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Simple Summary: As a promising substitute for chemical insecticides, p-asarone has a broad
application prospect in the field of crop protection. In order to improve the insecticidal activity of
B-asarone, a series of derivatives were prepared by active substructure splicing strategy, and their
insecticidal activities were evaluated. Compound 10, containing the 2-chloropyridine functional
group, had the strongest insecticidal activity against the small brown planthopper (SBPH), Laodelphax
striatellus (Fallén) (Hemiptera: Delphacidae), which was 8.31 times higher than that of B-asarone. The
ABC transporter gene MDR49 might be a candidate insecticidal target of compound 10. Furthermore,
compound 10 showed excellent efficacy against Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)
and Tetranychus cinnabarinus (Boisduval) (Acarina: Tetranychidae).

Abstract: The small brown planthopper (SBPH), Laodelphax striatellus (Fallén) (Hemiptera: Delphaci-
dae), is an increasing threat to Gramineae crops, posing significant risks to both the environment
and food safety. B-asarone, as a promising green alternative to chemical insecticides, possesses wide
application prospects in the crop protection field. To enhance the insecticidal activity of -asarone,
a series of derivatives were prepared through an active substructure splicing strategy, and their
insecticidal activities against SBPH were evaluated. Among the 7 commercial compounds with
chemical structures similar to f-asarone and 12 structural derivatives of B-asarone, compound 10,
which incorporates the 2-chloropyridine functional group from flupyrimin, exhibited the most potent
insecticidal activity against SBPH, with an 8.31-fold increase in insecticidal activity compared to
B-asarone. Furthermore, transcriptome analysis showed that among the selected genes that may
play important roles in insecticidal activity, an ABC transporter gene, MDR49, was most significantly
down-regulated. MDR49 was highly expressed in the 4th-instar nymphs, with the highest expression
level in the fat body, midgut, and abdomen. RNA interference (RNAi) against MDR49 significantly
reduced susceptibility to compound 10 in SBPH, which revealed that MDR49 may be the candidate
insecticidal target of compound 10. Additionally, the insecticidal spectrum revealed that compound
10 showed excellent efficacy against Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) and Tetrany-
chus cinnabarinus (Boisduval) (Acarina: Tetranychidae). This study indicates that compound 10 could
be further developed as a novel eco-friendly pesticide.
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1. Introduction

The small brown planthopper (SBPH), Laodelphax striatellus (Fallén) (Hemiptera: Del-
phacidae), is one of the most destructive pests of Gramineae crops, such as rice, maize, and
wheat in Asia, North Africa, and the warm temperate regions of Europe [1,2]. SBPH can
cause a devastating disaster to agricultural production by sucking the crop phloem and
spreading various plant viruses, such as rice stripe virus (RSV) and rice black-streaked
dwarf virus (RBSDV) [3-5]. Although commercial chemical insecticides have been widely
used to manage SBPH, several major issues have emerged. Firstly, the long-term usage
of current commercial chemical insecticides leads to cross-resistance and poor control
effectiveness. Additionally, environmental pollution and chemical residues contradict the
principle of protecting the environment and ensuring food safety [6,7]. Hence, it is urgent
to develop novel, effective, and environmentally friendly insecticides for sustainable pest
management. Natural product-based agrochemicals offer significant advantages, including
species-specific targeting, unique modes of action, and low mammalian toxicity. Fur-
thermore, these compounds tend to decompose rapidly, minimizing their environmental
impact. Plant-derived insecticidal substances thus provide a rich resource for discovering
and developing promising safe insecticides.

Acorus calamus is a medicinal plant with pesticidal, antifungal, and antibacterial prop-
erties in Asia [8,9]. B-asarone, which is isolated and purified from A. calamus, has toxicity
to several pests, such as Plutella xylostella (Linnaeus) (Lepidoptera: Plutellidae), Spodoptera
litura (Fabricius) (Lepidoptera: Noctuidae), Sitophilus zeamais Motschulsky (Coleoptera:
Curculionidae), Nilaparvata lugens (Stal) (Hemiptera: Delphacidae), and Bemisia tabaci
(Gennadius) (Hemiptera: Aleyrodidae) [10-14]. Although B-asarone demonstrates broad-
spectrum insecticidal activity, its efficacy is lower than that of commercial chemical insecti-
cides. In the N. lugens susceptible strain, the median lethal dose (LDs) of S-asarone was
0.187 pg/nymph [15]. However, the LDs of triflumezopyrim, which is a novel meso-ionic
or zwitterionic chemical insecticide, was 2.129 x 10~ pg/nymph in N. lugens [16]. Like-
wise, the median lethal concentration (LCsg) of B-asarone and cyantraniliprole against B.
tabaci was 15.51 and 1.57 mg/L, respectively [14]. Therefore, enhancing the insecticidal ac-
tivity of botanical compounds is of great practical significance for their broader application
in agricultural production.

In this study, f-asarone and seven commercial compounds with chemical structures
similar were assembling active functional groups from highly effective chemical insecti-
cides (cyantraniliprole, chlorantraniliprole, flubendiamide, flupyrimin, sulfoxaflor, and
triflumezopyrim) through an active substructure splicing strategy to obtain 12 deriva-
tives of B-asarone. Through toxicity assays, we evaluated the insecticidal activity of
19 B-asarone analogs and derivatives against the SBPH. The compound with the highest
insecticidal efficacy (Compound 10) was further analyzed for its mechanism of action and
insecticidal spectrum.

2. Materials and Methods
2.1. Insects and Reagents

A total of 6 species of insects were used in the study. The SBPH was the main in-
sect tested in this study, and the other 5 insects, including Semiaphis heraclei (Takahashi)
(Hemiptera: Aphididae), Aphis craccivora Koch (Hemiptera: Aphididae), B. tabaci, Rhopalosi-
phum maidis (Fitch) (Hemiptera: Aphididae), and Tetranychus cinnabarinus (Boisduval)
(Acarina: Tetranychidae), were mainly used to verify the insecticidal activity of compound
10. The SBPH strain was originally collected from Haian (32.57° N, 120.45° E; Jiangsu
Province, China) and maintained in the laboratory with rice seedlings. The S. heraclei was
collected from Pingyi (35.60° N, 117.75° E; Shandong Province, China) and fed with celery.
The A. craccivora was collected from Linqging (36.68° N, 115.72° E; Shandong Province,
China) and maintained in the laboratory with broad beans. The B. tabaci was picked
from cotton in our greenhouses. The R. maidis and the T. cinnabarinus were presented by
the Institute of Plant Protection, Shandong Academy of Agricultural Sciences. All the
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insects were reared in the laboratory under the conditions of 25 £ 1 °C, 70-80% humidity,
16 h light/8 h dark photoperiod.

B-asarone (compound 1), x-asaron (compound 2), asarylaldehyde (compound 3), cis-
Anethol (compound 4), eugenol (compound 5), isoeugenol (compound 6), asaronic acid
(compound 7), and pterostilbene (compound 8) were all purchased from Bide Pharmatech
Ltd. (Shanghai, China) with a purity above 99%.

2.2. Modification and Synthesis of Active Compounds

Based on the chemical structure of B-asarone, its commercially available structural
analogs (compounds 2-8) were selected. Additionally, using the active substructure splicing
strategy, active functional groups from highly effective chemical insecticides (cyantranilip-
role, chlorantraniliprole, flubendiamide, flupyrimin, sulfoxaflor, and triflumezopyrim)
were assembled onto the framework of similar chemical structure compounds to S-asarone,
leading to the synthesis of a series of B-asarone derivatives (compounds 9-20). The syn-
thetic procedures are shown in the Supporting Information. Column chromatography was
generally performed on a silica gel (200-300 mesh) gradient elution with petroleum ether
and ethyl acetate, and TLC inspections on silica gel GF-254 plates with petroleum ether:
ethyl acetate. Both 1H and 13C NMR spectra were recorded on a Bruker DP-X500 MHz
spectrometer (Bruker Corporation, Beijing, China). Chemical shifts were reported in ppm
relative to internal tetramethylsilane for 1H NMR (7.260 ppm) and CDCI3 (77.16 ppm) for
13C NMR. High-resolution mass spectra (HRMS) were collected on Waters LCT Premier™
with an ESI mass spectrometer (Waters Corporation, Beijing, China). The melting points
were measured on a STUART-SMP3 Melt-Temp apparatus (Stuart Equipment, Beijing,
China) without correction.

2.3. Toxicity Bioassay

The LDsg of each compound was tested with the 3rd-instar nymphs of SBPH. The
bioassay of B-asarone and 19 other compounds was performed according to the topi-
cal application method [17], and each compound was diluted with acetone to generate
five concentrations. The nymphs were anesthetized with ice, and then a 0.05 L liquid
drop solution was applied topically to the prothorax notum of the nymphs by a MICRO2T
SMARTouch™ device (SMARTouch™ Controller for UMP3/Nanoliter 2010, World Preci-
sion Instruments, Inc., Sarasota, FL, USA). The nymphs treated with acetone were employed
as the control. Each treatment contained thirty insects and was repeated three times. The
mortality was checked 72 h after treatment.

The insecticidal activities of compound 10 against S. heraclei, A. craccivora, B. tabaci, R.
maidis, and T. cinnabarinus were detected. The compound 10 was diluted with acetone to
generate five concentrations. The wingless adults of S. heraclei, A. craccivora, and R. maidis
of the same size were selected as the test insects. After treatment, they were fed on leaves of
celery, broad beans, and corn, respectively. Adult B. tabaci and T. cinnabarinus with the same
development stage and similar size were selected as experimental insects, and fed with
cotton and kidney beans after compound 10 treatment. All treatments consisted of three
replicates, each containing 30 test insects, and mortality was measured 72 h after treatment.

2.4. Sample Collection
2.4.1. Sample Collection for Transcriptome Sequencing and Quantitative Validation

The 3rd-instar nymphs were treated with LDsg dose (0.051 ng/nymph) of compound
10, and the survival insects were collected at 72 h. The sample was immediately frozen in
liquid nitrogen and then stored at —80 °C for transcriptome sequencing and quantitative
validation. Each treatment contained three biological replications, and each replication
contained thirty insects.
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2.4.2. Sample Collection for Instar Expression Profile and Tissue Expression Profile

The 1st- to 5th-instar nymphs, the adults of female and male of SBPH were collected
for instar expression profile analysis. For the tissue expression profile, the tissues of the
head, thorax, abdomen, midgut, and fat body of SBPH were collected from the 5th-instar
nymphs. The tissue of the ovary was collected from the four-day-old female adults. Each
sample included three independent biological replicates, the instar samples each contained
thirty insects, and the tissue samples each were dissected from fifty insects.

2.5. RNA Isolation, Library Construction, and Sequencing

The total RNA of SBPH samples was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s procedure. Then, RNA quality was
determined by 5300 Bioanalyser (Agilent, Santa Clara, CA, USA) and quantified using the
ND-2000 (NanoDrop Technology, Wilmington, DE, USA). The samples meet the criteria
with OD (260/280) = 1.8~2.2, OD (260/230) > 2.0, and RON > 6.5,28 S:18 S > 1.0, >1 pug
could be used to construct a sequencing library. Then, the library construction and sequenc-
ing were performed at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd., Shanghai,
China, following the manufacturer’s instructions. The SBPH RNA-seq transcriptome li-
brary was prepared following Illumina® Stranded mRNA Prep, Ligation (San Diego, CA,
USA) using 1 ug of total RNA. Firstly, messenger RNA was isolated using oligomeric (dT)
beads by the polyA selection method and then fragmented using fragment buffer. Secondly,
double-stranded cDNA was synthesized using the SuperScript double-stranded cDNA
synthesis kit (Invitrogen) with random hexamer primers. Then, according to the library
construction plan, the synthesized cDNA is subjected to end repair, phosphorylation, and
adapter addition. The sequencing library was performed using the NovaSeq kit on the
NovaSegX Plus platform (PE150).

The raw paired-end reads were trimmed and quality controlled by fastp with default
parameters [18]. Then, the clean data extracted from the sample are used for de novo
assembly with Trinity [19]. To improve assembly quality, all assembly sequences filtering
through CD-HIT and TransRate were evaluated using BUSCO (Benchmarking Universal
Single Copy Orthologies) [20-22]. The assembled transcripts were searched against the
NCBI protein non-redundancy (NR), Clusters of Orthologous Groups of proteins (COG),
and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases [23]. The annotations for
uniquely assembled transcripts, used to describe biological processes, molecular functions,
and cellular components were obtained through the BLAST2GO program [24].

2.6. Differential Expression Analysis and Function Enrichment

The expression levels of each transcript were calculated using the TPM (the scripts
per million reads) method to identify differentially expressed genes (DEGs) between two
different groups. The abundance of genes was quantified by RSEM [25]. DESeq2 was
used to perform the differential expression analysis with Log2FC > 1 and FDR < 0.05 [26].
Additionally, functional enrichment analysis including GO and KEGG was conducted
to determine DEGs that were significantly enriched in GO terminology and metabolic
pathways, at Bonferroni-corrected p-values < 0.05 compared with the whole-transcriptome
background. GO functional enrichment and KEGG pathway analysis were performed
using Goatools 1.4.4 and Python 1.0.0 scipy software, respectively.

2.7. Quantitative Real-Time PCR

The StarScript III All-in-one RT Mix with gDNA Remover (Genstar, Beijing, China)
was utilized to synthesize the first-strand cDNA of mRNA from total RNA. The relative
mRNA expression was analyzed by RT-qPCR, which was carried out by a LineGene 9600
Plus real-time PCR detection system (BIOER, Hangzhou, China) with the 2 x RealStar Fast
SYBR qPCR Mix (Low ROX) (Genstar, Beijing, China). Beta-tubulin was employed as the
reference gene and the 272t method was used to calculate the relative expression. The
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RT-qPCR reaction included three independent biological and technical replications. The
primers are listed in Table S1.

2.8. Gene Identification and Phylogenetic Analysis

The ABC transporter gene, which attracts attention in this study, has been annotated
to multidrug resistance protein 49-like protein (MDR49) and uploaded to the NCBI by
other researchers (GenBank accession number: KF828784.1). The accuracy of nucleoside
sequence has been demonstrated by PCR. Other ABC transporter genes from SBPH and N.
lugens were obtained from our previous study [27]. A phylogenetic tree was generated by
the ClustalW alignment of the amino acid sequences using the neighbor-joining method
with 1000 bootstrap replications in MEGA 5.05.

2.9. RNA Interference

A T7 high-yield transcription kit (Invitrogen) was used to synthesize the double-
stranded RNA (dsRNA) of enhanced green fluorescent protein (EGFP) and MDR49 ac-
cording to the manufacturer’s instructions. The primers for dsSRNA synthesis are listed in
Table S1. The 3rd-instar nymphs of SBPH were injected with 100 nL (4 ug/puL) dsMDR49
or dsEGFP, which served as the treatment and control. The knock-down efficiency was
analyzed by RT-qPCR at 1.5, 3, and 5 days after injection with dsRNA, respectively. In a
parallel experiment, the 3rd-instar nymphs of SBPH injected with dsRNA 72 h later were
treated with an LD5y dose compound 10 and then transferred to rice seedlings. Mortality
was detected at 72 h. Each treatment contained thirty insects and was repeated three times.

2.10. Statistical Analysis

SPSS 23.0 software (IBM Corporation, Chicago, IL, USA) was used for statistical
analysis of the bioassay results. The insecticide treatment mortality was corrected with
control mortality using Abbott’s formula. The LDs, slope, 95% confidence interval (CI),
and x? were calculated using probit analysis and the chi-square test. The significance of
differences between treatments was analyzed by the SPSS 23.0 software. The statistical
significance of gene expression and mortality between the treatment and control groups
was calculated using the Student’s t-test. The asterisk (*) and asterisks (**) indicate p < 0.05
and p < 0.01. The instar expression profile and tissue expression profile were compared
by the analysis of variance (ANOVA) followed by Duncan’s multiple comparisons among
different treatments. Different letters indicate significant differences (p < 0.05).

3. Results
3.1. The Synthesis of Insecticidal Active Compounds

Compounds 2 to 8 are structurally similar to S-asarone, while compounds 9 to 20
are a series of derivatives based on B-asarone and its analogs. The structures of these
twenty compounds are shown in Figure 1. Aryl (heteroaryl) ester or amide functional
groups are key active moieties in various commercial insecticides, particularly halogens
(chlorine, bromine, fluorine) and trifluoromethyl groups on aromatic or heteroaromatic
rings, which significantly impact insecticidal activity. Based on the structure-activity rela-
tionship (SAR) studies and active substructure splicing strategy, compound 7 was esterified
with active functional groups from highly effective chemical insecticides (cyantraniliprole,
chlorantraniliprole, flubendiamide, flupyrimin, sulfoxaflor, and triflumezopyrim) to yield
a series of esters and amides (compounds 10-15, 17-18). Additionally, compound 3 under-
went a reduction reaction to form compound 9, which was subsequently derivatized to form
compound 16 and compound 20. Compound 3 could also undergo a substitution reaction
to yield compound 19 (Figure 2). Synthetic procedures and methods of compounds 9 to 20
were described in the Supporting Data. The physicochemical properties, i.e., 'H and 3C
NMR of compounds 9-20 are presented in Table S2 and Supporting Data.
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Figure 2. The synthesis process of compounds 9-20. EDCI-HCI = N-(3-dimethylaminopropyl)-n’-
ethylcarbodiimide hydrochloride; HOBt = 1-Hydroxybenzotriazole; DCM = Dichloromethane; DIPEA
= N,N-Diisopropylethylamine; DMAP = 4-Dimethylaminopyridine; NBS = N-Bromosuccinimide.
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3.2. Insecticide Activity of 20 Compounds

Except for compound 15, which was insoluble, the insecticidal activity of the other
19 compounds was determined by biological assay (Table 1). The insecticidal activity of
all compounds was superior to that of f-asarone. Among them, compound 10, compound
8, and compound 7 exhibited the most potent insecticidal activity against SBPH, with
LDsg values of 0.051, 0.073, and 0.085 pg/nymph, respectively (Table 1). Statistically,
according to non-overlapping confidence intervals, there was no difference in efficacy

between compound 10 and compounds 7 and 8.

Table 1. Insecticidal activity of 20 compounds against SBPH.

Compound Number n LDs (ug/pest) (95% CI)  Slope + SE X2 (df)
1 540 0.424 (0.318-0.639) 1.102 £ 0.154 0.883 (3)
2 540 0.297 (0.244-0.377) 1.585 + 0.167 1.675 (3)
3 540 0.194 (0.075-382.569) 1.390 & 0.158 19.687 (3)
4 540 0.304 (0.176-0.817) 1.476 £+ 0.159 8.678 (3)
5 540 0.174 (0.092-0.373) 1574 +0.160  10.362 (3)
6 540 0.158 (0.094-0.259) 1.575 + 0.161 6.658 (3)
7 540 0.085 (0.061-0.108) 1.459 + 0.174 4.380 (3)
8 540 0.073 (0.055-0.092) 1.245 + 0.154 0.388 (3)
9 540 0.093 (0.074-0.112) 1.610 = 0.168 0.851 (3)
10 540 0.051 (0.035-0.067) 1.452 +£0.176 3.172 (3)
11 540 0.169 (0.112-0.263) 1.804 + 0.165 6.267 (3)
12 540 0.179 (0.093-0.343) 1.786 £+ 0.166 11.744 (3)
13 540 0.235 (0.122-0.446) 1.681 £ 0.163 10.531 (3)
14 540 0.194 (0.136-0.321) 1.920 + 0.184 5.508 (3)
15 Not detected Not detected Not detected  Not detected
16 540 0.116 (0.068-0.197) 2.244 + 0.183 12.167 (3)
17 540 0.124 (0.098-0.156) 1.236 £+ 0.151 0.372 (3)
18 540 0.151 (0.125-0.183) 1.573 £ 0.160 1.648 (3)
19 540 0.196 (0.163-0.239) 1.583 £ 0.161 3.367 (3)
20 540 0.093 (0.077-0.110) 1.684 + 0.165 1.008 (3)

3.3. Overall Analysis of Sequencing Data

Because of the best insecticidal activity, compound 10 was selected to run the follow-up
research. Three control samples and three compound 10 treatment samples were sequenced,
yielding an average of 44,572,031 raw reads and 44,007,361 clean reads. More than 74%
of the clean reads were successfully assembled and aligned to the genome of SBPH. Data
quality evaluation showed Q30 values above 89.50% and Q20 values above 96.27% in all
samples, with the GC percentage counts ranging from 40.04% to 42.22% (Table S3). The
clean reads were finally assembled into 59,004 unigenes with a mean length of 1094 bp and
an N50 length of 2141 bp (Table 54).

3.4. Functional Annotation and Analysis of Differentially Expressed Genes (DEGs)

By Blastx homology search, 18,934, 16,003, 22,637, 25,684, 17,295, and 17,941 unigenes
matched entries in the database of GO, KEGG, eggNOG, NR, Swiss-Prot, and Pfam, respec-
tively (Figure S1). The biological function of these unigenes was further elucidated through
GO and KEGG assignments (Figure S2).

To identify the related genes that play crucial roles in the insecticidal mechanism of
compound 10, the DEGs between the treatment of compound 10 and control samples were
analyzed. A total of 296 genes (150 upregulated genes and 146 downregulated genes)
were significantly differentially expressed in the treatment samples compared with the
control (Figure 3A). A cluster heat map of DEGs between treatment and control is shown in
Figure 3B. The function of DEGs was predicted through GO and KEGG enrichment analyses.
The top 20 significantly enriched GO terms of the DEGs are presented in Figure 3C. The
terms carbohydrate metabolic process, DNA integration, peroxisome, and microbody were
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the most significantly enriched terms (Figure 3C). The top 20 significantly enriched KEGG
pathways of the DEGs are presented in Figure 3D. The Caffeine metabolism was the most
significantly enriched pathway (Figure 3D).
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Figure 3. Differential gene expression analysis of SBPH in response to compound 10 treatment.
(A) Number of up- and down-regulated differentially expressed genes (DEGs). (B) Cluster heat map
of DEGs. X-axis: sample name, Y-axis: DEGs. The colors indicated the expression levels of DEGs.
(C) GO enrichment analysis of DEGs. The horizontal axis represents the enrichment degree, and the
vertical axis represents the enrichment GO Term. The dot size indicates the number of differential
genes enriched in a certain GO term. Dot colors indicate different p-values; the Rich factor represents
the number of differential genes belonging to a GO Term/the total number of genes belonging to
the GO Term. The greater the Rich factor, the higher the GO enrichment degree. (D) Enrichment
analysis of the KEGG pathway for DEGs. The horizontal axis represents the Rich factor, and the
vertical axis represents the enriched KEGG pathway. The dot size indicates the number of differential
genes enriched in a KEGG pathway. Dot colors indicate different p-values; the Rich factor represents
the number of differential genes belonging to a KEGG pathway/the total number of genes belonging
to the KEGG pathway. The greater the Rich factor, the higher the enrichment degree of the KEGG
pathway. (E) Quantitative verification of DEGs by RT-qPCR. The asterisk (*) indicates p < 0.05. The
asterisks (**) indicate p < 0.01. The ns represents no significant difference. Results are shown as the
average + standard error (SE).
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3.5. Screening of DEGs Associated with the Insecticidal Activity of Compound 10

The DEGs, which may play important roles in insecticidal activity, were selected
to verify the accuracy of the transcriptome sequencing. These DEGs included transcrip-
tion factor HIVEP3 (human immunodeficiency virus type I enhancer binding protein
3), V-ATPase (vesicle-fusing ATPase), IAAld (indole-3-acetaldehyde oxidase), MAP2K1
(mitogen-activated protein kinase kinase 1), WDR37 (WD repeat-containing protein 37),
MINPP1 (multiple inositol polyphosphate phosphatase), serine protease, LCPA3A (larval
cuticle protein A3A), aGPCR (Adhesion G protein-coupled receptor), NPC1 (Niemann-Pick
C1 protein), TFIIH2 (general transcription factor IIH subunit 2-like), SMaseD (Sphingomyeli-
nase D), MDR49, ANPEP (aminopeptidase), and KCNK1 (potassium channel subfamily K
member 1). The result showed that, except IAAld, MINPP1, and LCPA3A, the quantitative
validation results of DEGs were consistent with the transcriptome. Furthermore, MDR49
was the most significantly down-regulated DEG (Figure 3E).

3.6. MDR49 Affects the Insecticidal Activity of Compound 10 Against SBPH

The ABC transporters are classified into eight subfamilies from ABCA to ABCH in
insects. In this study, the most down-regulated gene in the transcriptome, MDR49, belongs
to the ABCB subfamily (Figure 4A). To analyze the function of MDR49, the expression
patterns of different developmental stages and tissues were analyzed in SBPH. The tissue
expression profile revealed that MDR49 was expressed in all tissues of SBPH and was
expressed at high levels in the fat body, midgut, and abdomen (Figure 4B). The instar
expression profile showed that MDR49 was variously expressed at all developmental
stages and was highly expressed in 4th-instar nymphs, followed by the nymphs of the
Sth-instar (Figure 4C).
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Figure 4. Effect of MDR49 on compound 10 insecticidal activity in SBPH. (A) Phylogenetic analysis
of ABC transporter genes. The numbers above the branches indicate support for the phylogenies,
and only values above 50% are shown. Ls, Laodelphax striatellus; N1, Nilaparvata lugens. (B) Expression
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profile of MDRA49 in different tissues in SBPH. (C) Expression profile of MDR49 at different devel-
opmental stages in SBPH. (D) The relative expression level of MDR49 after silencing. (E) Mortality
rate of SBPH in response to compound 10 after silencing MDR49. The letters a, b, ¢, and d present
significant differences (p < 0.05) in the expression. The asterisks (**) indicate p < 0.01. Results are
shown as the average + standard error (SE).

To confirm whether MDR49 plays a role in the insecticidal effect of compound 10,
RNAi was conducted to knock down MDR49 in SBPH. The relative expression of MDR49
was decreased significantly at 1.5, 3, and 5 days after silencing when compared to dsEGFP
(Figure 4D). The bioassay results showed that down-regulating the expression of MDR49
could significantly reduce the SBPH mortality after LD5y treatment of compound 10
(Figure 4E).

3.7. The Insecticidal Spectrum of Compound 10

Compound 10 also demonstrated excellent insecticidal activity against the other five
agricultural pests. Compared to SBPH, compound 10 had similar toxicity against A.
craccivora, R. maidis, and S. heraclei, whereas the toxicities against B. tabaci and T. cinnabarinus
were 8.5 and 5.1 times higher, respectively (Table 2).

Table 2. Insecticidal activity of compound 10 against other insects.

Insects n LDs (ug/Pest) (95% CI) Slope + SE X2 (df)

Aphis craccivora 363 0.057 (0.013-4.660) 0.453 £0.193 0.216 (3)
Rhopalosiphum maidis 306 0.051 (0.024-0.086) 1.300 + 0.356 0.570 (3)
Semiaphis heraclei 354 0.061 (0.031-0.105) 1.182 + 0.319 1.026 (3)
Bemisia tabaci 291 0.006 (0.001-0.014) 0.831 4+ 0.245 1.416 (3)
Tetranychus cinnabarinus 396 0.010 (0.000-0.038) 0.474 + 0.195 0.715 (3)

4. Discussion

The SBPH is a serious pest in the grass family and is at risk of developing resistance to
most kinds of insecticides [28,29]. Therefore, there is an urgent need for strategies to reduce
or replace the use of chemical insecticides to address the severe problems caused by their
widespread application. One such approach is the development of botanical insecticides.

Botanical pesticides are preparations made from all or part of the organic substances of
plant organisms and secondary metabolites, including the active ingredients extracted from
plants and derivatives synthesized according to the active structures [30-32]. Due to the
characteristics of safety, nonpollution, and environment-friendly, more and more attention
has been paid to botanical pesticides. As we all know some active substances, such as
azadirachtin, pyrethrins, matrine, osthole, and eucalyptol, are derived from Azadirachta
indica, Tanacetum cinerariifoliums, Sophora flavescens, Cnidium monnieri, and Cinnamomum
longepaniculatum, have been developed into various commercial insecticides or fungi-
cides [33-37]. However, the amount of active substances in plants is very low, so relying on
the active substances in the plants during the processing will result in high costs [38,39].
Therefore, it is of great significance to isolate these compounds, clarify their chemical
structures, and simulate compounds with similar compositions for the development of
agricultural pesticides. Active substructure splicing strategy has been widely used in
developing higher effective and lower toxic insecticides, bactericides, fungicides, and algi-
cides [40-43]. Several osthole-derived N-benzoylthioureas introduced the active thiourea
moieties of thiourea pesticides exhibited broad-spectrum insecticidal activities and less toxi-
city to non-target organisms [40]. Isoxazoline, which contains fragments of good biological,
was widely used in the development of new pesticides [44,45]. Three osthole derivatives,
which introduced the isoxazoline moiety, improve its insecticidal activity to Mythimna
separata and P. xylostella [40]. Compounds with steroid skeletons, such as Periplocoside
X (PSX) and periplocoside A (PSA) isolated from the root bark of Periploca sepium Bunge,
displayed insecticidal activity against various pests [46,47]. Steroidal oxazole derivatives
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were synthesized by introducing 1,3,4-oxadiazole heterocycles, which have diverse phar-
macological properties, on snake tail glycoside X and snake tail glycoside A, exhibiting
the similar effects as commercial insecticides, such as chlorpyrifos and thiamethoxam to
Eriosoma lanigerum [48].

In the previous study, B-asarone, which is derived from A. calamus, has been iden-
tified as an insecticide with activity against Coleoptera, Lepidoptera, and Hemiptera
pests [12,13,49,50]. However, there is a significant gap in insecticidal efficacy between
B-asarone and conventional chemical insecticides. Therefore, improving the insecticidal
effectiveness of B-asarone is essential for its broader application. So far, the commercial
chemical insecticides, cyantraniliprole, chlorantraniliprole, flubendiamide, flupyrimin,
sulfoxaflor, and triflumezopyrim are highly active broad-spectrum insecticides [51-56].
Based on this, the functional groups from these high-efficiency chemical insecticides were
added to B-asarone through a series of chemical reactions to obtain multiple compounds.
Fortunately, the insecticidal activity of almost all the derivatives was higher than that
of B-asarone, with compound 10 showing an 8.31-fold increase in efficacy. Flupyrimin
is a pesticide that acts on nicotinic acetylcholine receptor (nAChR), discovered by Meiji
Seika Pharma, aand has unique biological properties, including outstanding potency to
imidacloprid (IMI)-resistant rice pests together with superior safety toward pollinators [57].
The 2-chloropyridine functional group present in flupyrimin is also found in other in-
secticides such as imidacloprid, acetamiprid, nitenpyram, thiacloprid, fluopyrifuranone,
cycloxaprid, paichongding, and guadipyr. Therefore, we introduced the 2-chloropyridine
group into compound 7, a B-asarone analog, to obtain compound 10, which demonstrated
excellent insecticidal activity against the small brown planthopper (SBPH). Compound
10 also demonstrated good insecticidal activities against S. heraclei, A. craccivora, B. tabaci,
R. maidis, and T. cinnabarinus. However, compound 10 is one of the derivatives derived
from the active functional groups of highly effective insecticides, and its possible ecotoxi-
cological effects are not provided with sufficient information in this study. Studies have
shown that most of the target osthole-derived N-benzoylthioureas displayed a more potent
and broad-spectrum insecticidal effect than the parent osthole after the introduction of
N-benzoylthioureas on the C-3’ position of osthole. Among them, the potent compounds
B19 and B23 possessed good selectivity and were less toxic to non-target organisms [40].
Additionally, approximately 70% of antimicrobials are derived from natural products and
their derivatives, such as penicillin G, amoxicillin, oxytetracycline, and minocycline. A
series of novel honokiol/magnolol amphiphiles were prepared by mimicking the chem-
ical structures and antibacterial properties of cationic antimicrobial peptides, and some
showed excellent antibacterial activity against Gram-positive bacteria and clinical MRSA
isolates [58]. Therefore, compound 10 may not have only excellent insecticidal activity but
may also have a better ecotoxicological profile, which needs further research.

Clarifying the action mode of insecticide against pests could provide a sustainable
strategy for pest management. Targets served as potential action sites for insecticides, and
their changes in transcription levels have been shown to mediate insecticide sensitivity.
In this study, bioinformatics and molecular biology methods were used to identify the
related genes, which play important roles in the action mode of compound 10 against SBPH.
Fifteen genes, such as MAP2K1, aGPCR, MDR49, NPC1, and KCNK1, were selected from the
transcriptome, all of which have been reported to play an important role in the mechanism
of pesticide action [59-63]. The technology of RNAIi has great potential for application
in the detection of insecticide target genes [64,65]. The study in Aphis gossypii confirmed
that the action mode of 6-methylcoumarin against aphids was by inhibiting AChE [66].
RNAI suppression of the ryanodine receptor gene results in decreased susceptibility to
chlorantraniliprole in Leptinotarsa decemlineata Say (Coleoptera: Chrysomelidae) [67]. In
this study, decreasing the expression of an ABC transporter gene, MDR49, through RNAi
reduced the sensitivity to compound 10 in SBPH. It is generally known that the ABC
transporters play significant parts in the detoxification of insecticides in pests. Over-
expression of MDR49 confers resistance to imidacloprid in N. lugens [68]. In Drosophila
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melanogaster, sensitivity to nine different insecticides was increased by silencing MDR65 [69].
Moreover, many reports have shown that the reduced expression of ABC transporters could
also mediate resistance. A study on P. xylostella highlights that ABCC2 and ABCC3, which
reduce expression by the MAPK signaling pathway, play a crucial role in field-evolved
resistance to CrylAc [70]. In Spodoptera frugiperda, a SFABCC2 knockout strain using the
CRISPR/Cas9 system displayed high resistance to CrylF compared with the parental
strain [71].

5. Conclusions

In summary, several S-asarone derivatives that showed better insecticidal activity to
SBPH were obtained through a series of modifications. MDR49 was found to be down-
regulated after compound 10 treatment and the importance of MDR49 in insecticidal
activity of compound 10 was verified by RNAi. Additionally, compound 10 exhibited
exceptional insecticidal activity against B. tabaci and T. cinnabarinus. Our results provide
a scientific basis for developing compound 10 as a plant-derived pesticide for effective
pest control. Further research is needed on its environmental properties such as toxicity
to mammals.
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