are
normally identified by dissecting male genital structures and examining them under a microscope. In the maize
ecosystem, the life stages of this insect, viz. egg, larva, and pupa, often overlap with those of other lepidopteran
pests, adding complexity to its identification of the insect species. The morphological similarity between species
makes it challenging to distinguish and necessitates the expertise of a taxonomist or the use of a laboratory-
based PCR assay’. As FAW has become a serious pest globally, fast identification, particularly in the early stages,
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is critical so that management strategies can be planned properly, by utilizing biocontrol agents, semiochemicals,
and insecticides®.

To date, several molecular approaches have been developed for species identification, including PCR,
species-specific multiplex PCR, and real-time PCR assays’. These techniques, while successful, are time-
consuming and often expensive, necessitating highly specialized laboratories and trained staff®. PCR is the most
commonly utilized nucleic acid-based molecular diagnostic technology. However, the PCR-based diagnostic
method requires an expensive thermal cycler and takes three hours to achieve complete species identification’.
The success of PCR as a diagnostic technique relies on the quality and quantity of DNA for amplification, while
polysaccharides, ethanol, phenol, proteins, and proteinases can act as inhibitors of the PCR process'’. To address
these limitations, a specialized technique called loop-mediated isothermal amplification (LAMP) assay was
invented!!, which is a simple and accurate technique used for pest detection!?. In comparison to traditional
PCR, LAMP reactions are performed by isothermal incubation. As a result, LAMP assays can be effectively
used in field conditions utilizing a simple heat block, with no further procedure necessary for confirmation'>.
Numerous LAMP-based colorimetric assays have been developed to date for the detection of S. frugiperda®14-18.
LAMP, though simpler than PCR, operates at a higher temperature and thus may not be feasible in the field'*%.
Consequently, an alternative, isothermal detection assay was needed for the diagnosis of S. frugiperda that avoids
both high temperature and specialized laboratory equipment. Although LAMP assays are simpler than PCR,
they require a high operating temperature of 65 °C for optimal DNA amplification. This temperature requires a
heating block with a 225 V power supply, which may not be practical for field application.

The Recombinase polymerase amplification assay, which consists of three main components (recombinase,
single-stranded DNA binding protein, and strand-displacing polymerase), is an isothermal amplification
method that has shown promise for developing diagnostic tests, particularly effective in the detection of insects,
plant viruses, and zoonotic diseases'®!. RPA has the same advantages as LAMP, including quick reaction times,
high specificity, and sensitivity. However, RPA has a simpler design and more multiplexing capability. Unlike
LAMP tests, which require high temperatures (60-65 °C), RPA operates at a consistently lower temperature.
With an optimal range of 37-42 °C, RPA can often be performed at ambient room temperatures in tropical
countries, eliminating the need for a water bath or heating block and making it a more practical approach for
field-based applications!®?!. Several recent investigations have demonstrated that incubation-free, body-heat-
mediated reverse-transcription RPA assays can be successfully employed in the field'*?2.

To develop highly specific RPA detection assays, it is essential to identify distinct, unique regions in the
organism’s genome, which can then be used to design specific amplification primers. In this study, a region
within a gene coding for signal peptides was employed for this purpose. Signal peptides are short amino-
terminal sequences that play a crucial role in directing non-cytoplasmic proteins to their appropriate cellular
locations, such as the endoplasmic reticulum (ER) or the plasma membrane. These peptides typically consist
of three distinct regions: a positively charged amino-terminal (n-region), a hydrophobic core (h-region), and a
polar carboxyl-terminal (c-region) that contains the signal peptidase recognition site. The proper functioning
of signal peptides is essential for the translocation of proteins across membranes, as they facilitate the binding
of the signal recognition particle (SRP) to the nascent polypeptide, halting translation until the ribosome is
targeted to the ER membrane?>24,

Thus, in the current study, an attempt was made to develop a simple, rapid, highly specific, and sensitive RPA
assay for detecting S. frugiperda. To the best of our knowledge, this is the first attempt to develop an RPA assay
specifically for S. frugiperda detection.

Results

Sample collection and identification based on morphological and molecular characteristics
The species-level identification of the specimens of Spodoptera frugiperda and other lepidopteran species was
done by using morphological characteristics of both larvae and adults with the help of catalogues and keys
available>>?°. Based on the characters, insect specimens were confirmed to be S. frugiperda, S. litura, S. exigua,
Helicoverpa armigera, Mythimna impura, Sesamia inferens, Chilo sacchariphagus indicus and Chilo infuscatellus.
The specimens were photographed using a stereo-zoom microscope equipped with a digital camera (SZX16,
Olympus, Japan) (Figs. 1 and 2).

The nucleotide sequences of S. frugiperda and other lepidopteran species obtained after amplification using
the COX1 primers were subjected to BLASTn search in NCBI GenBank nucleotide database which showed
maximum query cover (100%) with minimum E-value (0.0). The results revealed that the consensus sequences
from the current isolates showed more than 99% similarity to corresponding sequences available on the NCBI
database. All the sequences were submitted to GenBank and accession numbers were obtained (Supplementary
Table S1).

Phylogenetic analysis

A phylogenetic tree was built utilizing 50 S. frugiperda sequences submitted in GenBank and an additional seven
lepidopteran species as an outgroup which were used as negative control for the assays. The current analysis
confirmed that significant conservation of amino acid sequences and regional variation in the COX1 is the likely
basis for clade split among the S. frugiperda and other lepidopteran species (Fig. 3).

In-silico analysis of Spodoptera frugiperda genome and primer designing

A comprehensive genome-wide in-silico analysis identified a unique target gene in S. frugiperda. The target gene
was identified as an uncharacterized protein LOC118262236, located on chromosome number 12, spanning
positions 9,582,624 to 9,583,173 bp that encodes a protein containing a signal peptide and a non-cytoplasmic
domain. The signal peptide spans amino acids 1 to 25, and the presence of a predicted non-cytoplasmic domain
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Fig. 1. Habitus of different larvae collected in the study; (a) Chilo infuscatellus, (b) Chilo sacchariphagus
indicus, (c) Helicoverpa armigera, (d) Mytimna impura, (e) Spodoptera exigua, (f) Spodoptera litura, (g)
Spodoptera frugiperda, and (h) Sesamia inferens.
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Fig. 2. Habitus of adult moths collected in the study; (a) Chilo infuscatellus, (b) Chilo sacchariphagus indicus,
(c) Helicoverpa armigera, (d) Mythimna impura, (e) Spodoptera exigua, (f) Spodoptera litura, (g) Spodoptera
frugiperda, and (h) Sesamia inferens.

Scientific Reports|  (2025) 15:18026 | https://doi.org/10.1038/s41598-025-02399-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

: i
H i £
. 5 i /i
% i% ¢ g g i
b 3
AN U U T N B
%, . £ 7
% kY 3 1 i § J
3 H H i
% k! H % H H : § X &
%, % 3 (Y H o) H $ 5 S &
", L U N T I B A A 4
%,“ %, % L S [ £ s &
“, . 9% ..%{ % %: H 3 § 3 & «f &
oy , > Y 4 (R L A Y A &
" “, %, % % | B i i g $ S Vi
", L U U S T A A A & P
™, %, ", % 3 U U § i H £ ' & s #M
o, “, g W% % 0% 1 L Y A A A e
4 ., £ AL B A A o
o, o, “ s, %, % 5 0% % & - Y £ & S ,«’N)
o & SR Y U S i F 4 f r &
", S A T U O B A A S -
U T T U T I A A A A AP o -
“n, , K ", %«; % % 2 3 8 I I A }j; S & of v"M e | spodoptera frugiperda
S, >3 ~ % & F i F 5 e o o o
e o %, % 5 % 3 7 i 4 & & @ s o ™ ougouwp
e, S v S N RRAVINESF TS S -
g L %, o, % % LU A F 5 e bootstrap
N R A U T T 1§45 ¢ \:sf' e, & o P e s
s s, M, s,i‘/ %5t 3774 js 5{ S & = T e 062
iz, R @ % 338 88§ g 7 & e & S e 2
s, M N % R % 43138545 &£ & S o e
o o, o % IRE RNV & s o Ea o7
" Y, %, % %i‘—“*gé’g'f")’“f@w o o e )
iy oy ey % e e F & S o wer™ p— 085
s DN % Sy &5 oo o R oo
o, o Vi M%Q, S o o o et
““Cateyy fas v N o o -
S SN NS et
oo e g, e,/ o ,,a»‘w s v
a5 b / o ot itochonéis
2000 g P i g 'mnw”*"‘"m.,,, onay W “mﬂ"ﬂ.ww o Mﬂ,c—.wn“"*““""""\m stochor
o : e
e Iy
e o - a2 5P
i
It R
Sranuisa My PSS s paevome s SN SO _“;.,nma\,wn"" e

. FR
cons 9
szt

o

Fig. 3. Maximum likelihood unrooted tree representing the phylogeny of Cytochrome c oxidase subunit
I (COX1) sequence of the 50 samples of Spodoptera frugiperda and seven other lepidopterans, built with
MEGA11 with branch quality evaluated using 1000 bootstrap replicates and visualized with iTOL. Labels
correspond to their name in the NCBI genomic database and assembly accession number.

showed its extracellular or membrane-bound localization. However, this protein currently lacks detailed
functional annotation in available databases. Based on this sequence, primers for the PCR, LAMP, and RPA
were designed. The primer sequences and their corresponding annealing temperatures are provided in Table 1.

Specificity assay of PCR, LAMP, and RPA

The concentration of the isolated DNA from S. frugiperda and other lepidopteran species ranged from 800 to
1100 ng/uL, and the absorbance ratio at 260/280 nm and 260/230 for total DNA was between 1.8 and 2.2. The
S. frugiperda sample displayed a clear 550 bp band after amplification at 52 °C. Additionally, lower molecular
weight bands were observed for H. armigera and C. sacchariphagus indicus, indicating non-specific amplification.
No amplification was detected for S. litura, S. exigua, Mythimna impura, S. inferens, Chilo infuscatellus, or the
no-template control (NTC) (Fig. 4A).

The LAMP assay was optimized using designed primers at 60 °C for 60 min, amplifying only S. frugiperda
genomic DNA. The amplification was visualized using an HNB dye-based colorimetric assay, with the positive
samples displaying sky blue colour. In contrast, no amplification was observed in S. litura, S. exigua, H. armigera,

M. impura, S. inferens, C. sacchariphagus indicus, C. infuscatellus, and also in the NTC, all of which displayed a
characteristic violet colour visible to the naked eye (Fig. 4B).
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SL. No. | Assays | Primer | Primer sequences (5’ 3°) Annealing temperature
L PCR Forward | TGAAGCTATCCGTCTGGTTG 530C

Reverse | TGACGTCAGCAATCTTGACA

F3 TGTCTGATTTTGCGTTGC

B3 ACCTATAAACACTGGTTGGAAT

FIP ACTACCTAGCGGGTTTACCGTTTTTAAAAAAAAAAAAACACCCCGTTC .
> LAMP BIP GCAGCTCTGGGTGTGTTCATTTTTTTGTTTTTTTGGGATACGCATTA 60%¢

LF TCTGGCTTGATAAGCAGGAGTAG

LB CCCCGGTAAACCCGCTAGGT

Forward | TCCAACCATTGCAAGACCGAACTATTTTGAAAAC .
> Rea Reverse | TCCCTTTTTGACGGAGGTCGTGGAAACAACGGCTG e

Table 1. Details of primers used in the study for the detection of Spodoptera Frugiperda.
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Fig. 4. Specificity assay for Spodoptera frugiperda detection. (A) PCR specificity assay using S. frugiperda
specific primers, (B) LAMP specificity assay using S. frugiperda specific primers with HNB dye, (C) RPA
specificity assay using S. frugiperda specific primers with SYBR Green I dye. M- 100 bp marker, Lane 1:
Spodoptera frugiperda, Lane 2: Spodoptera litura, Lane 3: Spodoptera exigua, Lane 4: Helicoverpa armigera, Lane
5: Mythimna impura, Lane 6: Sesamia inferens, Lane 7: C. sacchariphagus indicus, Lane 8: Chilo infuscatellus and
Lane 9: non-template control (NTC). Original blots/gels are presented in Supplementary Fig. 1.
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The specificity assay with the RPA primers showed successful amplification in the S. frugiperda samples at
39 °C for 30 min, while no amplification occurred in the other samples. These results were visualized with SYBR
Green I dye, where the S. frugiperda sample displayed a bright green colour, whereas the negative samples from
lanes two to nine appeared brick-red under the UV transilluminator. (Fig. 4C).

Sensitivity of PCR, LAMP, and RPA assays

The sensitivity of PCR, LAMP, and RPA assays was evaluated by serially diluted DNA samples, viz., 100 ng, 10
ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg, and 10 fg based on the initial nanodrop concentration of 1000 ng/pL. The
PCR assay demonstrated a sensitivity threshold of 1pg/uL (Fig. 5A). For the LAMP colorimetric sensitivity assay,
amplification of S. frugiperda DNA was achieved with as little as 100 fg/uL of DNA, after 60 min of incubation
at 60 °C. The results were visualized based on visible colour changes, with lanes one through seven and nine
showing a sky-blue colour (Fig. 5B). The results indicated that the lowest concentration of S. frugiperda DNA
necessary for successful amplification using the LAMP assay is 100 fg/uL. Hence, LAMP was found to be ten times
more sensitive than PCR, detecting lower concentrations of S. frugiperda DNA in less time. In RPA colorimetric
sensitivity assay, the colour change to bright green in lanes one to seven confirmed amplification, while lanes
8,10, and 11 exhibited brick red colour, indicating no amplification (Fig. 5C). This indicates that the RPA assay
achieved sensitivity comparable to that of the LAMP assay, successfully amplifying DNA at concentrations down
to 100 fg/uL. Thus, both the LAMP and RPA assays were significantly more sensitive and faster than PCR in
detecting S. frugiperda.

Validation of PCR, RPA, and LAMP assays
For the validation of PCR, RPA, and LAMP assays, we used S. frugiperda specimens collected from the different
geographical regions of India, along with other lepidopteran species serving as negative controls and NTC. The

1 2 3 4 5 6 7 8 -l e 8

Fig. 5. Sensitivity assay for detection of Spodoptera frugiperda using different concentrations of template DNA.
(A) PCR sensitivity assay with agarose gel electrophoresis, (B) LAMP sensitivity assay with HNB dye, (C)

RPA sensitivity assay with SYBR Green I dye. M- 100 bp marker, Lane 1: 100 ng, Lane 2: 10 ng, Lane 3: 1 ng,
Lane 4: 100 pg, Lane 5: 10 pg, Lane 6: 1 pg, Lane 7: 100 fg, Lane 8: 10 fg, Lane 9: positive control (Spodoptera
frugiperda), Lane 10: negative control (Sesamia inferens); Lane 11: non-template control (NTC). Original blots/
gels are presented in Supplementary Fig. 2.
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PCR assay successfully amplified DNA from the 50 field-collected S. frugiperda samples, yielding an amplicon
size of 550 bp. Both the LAMP and RPA assays effectively identified S. frugiperda samples, evidenced by a colour
change to sky blue and bright green colour when visualized with HNB dye and SYBR Green I dye (Supplementary
Fig. 3), respectively. In contrast, the negative control and NTC displayed no banding patterns and exhibited
violet and brick red colour, respectively, in the PCR, LAMP, and RPA assays, indicating no amplification.

Discussion

The fall armyworm, S. frugiperda, is a globally significant pest that can cause severe production losses in
agricultural and horticultural crops, including maize, sweet corn, sorghum, cotton, peanut, chickpea, soybean,
vegetables, and various fruit crops?’~%. Early larval instars of many noctuid moths, including S. frugiperda,
are morphologically similar, making accurate field identification challenging®®. Therefore, rapid and precise
detection techniques are essential for identifying S. frugiperda in its early stages to make timely decisions to
prevent extensive crop damage'. Other lepidopteran pests, such as H. aarmigera, C. partellus, and S. inferens,
add to the complexity of field identification due to overlapping symptoms, including cob damage, leaf pinholes,
and defoliation. Various diagnostic methods have been developed for species identification, with molecular
techniques offering the most sensitivity and accuracy®'. However, molecular approaches, including PCR, though
accurate, can be time-consuming and require specialized laboratory equipment®2!.

The present study focused on developing colorimetric loop-mediated isothermal amplification (LAMP) and
recombinase polymerase amplification (RPA) assays for the rapid and specific detection of S. frugiperda. The
LAMP primers were designed based on a unique region distinct to S. frugiperda, coding for a signal peptide with
a non-cytoplasmic domain, that is allowing the assay to be performed on any heating block using a colorimetric
approach instead of an agarose gel-based method. The HNB dye-based LAMP assay was shown to be species-
specific, sensitive, and cost-effective, and could identify S. frugiperda within 60 min at 60 °C. HNB, an azo
dye, undergoes a colour change during DNA amplification because the free phosphate molecules bind to the
magnesium present in the dye. This interaction leads to magnesium depletion, turning the reaction mixture sky
blue in the positive samples due to successful amplification. In contrast, negative controls, where no amplification
occurs, retain the violet colour due to the presence of magnesium®!4-16. The assay’s specificity was validated
across multiple S. frugiperda samples and other lepidopterans such as S. litura, S. exigua, H. armigera, M. impura,
S. inferens, C. sacchariphagus indicus, and C. infuscatellus, demonstrating 100% specificity for S. frugiperda and
no cross-reactivity. The assay demonstrated excellent success in detecting S. frugiperda from the field-collected
populations, producing results within 60 min, faster than PCR. Park et al.'” successfully used LAMP to identify
S. frugiperda, achieving amplification within 45 min at an isothermal temperature of 60 °C. LAMP provides
faster and more reliable results even with lower DNA concentrations!!. The six LAMP primers developed in this
study were found to be highly sensitive to S. frugiperda, detecting genomic DNA at 100 fg, whereas standard PCR
is less sensitive, requiring at least 1 pg.

While the LAMP assay offers many advantages, it does have limitations, including the need for specific
heating equipment, such as a water bath. Additionally, the assay requires six sets of primers, elevated
temperatures (60 °C), and longer incubation times, which can limit its practicality for field applications'*?!. In
contrast, RPA is rapidly gaining popularity as a simpler and more cost-effective diagnostic tool for detecting
insects and diseases?!. Hence, to overcome the limitations of the LAMP assay, we developed a colorimetric RPA
assay that functions at a lower isothermal temperature (39 °C) and requires only two primers, enhancing its
suitability for on-site diagnostics. When amplification occurs in positive samples, SYBR Green I dye chelates
with DNA, resulting in a stronger signal. The greater the amplification, the more pronounced the chelation and
the stronger the signal, enabling the avoidance of gel electrophoresis and the need for associated documentation
systems to confirm DNA amplification'>?!. The use of SYBR Green I dye in the RPA assay presents numerous
advantages over conventional diagnostic methods, including the elimination of the need for reaction tubes and
the capability to swiftly detect amplification with a UV transilluminator®. The RPA assay developed in the study
showed a bright green colour upon amplification, while negative samples remained brick red, visible under a
UV transilluminator. The RPA assay could amplify S. frugiperda at a low isothermal temperature of 39 °C, which
is comparable to room temperature and eliminates the need for a heating device or a thermal cycler. The study
also demonstrated that the developed RPA assay is ten times more sensitive than the PCR method, achieving
detection sensitivity of up to 100 fg/uL compared to 1 pg/uL in PCR. Like the LAMP assay, the colorimetric
RPA diagnostic assay was validated using field-collected samples of S. frugiperda and other lepidopterans.
The RPA assay demonstrated 100% specificity for S. frugiperda, with no cross-amplification observed in other
lepidopteran species. RPA demonstrates substantial improvements over PCR-based thermal amplification
previously employed for diagnosing various insects, significantly reducing both manpower and incubation time.
The simplicity and speed of the RPA assay position it as an optimal tool with distinct advantages over other
molecular diagnostic techniques. The study’s findings are consistent with previous research, highlighting the
assay’s reliability and its accessibility in field applications'®.

To date, RPA has not been utilized to identify the invasive pest S. frugiperda anywhere in the world.
Therefore, this on-site, rapid, and sensitive method can be executed by non-expert personnel without the need
for sophisticated equipment. It will be instrumental in quickly developing pest control strategies and minimizing
economic losses in various crops.

Conclusion

To our knowledge, this study represents the first effort to develop an RPA-based diagnostic kit for the early
detection of the significant invasive pest, S. frugiperda. We have developed colorimetric detection assays that are
highly specific, rapid, robust, and sensitive at a low cost. Both the LAMP and RPA assays are straightforward to
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perform, require less time, and do not necessitate expensive equipment. Compared to PCR and LAMP assays,
the RPA colorimetric assay stands out for its simplicity, speed, and affordability, detecting S. frugiperda at 39 °C
within 30 min. Since this assay operates at a temperature comparable to room temperature, it eliminates the need
for heating devices, making it easy to implement under field conditions. This early detection capability is crucial
for effective pest monitoring and the development of appropriate pest management strategies.

Methods
Sample collection and identification based on morphological and molecular characteristics
Larval and adult specimens of S. frugiperda (n= 50 individuals), along with seven other noctuid species (S. litura,
S. exigua, H. armigera, M. impura, S. inferens, C. sacchariphagus indicus, and C. infuscatellus) were collected
from various agro-climatic zones across India and morphologically identified using available catalogues and
identification keys. The larvae of each species were preserved in 100% ethanol at -80 °C for further studies.
Genomic DNA was extracted from a single larva for each species by using a DNeasy blood and tissue kit
(Qiagen, Hilden, Germany), following the manufacturer’s protocols with slight modifications®?. The quantity
and quality of DNA were determined using nanodrop spectrophotometry (7415 Nano, Jenway, UK) in the
260/280 and 260/230 ratios. The integrity of the DNA was evaluated in a 1.5% (w/v) agarose gel electrophoresis,
and gel images were documented using the GelDoc Go gel imaging system (Bio-Rad, California). The DNA
samples were stored at -20 °C (Celfrost BFS 350 Upright Deep Freezer, USA) until further investigation. PCR
amplification was performed on the COI gene, targeting a 658 bp region near the 5’ terminus, using the COX1
gene primers: forward (LCO1490) and reverse (HCO2198)**. The reaction was conducted in a thermal cycler
with a 25 pL reaction volume which included 12.5 pL of 2 xreSource™ Taq Mix (reSourceTaqg DNA Polymerase,
6 mM MgCl2, 2 mM dNTPs) (Source Bioscience, UK), 1 uL each of 10 uM forward and reverse primers, 8.5 uL
of molecular biology grade water and 2 uL of template DNA. PCR was carried out with an initial denaturation
at 94 °C for 5 min, followed by 30 cycles of denaturation at 94 °C for 1 min, annealing at 48 °C for 1 min, and
extension at 72 °C for 1 min. The reaction was then extended for 5 min at 72 °C before being stored at 4 °C. The
PCR products were separated using 1.5% agarose gel electrophoresis, and gel images were documented using the
GelDoc Go gel imaging system.

Phylogenetic analysis

The phylogenetic analysis was performed using Molecular Evolutionary Genetics Analysis (MEGA) version
113 to explain the relationship between S. frugiperda specimens and other closely related lepidopterans. The
amplified COXI nucleotide sequences of all the samples were aligned using the MEGA11 Clustal-W tool and
the neighbour-Joining approach to infer evolutionary history. The evolutionary distance was calculated using
the Maximum Composite Likelihood technique using the Kimura-two-parameter model with 1000 bootstrap
replications® representing several base substitutions per site. This analysis included 50 nucleotide sequences of
S. frugiperda isolates and seven other lepidopterans, viz., S. litura, S. exigua, H. armigera, M. impura, S. inferens,
C. sacchariphagus indicus, and C. infuscatellus, as an outgroup. All ambiguities were deleted for each sequence
pair (pairwise deletion).

In-silico analysis of Spodoptera frugiperda genome and primer designing

A genome-wide in-silico analysis was performed to identify the S. frugiperda-specific nucleotide sequence.
Nucleotide sequences of S. frugiperda and other lepidopteran species (negative controls) were retrieved from
the NCBI database. BioEdit software v.7.0 was used to align various sequences and unigenes, reduce gaps, and
also to find the variable regions within the gene. This highly variable region was used to generate primers for the
detection assay.

PCR primers were designed using primer3plus (http://primer3plus.jp/e) based on the identified unique
sequence. Two LAMP outer primers (F3 and B3), two internal primers (FIP and BIP), and loop forward and
backward primers (LF and LB), were designed using NEB Primer Design Tools. The S. frugiperda-specific RPA
primers were manually developed by following the unique requirements for amplification. The GC content (%),
predicted melting temperature (Tm), and probable secondary structure forms (hairpins or dimers) of all primers
were determined using the Integrated DNA Technologies (IDT) online Oligo Analyzer tool (https://sg.idtdna.c
om/calc/analyser). The chosen primers’ specificity was validated using NCBI-BLAST for additional assurance.
The third step was to test the specificity of the sequences by looking for homology using the BLASTn method
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Specificity test of PCR, LAMP, and RPA assays

A gradient PCR was performed from 48 to 60 °C following the protocol described previously with specific
primers designed using the variable region of S. frugiperda. The amplification was visualized in a 1.5% agarose
gel, and the gel images were documented using the GelDoc Go gel imaging system.

The LAMP specificity assay reaction used a 25 uL reaction volume, which comprised 12.5 uL of Warmstart
buffer, one L each of outer, inner, and loop primers (F3, B3, FIP, BIP, LE, LB), 5.5 pL of molecular grade water,
and three pL of DNA template. The genomic DNA of S. litura, S. exigua, H. armigera, M. impura, S. inferens, C.
sacchariphagus indicus, and C. infuscatellus were used as negative controls. The reaction was also conducted with
a non-template control (NTC), using the same reaction mixture but without the DNA template. The reaction
reagents were incubated for 60 min at 60 °C in a dry bath (GeNei, Bengaluru, India). To detect the test,1 pL of
HNB dye was added to 10 pL of amplified LAMP products which were observed with the naked eye for the
colour change.

The RPA reactions were carried out using newly designed primer pairs at 39 °C for 30 min using a dry bath
(GeNei, Bengaluru, India). The assay was performed in a 50 pL reaction volume, following the protocol indicated
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Fig. 6. Overview of the development of isothermal nucleic acid-based assays for the rapid and accurate
detection of Spodoptera frugiperda larvae in field conditions.

in the TwistAmp® Basic kit (TwistDx, Cambridge, UK) with minor modifications. To start the reaction, 5 uL
of DNA template was mixed with 2.5 pL each of forward and reverse primers (10 mM), 30 pL of rehydration
buffer, 7.5 uL of molecular biology grade water, and 2.5 pL of magnesium acetate. Genomic DNA from S. litura,
S. exigua, H. armigera, M. impura, S. inferens, C. sacchariphagus indicus, and C. infuscatellus served as negative
controls. A non-template control, omitting DNA, was also included. After incubation, the RPA-amplified
products were mixed with 0.5 pL of SYBR green I dye for colorimetric detection using a UV transilluminator.
All the reactions were performed three times to check their accuracy.

Sensitivity test of PCR, LAMP, and RPA assays

To check the sensitivity of the PCR, LAMP and RPA assays, S. frugiperda genomic DNA was serially diluted from
the original concentration measured by nanodrop. Dilutions were prepared at concentrations of 100 ng, 10 ng,
1 ng, 100 pg, 10 pg, 1 pg, 100 fg, and 10 fg per microlitre. The amplification of the PCR product was visualized
using a 1.5% agarose gel. The LAMP colorimetric assay for different dilutions was performed at 60 °C for 60 min,
and the amplification was confirmed by using HNB dye. The RPA sensitivity assay was conducted at 39 °C for
30 min using a dry bath, after which the amplified product was mixed with 0.5 uL of SYBR Green I dye for
colorimetric detection. In addition to S. frugiperda, a negative control of S. inferens and an NTC were used for
the sensitivity assays. To ensure consistency, the sensitivity test assays were repeated three times.

Validation of PCR, LAMP, and RPA assays

To validate the PCR, LAMP, and RPA detection techniques developed in the study, we utilized 50 field-collected
specimens along with the specimens of S. frugiperda, including S. litura, S. exigua, H. armigera, M. impura,
S. inferens, C. sacchariphagus indicus and C. infuscatellus. The PCR, LAMP, and RPA reaction mixtures were
prepared using the standardized protocol as described previously (Fig. 6).

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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