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Abstract: Rice stem borer Chilo suppressalis (Walker) is one of the most serious pests on rice and
is distributed worldwide. With the long-term and continuous usage of insecticides, C. suppressalis
has developed high levels of resistance to various kinds of insecticides, including phenylpyrazole
insecticides. As is well known, the resistance of C. suppressalis to phenylpyrazole insecticides is
determined by the A282S mutation of the GABA receptor RDL subunit. In order to efficiently detect
the resistance of C. suppressalis, a rapid and sensitive loop-mediated isothermal amplification (LAMP)
technique was established and optimized in this study. The optimal concentration of components
was Bst DNA polymerase (0.24 U/puL), dNTP (0.8 mM), MgZJr (4 mM), betaine (0.6 M), forward
inner primer and backward inner primer (1.6 pM), F3 and B3 (0.4 pM), and hydroxyl naphthol blue
(150 mM), respectively, and the optimal reaction condition was 63 °C for 60 min, which could reduce
the cost and time of detection. In addition, the accuracy of the optimized LAMP reaction system and
parameters was verified in the field strains of C. suppressalis from different regions, including Jiangsu,
Jiangxi, and Hu'nan provinces. The mutation (A2’S) was successfully detected in the field strains. As
far as we know, this is the first report of the LAMP technique applied in the resistance monitoring of
C. suppressalis to phenylpyrazole insecticides. According to our results, the optimized LAMP reaction
system is feasible and easy to operate and to efficiently detect resistance-related mutation in a short
time, as directly judged by the naked eye. Our results provide a new tool for detection of resistance
of C. suppressalis, which is a very useful tool for comprehensive management of C. suppressalis.
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1. Introduction

Rice stem borer Chilo suppressalis (Walker) is one of the main pests in rice production,
and has the characteristics of a large base, long damage period and severe harm [1]. Its
larvae drill into the rice stem and destroy the rice tissue, which leads the rice to die due
to lack of water and nutrients. To date, phenylpyrazole insecticides including fipronil,
ethiprole and flufiprole are still used to control C. suppressalis in the paddy field in some
countries. However, it is worth noting that C. suppressalis has developed different resistance
levels to these insecticides [2,3]. Existing studies show that the resistance generation of
insect pests to phenylpyrazole insecticides is related to the A2’S mutation of the resistance
to dieldrin (RDL) subunit of y-aminobutyric acid (GABA) receptor. For example, the A2’S
mutation of RDL subunit lead Plutella xylostella (Linnaeus) to a high resistance level to
fipronil [4]. The A2’S mutation in Heliothis virescens (Fabricius) and Nilaparvata lugens (Stal)
can reduce the sensitivity of heterogeneously expressed RDL receptor to fipronil [5,6].

Agronomy 2023, 13, 601. https://doi.org/10.3390/agronomy13020601

https:/ /www.mdpi.com/journal /agronomy


https://doi.org/10.3390/agronomy13020601
https://doi.org/10.3390/agronomy13020601
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0003-1906-8091
https://orcid.org/0000-0002-8290-7030
https://orcid.org/0000-0002-7942-488X
https://doi.org/10.3390/agronomy13020601
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13020601?type=check_update&version=2

Agronomy 2023, 13, 601

2 0f9

Traditional mutation detection technology for insecticide targets gives priority to PCR
and DNA sequencing, which have high accuracy. However, the stringent testing cycle is
long and has a high-cost, complex experimental conditions and expensive equipment, e.g.,
the thermal cycler system are required; meanwhile, it does not well meet the requirement of
farmers for fast tests [7-10]. Loop-mediated isothermal amplification (LAMP) is a technique
in vitro with thermostatic amplification of specific DNA, created by Notomit’s group in
2000. The primers capable of generating a circular structure and Bst DNA polymerase with
strand displacement activity under a constant temperature (~65 °C) were used in the LAMP
technique [11,12]. The LAMP technique has the advantages of inexpensive equipment,
simple operation, rapid reaction, easy judgment, etc., and has broad application prospects
in field detection [13].

In recent years, the LAMP technique has been applied in the detection of insecticidal
resistance, such as the G119S mutation in the acetylcholinesterase of the brown planthopper
Anopheles gambiae Giles [14], the R81T mutation in the acetylcholine receptor (AChR) of
the green peach potato aphid Myzus persicae Sulzer [1], and the A415V mutation in the
ecdysone receptor gene of the smaller tea tortrix, Adoxophyes honmai Yasuda [15].

Therefore, establishing a convenient and rapid detection technique based on the
LAMP technique for A282S mutation in RDL subunit is of great value for identifying
the resistance status of C. suppressalis to phenylpyrazole insecticides in the field, and can
provides scientific guidance for integrated pest management of C. suppressalis.

2. Materials and Methods
2.1. C. suppressalis Population

The field populations of C. suppressalis were collected from Jiangsu, Hu'nan and
Jiangxi provinces of China, and cultured indoors on artificial food without exposure to any
insecticide under temperature 27 £ 1 °C, relative humidity 60%-80%, and photoperiod
L:D =16:8 h [16].

2.2. Plasmid-Construction of CsRDL1 with A2825 Mutation

Genomic DNA of C. suppressalis was extracted by DNAiso Reagent kit (Takara Biomed-
ical Technology Co. Ltd., Beijing, China). According to the genome sequence of CsRDL1, a
set of primers used for amplifying the genome sequence containing the A282 locus (Table 1)
were designed by Beacon Designer 8.13 (Premier Biosoft International, Palo Alto, CA, USA).

Table 1. Amplification of CsRDL1 gene.

Primer Name Nucleotide Sequence (5'-3) Function
CsRDL1-F CACACGCTAACACGACAT amplification of CSRDLI gene
CsRDLI-R CACGATGCGAGAATACTTG p 8

CsRDL1A282S-F

ACTCCTGCTCGGGTGTCACTAGGTGT

CsRDL1A2825-R

ACACCCGAGCAGGAGTTGCGTTTCGG mutagenesis of A282S site

CsRDL1-F3

CGAAACAGGTGCCCAAAT

CsRDLI-B3 CATCCAAATTTATATTCCATCTGG outer primer for LAMP
CsRDLI-FIP AGACCCGAGCAGGAGTTGCTGATTGTAATCATATCATGGGTATC mer primer for LAMP
CsRDLI-BIP GTTACCACTGTATTGACTATGACTACGTCGATAGATTTCACGTAAG er primerto

Note, nucleotides artificially mismatched and mutant nucleotide are bordered with a box and underlined,
respectively. Forward inner primer (FIP) and backward inner primer (BIP) were constituted with F2 and Flc, and
B2 and Blc, respectively. Flc and Blc were the complementary nucleotide sequences of F1 and B1, respectively.
Flc and Blc were indicated in italics, F2 and B2 were indicated in bold, respectively.

The PCR was performed according to the protocol of 2 x Phanta® Max Master Mix
(Vazyme Biotech Co., Ltd., Nanjing, Jiangsu province, China). Subsequently, the PCR
product was purified with EasyPure ® PCR Purification kit (TransGen Biotech Co., Ltd.,
Beijing, China), ligated into the pEASY ®-Blunt 3 Cloning vector (TransGen Biotech Co.,
Ltd.), and transferred into the Trans-T1 Phage Resistant Chemically Competent Cells
(TransGen Biotech Co., Ltd.). Plasmid of pEASY ®_Blunt 3-CsRDL1-A282 (hereafter as Blunt-
CsRDL1-A282) was extracted by TIANprep Mini Plasmid kit (Tiangen Biotech Co., Ltd.,
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Beijing, China), and used as template to generate the 5282 mutation by the CsRDL1A2825-F
and CsRDL1A2825-R (Table 1), and the Fast Mutagenesis Systems kit (TransGen Biotech
Co., Ltd.). Plasmid of Blunt-CsRDL1-5282 was extracted by TIANprep Mini Plasmid kit for
further study.

2.3. Design of Specific Primers for LAMP Reaction

The specific primers for LAMP were designed by CsRDL1 containing A2825 mutation
in the genome sequence using online software Primer Explorer V5 (http:/ /primerexplorer.
jp/e/index.html, accessed on 15 December 2022) (Figures 1 and 2). It is worth noting that
the design principle of specific primers follows: (1) GC content was between 40% and 65%;
(2) 120~160 bp, 40~60 bp, and 0~60 bp nucleotides were between the 5" end of F2 and B2,
the 5" end of F2 and F1, and the 3’ end of F3 to the 5’ end of F2, respectively; (3) 40~60 bp
and 0~60 bp nucleotides were between the 5 end of F2 and B1, and the 3’ end of B3 to the
5’ end of B2, respectively [17].

Target DNA

3—{Fac i

FIP (Forward Inner Primer) 5> .-
BIP (Backward Inner Primer) g

F3 (Used as Forward Outer Primer) 5’
B3 (Used as Backward Outer Primer) 5° —iBam— 3’

Figure 1. Schematic representation of LAMP primers. Flc and Blc were complementary to F1 and B1.

—
ACGCECEAAC T CTOE TC BB GATA[ACAETAGGTRETTACE CACTAETAY
ACGCAACTCCTGCTCGGGTGITCAICTAGG TG TTACCACTGTATT

—

Figure 2. Sequencing results of the mutant plasmid. The (a,b) were the CsRDL1-A282 and CsRDLI-
5282, respectively. The nucleotides in the box represent the 282th amino acid of CsRDL1 subunit.

2.4. Optimization of LAMP Reaction Component

The basic component of the LAMP reaction system (15 pL) contains 0.6 pL Bst DNA
polymerase (8 U/uL), 1.5 uL 10 x ThermoPol Reaction Buffer, 0.6 pL Mg2+ (100 mM),
1.5 uL. ANTP (10 mM), 2.4 uL FIP and BIP (10 uM), 0.6 uL F3 and B3 (10 um), 1.5 pL betaine
(5 mM), 1.0 pL hydroxy naphthol blue (HNB) (2.4 mM), 0.6 uL DNA template, and 1.7 pL
ddH;,O. The parameters of the LAMP reaction were set at 63 °C for 60 min.

In order to reduce the detection cost, the components in the LAMP reaction system
were optimized. A serial of concentration for components were respectively set, e.g., Bst
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WT
A282S

WT
A2828

WT
A2828

WT
A282S

DNA polymerase (0.08, 0.16, 0.24, 0.32 and 0.4 U/uL), dNTP (0.4, 0.6, 0.8, 1.0 and 1.2 mM),
Mg?* (1.0, 2.0, 3.0, 4.0 and 5.0 mM), betaine (0.2, 0.4, 0.6, 0.8 and 1.0 M), FIP/BIP, (0.4,
0.8, 1.2, 1.6 and 2.0 uM), F3/B3 (0.1, 0.2, 0.3, 0.4 and 0.5 pM), and HNB (50, 100, 150,
200 and 250 uM). At last, the optimal concentration was determined according to HNB
visualization and agarose gel electrophoresis.

2.5. Optimization of LAMP Reaction Parameters

In order to obtain the optimal reaction parameters, the temperature and time of LAMP
reactions were optimized, respectively, based on the optimized concentration of each
component in the LAMP reaction system. The LAMP reaction was performed at different
temperatures (59 °C, 61 °C, 63 °C, 65 °C, and 67 °C) for 60 min to optimize the isothermal
conditions. Subsequently, several time points (30 min, 40 min, 50 min, 60 min, and 70 min)
were examined under the optimized temperature. Finally, the optimal reaction parameters
of temperature and time were determined according to the color of HNB visualization and
agarose gel electrophoresis.

2.6. Verifying the Accuracy of the LAMP Technique

To verify the accuracy of the optimized LAMP reaction system and parameters, field
strains of C. suppressalis from different regions were tested. Two larvae from each region
were randomly selected as two replications for mutation detection. The change of HNB
visualization, agarose gel electrophoresis and conventional PCR combing the nucleotide
sequence using the Sanger method (General Biol. Co., Ltd., Chuzhou, China) were per-
formed, and the nucleotide sequencing results were used to identify the mutation and to
determine the accuracy of the LAMP technique.

3. Results
3.1. Mutation of the CsRDL1

As shown in the Figure 2, the guanylate (G) was mutated to thymine (T), therefore the
amino acid was mutated from alanine (A) to serine (S).

3.2. Design Specific Primer forLAMP Reaction

The specific primers (CsRDLI-F3/B3, and FIP/BIP) for amplification of CsRDL1-5282
plasmid were designed (Figure 3) and chosen by using the plasmid Blunt-CsRDL1-5282
(mutated type, MT), genome-CsRDL1-A282 (wild type, WT), and ddH,O as templates,
respectively.

TCGTTCCATGGGATACTATCTCATCCARATTTATATTCCATCTGGTTITGATTGTRAATCAT
TCGTTCCATGGGATACTATCTCATCCARATTTATATTCCATCTGGTTITGATTGTAATCAT

F2 Fl

ATCATGGGTATCATICTIGGTTGAARCCGAARACGCAACT
ATCATGGGTATCATTCTIGGTTGAACCGARACGCAARCT

CTIGCTCGGGTIG T GGTGT
CTGCTCGGGTIG

Bl

MACCEAAR

ATCTTACGTIGAAATCTATCGACGTGTATTTGGGCACCTGITTCGTCATGGTCTTCGCAAG
ATCITACGTGRAAATCTATCGACGTGTATTTGGGCACCTGTITTCGTCATGGTCTTCGCAAG

Figure 3. Position of primers for LAMP reaction in CsRDL1 sequence.
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As shown in Figure 4, the selected specific primers could amplify the CsRDL1-5282
plasmid, the HNB visualization becomes from violet to sky blue, and the smear bands
appear on the agarose gel electrophoresis. In contrast, the HNB visualization of the reaction
solution with the ddH,O and genome-CsRDL1-A282 as templates becomes purple, and no
band appeared on the agarose gel electrophoresis (Figure 4).

A B
ddH,0 WT MT M ddH,0 WT MT

HNB visualization Gel electrophoresis

Figure 4. Screening of specific primers for LAMP reaction. M. Trans 2K Plus DNA marker. WT and
MT indicated the genome-CsRDL1-A282 and Blunt-CsRDL1-5282, respectively.

3.3. Optimized Components of LAMP Reaction System

As shown in Figures 5 and 6, the optimal concentration for each component was
Bst DNA polymerase (0.24 U/uL, Figure 5A), dNTP (0.8 mM, Figure 5B), Mg2+ (4 mM,
Figure 5C), betaine (0.6 M, Figure 5D), FIP and BIP (1.6 uM, Figure 6A), F3 and B3 (0.4 uM,
Figure 6B), and HNB (150 mM, Figure 6C), respectively.

A 0.08 0.16 0.24 0.32 0.48U/ 0.08 0.16 024 032  0.48U/

HNB visualization Gel electrophoresis

Figure 5. Optimization of the concentration of Bst DNA polymerase (A), dNTP (B), Mg?* (C), and
betaine (D), respectively. M. Trans 2K Plus DNA marker.



Agronomy 2023, 13, 601 60f9

-

0.4 0.8 1.2 1.6

A

C 50 100 150 200 250uM

HNB visualization Gel electrophoresis

Figure 6. Optimization the concentrations of FIP/BIP (A), F3/B3 (B), HNB (C), respectively. M. Trans
2K Plus DNA marker.
3.4. Optimization of Reaction Parameters of the LAMP Technique

Based on the optimized concentration of each component in the LAMP reaction system,
the optimal temperature and time was 63 °C (Figure 7A) and 60 min (Figure 7B), respectively.

100——s— ———

HNB visualization Gel electrophoresis

Figure 7. Optimization of temperature (A) and time (B), respectively of LAMP reaction. M. Trans 2K
DNA marker.

3.5. Accuracy of the LAMP Technigue

In the assay to verify the accuracy of optimized LAMP reaction system (Figure 8), the
HNB visualization becomes purple, and no band appears on agarose gel in the reaction
with the sample from Jiangsu province. In contrast, the HNB visualization became sky
blue, and smear bands appeared in the reactions with samples from Hu'nan province and
Jiangxi province. Meanwhile, the nucleotide sequencing results showed that the A2825
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mutation was not detected in the Jiangsu sample, but in the Jiangxi and Hunan samples,
which indicated that the accuracy of optimized LAMP reaction system is 100%.

A JS1 JX1 HNI JS2 JX2 HN2 %
ve)

2.

- - - - ™ - 5

£

=]

B M JS1 JX1 HNI M JS2 JX2 HN2 Q
o

bp o

— - — O

=% == -

750 = “g
250— 2
100— g

Figure 8. Detection of field strain of C. suppressalis from different regions by the LAMP technique. M.
Trans 2K Plus DNA marker.

4. Discussion

The C. suppressalis is one most serious insect pests damaging the product of rice, and
phenylpyrazole insecticides are commonly used in the paddy for control of C. suppressalis.
However, the insecticide resistance of C. suppressalis to phenylpyrazole insecticides is
frequently reported, and it is a serious obstacle for control of the C. suppressalis in recent
years [2]. Previous studies found that the alanine, which located in the second amino acid
residue at the second transmembrane domain of RDL, was mutated to serine results in high
resistant levels to insecticides acting on insect GABA receptor, including phenylpyrazole
insecticides [6,18,19]. In order to make a suitable integrated pest management strategy
and meet the requirement of fast diagnostic, a fast, visual, and conventional molecular
diagnostic technique, e.g., LAMP, was established in this study.

In this study, only four primers (F3, B3, FIP, and BIP) were used in the LAMP reaction,
which omits the addition of loop-forward and loop-backward primers [20]. In addition, the
specificity of four primers was confirmed using the plasmid Blunt-CsRDLI-5282, genome-
CsRDL1-A282, and ddH;O as templates, and the mutation point (A282S) could be correctly
distinguished by the optimal LAMP reaction system. Meanwhile, the successful mutation-
detection of the field strains of C. suppressalis also confirmed its specificity.

The concentration of components, including Bst DNA polymerase, Mg?*, dNTP,
betaine, FIP/BIP, F3/B3, HNB of the LAMP reaction system were also optimized, which
made the LAMP technique more economical and convenient. Visualization is an important
advantage of the LAMP technique. In the present study, the SYBR Green I was firstly
chosen as the chromogenic agent (data not shown). However, the SYBR Green I must be
added after the LAMP reaction, which frequently results in aerosol contamination and
produces a false positive. Therefore, the HNB was subsequently used as the chromogenic
agent, which could be added before the LAMP reaction and avoid the contamination while
opening the eppendorf tube cover after the LAMP reaction. In addition, the HNB has
advantages of low-cost, obvious color change, safe and effective, compared with other
chromogenic agents, such as SYBR® Safe DNA gel stain, malachite green, SYBR Green I,
ethidium bromide and propidium iodide [21].

The reaction time and temperature of the LAMP reaction were also optimized, making
the LAMP technique more convenient and suitable for usage in the field. The optimal
temperature and time of LAMP for detection of A282S mutation of CsRDL1 were 63 °C and
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References

60 min, respectively. The time cost is shorter than conventional thermal cycling with PCR
and no PCR apparatus is required.

Previous studies have shown that the A2’S mutation is related to the resistance of
a variety of insects to phenylpyrazole insecticides [22-24]. The RDL1-A282S mutation
appeared in C. suppressalis from Jiangxi and Hu'nan provinces, and the results of the LAMP
technique were consistent with those of nucleotide sequencing and PCR. Therefore, the
LAMP reaction system established in this study could be used in the field for detecting the
A2’S mutation.

5. Conclusions

In conclusion, we developed a LAMP technique for fast, visual and accurate detection
of A282S mutation in CsRDLI1. To our knowledge, this is the first instance of detecting
insecticide resistance using the LAMP technique in C. suppressalis. The concentration of
components (e.g., Bst DNA polymerase, Mg2+, dNTP, betaine, FIP/BIP, F3/B3, HNB) and
reaction parameters (e.g., time and temperature) of the LAMP reaction system were also
optimized, which made the LAMP technique is more economical, convenient and suitable
for usage in the field. The accuracy and feasibility of it were consistent with PCR in samples
from the lab and the field (e.g., Jiangsu province, Hu'nan province and Jiangxi province).
The establishment of the LAMP technique can provide a new means for monitoring the
resistance of C. suppressalis to phenylpyrazole insecticides, and a reference and basis for the
management of C. suppressalis.
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