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Abstract

Background: The bean flower thrips, Megalurothrips usitatus, is a destructive agricultural
pest with increasing resistance to pyrethroid insecticides. Most mechanistic studies em-
phasize mutations in the pore-forming voltage-gated sodium channels α-subunit, whereas
the contribution of insect-specific sodium-channel auxiliary subunits remains unclear.
Methods: We used dsRNA feeding, pyrethroid bioassays, RNA sequencing, and RT-qPCR
validation to evaluate the role of temperature-induced paralytic E (TipE) in M. usitatus.
Results: The optimized RNAi condition was 400 µg/mL of dsTipE for 48 h, which reduced
TipE expression by 32.55%. TipE knockdown increased adult mortality after exposure to
λ-cyhalothrin and permethrin, indicating increased pyrethroid-associated susceptibility un-
der laboratory conditions. Transcriptome sequencing identified 205 differentially expressed
genes, with enrichment in metabolism-related pathways. RT-qPCR confirmed reduced
expression of CYP307a1, an ecdysteroid-biosynthesis-related P450 gene, and SCD, a lipid-
metabolism gene, while Nav α-subunit transcript abundance did not change significantly.
Conclusions: These results identify TipE as an auxiliary-subunit factor associated with
pyrethroid susceptibility in M. usitatus and provide a transcriptome-based working model
linking sodium-channel auxiliary regulation with endocrine- and lipid-metabolism-related
responses. This study expands the candidate space for pyrethroid resistance research
beyond Nav α-subunit mutations, although the causal roles of CYP307a1 and SCD require
further validation.

Keywords: Megalurothrips usitatus; pyrethroid susceptibility; sodium-channel auxiliary
subunit; TipE; RNA interference; transcriptome

1. Introduction
The bean flower thrips, Megalurothrips usitatus (Bagnall), is a major pest of cowpea and

other leguminous vegetables in tropical and subtropical production systems [1,2]. Hainan
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Province provides a warm and humid environment that is highly suitable for the develop-
ment, reproduction, and dispersal of M. usitatus [2]. Under these conditions, populations
can occur throughout the year, with no clear overwintering diapause, rapid generation
turnover, and strong overlap among developmental stages [1]. Such population characteris-
tics make field infestations difficult to control once outbreaks begin and can directly reduce
flower retention, pod development, yield, and commercial quality in cowpea production [2].
Current management still depends largely on chemical insecticides. Pyrethroids, including
λ-cyhalothrin, permethrin, and bifenthrin, remain important field options because of their
rapid knockdown activity, relatively high selectivity against target pests, and operational
convenience [3]. However, repeated applications under intensive vegetable production
have promoted resistance development in M. usitatus populations. This reduces control
efficacy, increases control costs, and raises the risk of excessive pesticide residues and
environmental pressure [4]. Recent resistance-monitoring and sodium-channel studies in
M. usitatus further indicate that local pyrethroid resistance is not only a field-management
problem but also a molecular-evolution problem involving target-site variation and addi-
tional regulatory mechanisms [5–7]. Therefore, clarifying the molecular determinants of
pyrethroid susceptibility in M. usitatus is important for resistance monitoring, resistance-
management planning, and the development of more selective control strategies.

Voltage-gated sodium channels (Nav) are the primary molecular targets of pyrethroids
in insects and are central to knockdown resistance (kdr), one of the best-characterized
mechanisms of pyrethroid resistance [5]. In M. usitatus, field-associated Nav mutations,
including T929I and K1774N, have been functionally linked to reduced pyrethroid sensitiv-
ity [6], and sodium-channel mutation screening in Hainan populations further supports
the importance of target-site variation in local resistance evolution [7]. Sodium-channel
mutations reported in other insects, such as V410L in Aedes aegypti, also demonstrate the
broad contribution of Nav variation to pyrethroid resistance [8]. Mechanistic studies have
shown that pyrethroids bind to sodium channels in nerve membranes, prolong channel
opening, delay deactivation and inactivation, and ultimately disrupt normal nerve excita-
tion, producing the characteristic knockdown phenotype [9,10]. Nevertheless, pyrethroid
resistance is rarely explained by a single mutation alone. The functional sensitivity of insect
sodium channels can be affected by channel expression abundance, alternative splicing,
RNA editing, auxiliary subunits, membrane environment, and interactions with detoxifica-
tion or metabolic pathways [11,12]. These regulatory layers suggest that genes associated
with sodium-channel function, even when they are not the pore-forming α subunit itself,
may contribute to differences in pyrethroid susceptibility among pest populations.

Temperature-induced paralytic E (TipE) is an insect-specific sodium-channel auxil-
iary subunit first characterized in Drosophila, where it strongly enhances the functional
expression of the para sodium-channel α subunit and is required for normal neuronal
excitability [13,14]. Intron retention and transcript variation in insect TipE-like genes can
alter sodium-channel function and drug sensitivity, showing that post-transcriptional regu-
lation of auxiliary subunits may influence insect responses to neurotoxic compounds [15].
Comparative evolutionary analyses indicate that TipE and TipE-homologous (TEH) proteins
form a conserved insect auxiliary-subunit family with features distinct from vertebrate
sodium-channel β subunits [16]. Functional analyses in the house fly and related studies
of Drosophila homologs further indicate that TipE/TEH proteins can modulate channel
expression, current density, gating properties, membrane localization, and pharmacological
sensitivity [17,18]. Compared with the extensive literature on Nav α-subunit mutations,
however, the roles of sodium-channel auxiliary subunits in insecticide resistance remain
less well defined. This gap is especially important for small agricultural pests such as
M. usitatus, in which resistance monitoring has focused mainly on insecticide bioassays
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and Nav mutation detection rather than auxiliary-channel regulation. TipE may affect
pyrethroid response through direct effects on sodium-channel function or through indirect
physiological changes caused by altered neural excitability. At present, the contribution of
TipE to pyrethroid susceptibility in M. usitatus has not been experimentally clarified, and
its possible links with downstream transcriptional or metabolic changes remain unknown.

RNA interference (RNAi), mediated by double-stranded RNA (dsRNA), provides
an effective approach for functional analysis in non-model insects and has become an
important tool in insect toxicology and pest management research [19–22]. Because RNAi
can reduce target-gene expression without the need for stable transformation, it is par-
ticularly useful for testing candidate genes in small pest species where genetic tools are
still limited. Early plant-mediated and diet-delivered RNAi studies demonstrated that
dsRNA could suppress essential or detoxification-related genes and reduce pest survival or
stress tolerance, supporting the feasibility of RNAi-based control strategies [23,24]. RNAi
has since been used to evaluate genes encoding neural targets, ion channels, cuticle- or
chitin-related enzymes, antioxidant enzymes, and detoxification proteins in multiple pest
species [21,22,25–29]. For example, silencing Nav genes reduced survival in Tribolium cas-
taneum and Myzus persicae [25,27], while RNAi targeting other essential genes decreased
longevity, fecundity, or developmental success in Aphis gossypii and Spodoptera litura [28,29].
In thrips, advances in dsRNA delivery and formulation also indicate that RNAi can be
adapted for small-bodied sucking or rasping-feeding pests [26]. These studies provide both
conceptual and methodological support for testing whether TipE knockdown can change
pyrethroid susceptibility in M. usitatus.

In addition to target-site mechanisms, metabolic regulation is a major component
of insecticide resistance. Cytochrome P450 monooxygenases participate in xenobiotic
detoxification and are frequently associated with insecticide resistance in insects [30,31].
Changes in detoxification genes can also interact with broader physiological processes, in-
cluding development, oxidative stress, hormone biosynthesis, and lipid metabolism [31,32].
Lipid metabolic enzymes such as stearoyl-CoA desaturases (SCD) are essential for mem-
brane composition, development, reproduction, and stress tolerance in insects and other
animals [33–35]. Together, these observations identify an unresolved question: can per-
turbation of an insect-specific sodium-channel auxiliary subunit change pyrethroid sus-
ceptibility and, at the same time, reshape metabolic transcriptional programs that may
influence the phenotype? Addressing this question would extend pyrethroid-resistance
research in M. usitatus from mutation detection in the Nav α-subunit to functional testing of
auxiliary-channel regulation. In this study, we combined dsRNA feeding, pyrethroid bioas-
says, transcriptome sequencing, and reverse-transcription quantitative PCR (RT-qPCR)
validation to evaluate the function of TipE in M. usitatus. By linking a measurable suscep-
tibility phenotype with downstream candidate genes, especially cytochrome P450 307a1
(CYP307a1) and SCD, we aimed to provide a testable framework for future mechanistic
studies and resistance-management target discovery.

2. Materials and Methods
2.1. Test Insects

The M. usitatus used in the experiments were obtained from a pyrethroid-susceptible
laboratory colony that was established from a field population collected at the Hainan
University Agricultural Science Base in 2017 and has been continuously reared at the
Laboratory of Green Prevention and Control of Tropical Pests, Hainan University. The
colony was maintained on fresh cowpea pods under controlled laboratory conditions at
26 ± 1 ◦C, 65 ± 5% relative humidity, and a photoperiod of 16 h light and 8 h darkness,
following previously described cowpea rearing methods for M. usitatus [36,37]. Fresh
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cowpea pods were surface-disinfected with 0.5% sodium hypochlorite, rinsed with distilled
water, and air-dried before use. The pods were replaced every three days to prevent mold
growth and food deterioration.

During colony maintenance, adults were kept together with eggs and larvae on cowpea
pods and were not separated by developmental stage. Because M. usitatus females lay eggs
into the superficial tissues of cowpea pods, larvae were transferred only after egg hatching.
When cowpea pods were replaced, newly hatched larvae remaining on the old pods were
gently transferred to fresh cowpea pods in the rearing bottles using a fine brush. Healthy
and active adults of comparable body size were selected for RNAi feeding and bioassays.

2.2. dsRNA Synthesis and Feeding-Mediated TipE RNAi

The sequence of M. usitatus TipE used for dsRNA design was obtained from the
chromosome-level genome assembly of M. usitatus reported by Ma et al. [38] (GenBank
accession JAPTSV000000000; transcript Mu01G011700.1; gene_id ONE63_000579). The
double-stranded enhanced green fluorescent protein RNA (dsEGFP) negative-control se-
quence was based on GenBank accession MW246027.1. RNA interference primers were
designed based on the TipE sequence using the DSIR online tool (http://biodev.extra.cea.
fr/DSIR/DSIR.html; accessed on 10 July 2024) [39]. Subsequently, double-stranded RNA
(dsRNA) was synthesized in vitro using the T7 High Yield RNA Transcription Kit (Vazyme,
Nanjing, China). The in vitro-synthesized double-stranded RNA targeting TipE (dsTipE)
was diluted to twice the target concentration using RNase-free water, and then thoroughly
mixed with an equal volume of 20% sucrose solution to prepare the final feeding working
solution containing the target concentration of dsTipE. To determine the optimal dsRNA
feeding concentration, M. usitatus adults were fed dsTipE at final concentrations of 100, 200,
300, 400, and 500 µg/mL for 48 h, with dsEGFP used as the negative control. To determine
the optimal feeding duration, adults were fed 400 µg/mL of dsTipE for 12, 24, 36, 48, and
60 h.

Feeding-mediated RNAi was performed using a double-layer Parafilm membrane
system adapted from previously reported dietary or membrane-feeding approaches for
thrips [40,41]. Transparent glass tubes (6 cm in height and 4 cm in inner diameter) were
utilized as feeding chambers. The feeding membrane was prepared using Parafilm sealing
film (Amcor, Zurich, Switzerland), a semi-transparent thermoplastic sealing film. A piece
of Parafilm was cut to cover the opening of the glass tube and evenly stretched in both
longitudinal and transverse directions until it became thin and taut. The stretched film was
then fixed over one open end of the glass tube. A 300 µL aliquot of the prepared feeding
solution was placed onto the center of the membrane, and a second stretched Parafilm
layer was immediately placed over the droplet. The edges of the two Parafilm layers were
gently pressed together to seal the feeding solution between the membranes and to reduce
evaporation and contamination. Healthy and active M. usitatus adults with uniform age
were selected. To enhance feeding efficiency, the insects were subjected to a 3 h starvation
treatment prior to introduction. Subsequently, the insects were transferred into the glass
tubes using an aspirator, with 50 adults per tube. Once all test insects were introduced, the
bottom opening of the glass tube was sealed and secured with highly breathable rice paper,
and the tubes were placed in a cool, shaded indoor environment for rearing.

2.3. RT-qPCR Quantification of Gene Expression

Total RNA from M. usitatus was extracted using the TRIzol reagent method. Using the
extracted RNA as a template, complementary DNA (cDNA) was synthesized via reverse
transcription. Specifically, the PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa,
Kyoto, Japan) was utilized to synthesize cDNA for RT-qPCR. The RT-qPCR experiments for
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assessing the relative expression of the TipE subunit were performed using the TB Green®

Premix Ex Taq™ kit (TaKaRa, Kyoto, Japan).
For RT-qPCR validation, the transcript identifiers of the analyzed genes were as

follows: SCD, Mu13G009390.1 (gene_id:ONE63_003354), CYP307a1, Mu11G003590.1
(gene_id:ONE63_001747) and Nav, GenBank accession MZ043856. Ribosomal protein
L (RPL, transcript Mu10G010360.1; gene_id ONE63_001519) was used as the internal refer-
ence gene for RT-qPCR normalization. This gene was selected according to a reference-gene
validation study in M. usitatus, in which RPL showed stable expression across tested condi-
tions [42]. Primer specificity was confirmed by melting-curve analysis, and amplification
efficiency was checked before relative-expression analysis. For each treatment, three inde-
pendent biological replicates were prepared, with each biological replicate consisting of
50 pooled M. usitatus adults. Each biological replicate was analyzed with three technical
qPCR replicates. Relative expression levels were calculated using the 2−∆∆Ct method [43].

2.4. Pyrethroid Bioassays After RNAi Treatment

A modified leaf-tube residual film method was employed to conduct bioassays of
pyrethroid insecticides on the laboratory population of M. usitatus [7,44]. Technical-grade
permethrin (95% active ingredient; Shanghai Kelin Biotechnology Co., Ltd., Shanghai,
China) and technical-grade λ-cyhalothrin (97% active ingredient; Bide Pharmatech Ltd.,
Shanghai, China) were used in the bioassays. Both insecticides were technical-grade active
ingredients rather than formulated commercial products. Stock solutions were prepared
in acetone on an active-ingredient basis. The amount of each technical-grade insecticide
used for stock preparation was calculated according to the target stock concentration and
corrected for purity using the following formula: mass of technical material = target mass
of active ingredient/purity. These stock solutions were then serially diluted with a 0.1%
Triton X-100 solution to generate 5 to 6 gradient concentrations, and the prepared solutions
were stored in 50 mL tubes for later use. Fresh cowpea pods were cut into uniform small
pieces (approximately 1 cm in length) and soaked in the insecticide solutions of different
concentrations for 5 min. After removal, they were naturally air-dried at room temperature.
The inner walls of 1.5 mL centrifuge tubes were completely coated by immersing them in
the corresponding concentrations of the insecticide solutions for 1–2 min. The excess liquid
was poured off, and the tubes were placed in a well-ventilated area to air-dry naturally.
The treated cowpea pieces were then placed into the dried centrifuge tubes, and 30 adult M.
usitatus of uniform age were introduced into each tube. Three replicates were established
for each concentration, alongside a solvent control group treated solely with 0.1% Triton
X-100. Immediately after handling, mortality attributable to mechanical damage was
confirmed to be below 5% in all groups, and affected individuals were excluded from
the subsequent 48 h mortality analysis. The total number of dead insects was assessed
again at 48 h post-treatment. Mortality was corrected using Abbott’s formula when control
mortality was between 5% and 20% [45]. Individuals were considered dead when they
failed to move after gentle stimulation with a fine brush.

2.5. RNA-Seq Sample Collection and Sequencing

Treatments were performed based on the optimal dsRNA feeding conditions deter-
mined from the RNAi experiments. The experiment included a dsTipE treatment group
(interference group) and a dsEGFP control group (negative control group), with three
biological replicates per group. At 48 h post-interference, surviving M. usitatus adult
samples from each group were collected and immediately flash-frozen in liquid nitrogen.
Following RNA extraction, the concentration and purity of the RNA were measured using
a spectrophotometer, and RNA integrity was assessed via agarose gel electrophoresis.
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Upon passing quality inspection, the RNA samples were shipped on dry ice to Tsingke
Biotechnology Co., Ltd. (Beijing, China) for cDNA library construction and transcriptome
sequencing. Paired-end sequencing was conducted on the BGI DNBSEQ platform to gener-
ate raw sequencing data. Clean reads were analyzed using the chromosome-level genome
assembly of M. usitatus reported by Ma et al. [38] as the reference genome (GenBank
accession JAPTSV000000000).

2.6. Transcriptome Data Analysis and DEG Screening

The raw transcriptome data were filtered using fastp software v1.1.0 [46] to remove
adapter sequences, reads with a high proportion of unknown nucleotides (N), and low-
quality reads. The filtered data were then subjected to quality assessment using FastQC
software v0.1.2 [47], where metrics including Q20, Q30, and GC content were evaluated
to ensure sequencing quality and obtain high-quality clean reads. Principal component
analysis (PCA) was used to evaluate sample reproducibility. KEGG pathway enrichment
analysis was performed using clusterProfiler software v4.1.1. Differential expression anal-
ysis between the two sample groups was performed using DESeq2 software v3.12 [48].
Differentially expressed genes (DEGs) were screened using |log2FoldChange| ≥ 1 and
adjusted p-value ≤ 0.05 [49].

2.7. Statistical Analysis

One-way analysis of variance (ANOVA) was performed using IBM SPSS Statistics 24,
followed by Tukey’s test to compare differences among groups (p < 0.05). A two-tailed
Pearson test was utilized for correlation analysis, and a hypergeometric distribution test was
employed for the KEGG pathway enrichment analysis. Data organization was performed
using Microsoft Excel. Bioassay data were processed using Polo software v2.0, where probit
analysis was conducted to calculate the LC50 values, 95% confidence intervals, regression
equation slopes, degrees of freedom, and chi-square values. All bar charts, point-and-line
plots, volcano plots of DEGs, PCA plots, clustered heatmaps, and KEGG enrichment bar
charts presented in this study were generated using GraphPad Prism 10 software.

3. Results
3.1. Optimization of dsTipE-Mediated RNAi Conditions

To determine the optimal dsRNA feeding conditions targeting the TipE subunit of
M. usitatus, this study established different concentration and time gradients for dsTipE
interference. Feeding with dsEGFP served as the negative control, and the relative expres-
sion level of the TipE subunit in M. usitatus was measured using quantitative real-time
PCR (Figure 1). Under a fixed interference time of 48 h, the relative expression level of
the TipE subunit varied with the concentration of dsTipE. Specifically, within the dsTipE
concentration range of 100 to 400 µg/mL, the relative expression level of the TipE subunit
decreased as the concentration increased. At 400 µg/mL, the relative expression reached
its lowest point, which was significantly lower than that of the negative control (p < 0.001).
However, as the concentration was further elevated (beyond 400 µg/mL), the relative
expression level of the TipE subunit began to rise again. Furthermore, under a fixed dsTipE
concentration of 400 µg/mL, five different interference durations were evaluated. Through-
out the interference period from 12 to 48 h, the relative expression level of the TipE subunit
exhibited an overall downward trend. At the 48 h time point, the relative expression level of
the TipE subunit was at its minimum (67.45%), significantly lower than that of the negative
control (p < 0.001). Conversely, there was no significant difference in the relative expression
level of the TipE subunit between the 12 h or 24 h treatment groups and the negative control
(p > 0.05), indicating that insufficient interference time results in a negligible gene silencing
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effect. Overall, these results demonstrate that in the RNA interference assay, treating with
400 µg/mL dsTipE for 48 h achieves the maximum knockdown efficiency of 32.55%.

Figure 1. Screening of Optimal Interference Conditions for TipE Subunit in M. usitatus. (A) Changes in
relative expression levels of TipE subunit under different dsRNA concentrations at a fixed interference
time (48 h). (B) Changes in relative expression levels of TipE subunit under different interference times
at a fixed dsRNA concentration (400 µg/mL). For the significance analysis by Tukey’s test, * indicates
a significant difference at the 0.05 level (p < 0.05), *** indicates a highly significant difference at the
0.001 level (p < 0.001), and ns indicates no significant difference (p > 0.05).

3.2. TipE Knockdown Increases Pyrethroid-Associated Mortality

To examine whether TipE knockdown affects pyrethroid-associated mortality in M.
usitatus, this study established three treatment groups based on the previously determined
optimal RNA interference conditions: feeding with a 20% sucrose solution as the blank
control, feeding with dsEGFP (targeting a non-specific gene) as the negative control, and
feeding with dsTipE as the treatment group. The treatment duration for all groups was
48 h, with both dsEGFP and dsTipE concentrations set at 400 µg/mL. Immediately after
the treatment, surviving individuals from each group were collected to conduct bioassays
using two pyrethroid insecticides (λ-cyhalothrin and permethrin). Three concentration
gradients (625 mg/L, 1250 mg/L, and 2500 mg/L) were established for each insecticide,
with three biological replicates per concentration. Handling-related mortality immediately
after transfer was below 5% in all treatment and control groups. Pyrethroid-associated
mortality was subsequently assessed at 48 h post-treatment.

The bioassay results (Figure 2) revealed that as the concentration of the pyrethroid
insecticides increased, the mortality rates of M. usitatus adults across all three treatment
groups exhibited an upward trend. At all treated concentrations, there was no significant
difference in mortality between the 20% sucrose solution group and the dsEGFP group
(p > 0.05), indicating that feeding dsEGFP did not affect adult mortality after pyrethroid
exposure. Conversely, compared with the dsEGFP group, adult mortality after exposure
to both pyrethroid insecticides was significantly increased in the dsTipE treatment group
(p < 0.05). Specifically, following treatments with 625 mg/L, 1250 mg/L, and 2500 mg/L
λ-cyhalothrin, the mortality rates of M. usitatus adults increased by 15.64%, 8.36%, and
14.40%, respectively. Similarly, following treatments with 625 mg/L, 1250 mg/L, and
2500 mg/L permethrin, the mortality rates increased by 17.44%, 13.96%, and 21.72%,
respectively. These findings demonstrate that silencing the TipE subunit leads to an increase
in M. usitatus mortality, indicating that the TipE subunit is one of the key factors involved
in pyrethroid resistance.
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Figure 2. Mortality rates of M. usitatus adults treated with different concentrations of pyrethroid
insecticides after TipE subunit silencing. (A) λ-cyhalothrin. (B) Permethrin. For the significance
analysis by Tukey’s test, *** indicates a highly significant difference at the 0.001 level (p < 0.001), and
ns indicates no significant difference (p > 0.05).

3.3. RNA-Seq Quality Control and Sample Reproducibility

The output and quality statistics of the transcriptome sequencing data are summarized
in Table 1. After rigorous filtering of the raw reads, the number of high-quality clean
reads obtained for each sample exceeded 40 million, with effective rates consistently
above 96.6%. The Q20 and Q30 ratios for all samples reached over 95.9% and 93.2%,
respectively. Furthermore, the GC content was stably distributed between 42.7% and
43.11%, meeting the requirements for downstream bioinformatic analysis. To evaluate the
biological reproducibility and inter-group differences in the samples, Principal Component
Analysis (PCA) was performed based on gene expression levels. As shown in Figure 3A,
the first principal component (PC1) and the second principal component (PC2) explained
45.52% and 28.72% of the total variance, respectively. In the PCA spatial distribution
plot, the three biological replicates from both the dsEGFP control group and the dsTipE
treatment group exhibited tight clustering, indicating highly consistent expression patterns
among replicates and excellent intra-group biological reproducibility. Meanwhile, a distinct
spatial separation was observed between the treatment and control groups along the PC1
axis, demonstrating that TipE subunit silencing significantly altered the transcriptomic
expression profile of M. usitatus. The clear differentiation between the two groups indicates
a high degree of distinguishability.

Figure 3. Transcriptome PCA and DEG volcano plot after TipE silencing. (A) PCA of transcriptome
samples. (B) Volcano plot of DEGs between dsTipE and dsEGFP.
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Table 1. Output and quality statistics of transcriptome sequencing data of M. usitatus.

Sample Raw
Reads

Clean
Reads

Effective
Rate (%) GC (%) Q20 (%) Q30 (%)

dsEGFP-1 50849546 49417690 97.03 43.02 96.19 93.58
dsEGFP-2 51094440 49447066 96.60 43.11 95.98 93.26
dsEGFP-3 47413624 46066108 96.98 43.02 96.23 93.66
dsTipE-1 45088780 43636366 96.60 42.70 95.98 93.25
dsTipE-2 43460744 42122906 96.75 42.85 96.04 93.36
dsTipE-3 41419518 40105026 96.64 42.88 96.10 93.45

3.4. TipE Knockdown Induces DEGs Enriched in Lipid-Metabolism Pathways

Statistical analysis revealed that, compared to the dsEGFP control group, a total of
205 differentially expressed genes (DEGs) were identified in the dsTipE treatment group,
while the expression of 10,126 genes remained unchanged. As depicted in Figure 3B, the
distribution of these DEGs showed an asymmetric pattern, comprising 71 up-regulated
genes and 134 down-regulated genes. These results indicate that TipE silencing was
associated with broad transcript-level changes in M. usitatus. To identify genes with
strong down-regulation after TipE knockdown, we screened the top 30 most significantly
down-regulated DEGs and generated a clustered heatmap. The results (Figure 4) showed
that these genes had relatively high expression in the dsEGFP control group but were
consistently reduced in the dsTipE treatment group. This pattern suggests that these genes
may participate in transcriptional responses associated with TipE knockdown and may
provide candidate links between TipE silencing and the observed increase in pyrethroid-
associated mortality.

Figure 4. Heatmap of the top 30 significantly downregulated DEGs after TipE subunit silencing.
Note: Colors represent row-scaled Z-scores of relative expression levels (red: high expression;
blue: low expression).

To further elucidate the biological functions and key metabolic pathways associated
with the differentially expressed genes (DEGs), a KEGG pathway enrichment analysis was
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conducted. As shown in Table 2 and Figure 5, the DEGs were primarily classified into
five major categories: Metabolism, Cellular Processes, Genetic Information Processing, Or-
ganismal Systems, and Environmental Information Processing. Among these classifications,
the metabolism-related pathways contained the highest number of DEGs, encompassing
multiple levels from primary to secondary metabolism. Notably, the fatty acid metabolism
pathway exhibited the most significant enrichment (p < 0.001), followed by the biosynthesis
of unsaturated fatty acids pathway (p < 0.01). Additionally, the fatty acid biosynthe-
sis, phosphonate and phosphinate metabolism, and longevity regulating pathways also
demonstrated significant enrichment (p < 0.05). These enrichment results suggest that TipE
knockdown is associated with changes in lipid homeostasis and basal metabolic processes
in M. usitatus.

Table 2. Statistics of KEGG pathway enrichment analysis of DEGs after TipE subunit silencing in
M. usitatus.

Pathway
Category Pathway Name Count p-Value Up Genes Down Genes

Metabolism

Fatty acid metabolism 4 0.0006

ONE63_003354,
ONE63_006967,
ONE63_002325,
ONE63_010142

Biosynthesis of
unsaturated fatty acids 2 0.0075 ONE63_003354,

ONE63_002325

Fatty acid biosynthesis 2 0.0184 ONE63_006967,
ONE63_010142

Phosphonate and
phosphinate metabolism 1 0.0278 ONE63_002535

Sphingolipid metabolism 1 0.0970 ONE63_009610

Pentose phosphate pathway 1 0.0970 ONE63_010520

Other glycan degradation 1 0.1072 ONE63_009610

Metabolic pathways 7 0.1116 ONE63_009610,
ONE63_010520

ONE63_010142,
ONE63_006967,
ONE63_002325,
ONE63_002535,
ONE63_003354

Insect hormone biosynthesis 1 0.1173 ONE63_001747

Cellular
Processes

Endocytosis 2 0.1522 ONE63_002571,
ONE63_002684

Phagosome 1 0.3147 ONE63_007899

Lysosome 1 0.4383 ONE63_009610

Genetic
Information
Processing

Spliceosome 2 0.1365 ONE63_002571,
ONE63_002684

Protein processing in
endoplasmic reticulum 2 0.1522 ONE63_002571,

ONE63_002684

Ubiquitin mediated
proteolysis 1 0.3901 ONE63_001113
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Table 2. Cont.

Pathway
Category Pathway Name Count p-Value Up Genes Down Genes

Organismal
Systems

Longevity regulating pathway 2 0.0309 ONE63_002571,
ONE63_002684

Toll and Imd
signaling pathway 1 0.2739 ONE63_004690

Wnt signaling
pathway Wnt signaling pathway 1 0.3647 ONE63_010651

Figure 5. KEGG pathway enrichment analysis of differentially expressed genes (DEGs) in M. usi-
tatus after TipE subunit silencing. Hypergeometric distribution test was used for KEGG pathway
enrichment analysis. * indicates significant enrichment at the 0.05 level (p < 0.05), ** indicates very
significant enrichment at the 0.01 level (p < 0.01), and *** indicates highly significant enrichment at
the 0.001 level (p < 0.001).

3.5. RT-qPCR Validation of SCD, CYP307a1, and Nav Expression

To identify candidate genes connecting enriched metabolic pathways with strong
transcript-level responses, we cross-compared genes in the enriched pathways shown in
Figure 5 with the top 30 most significantly down-regulated DEGs presented in Figure 4.
This analysis identified ONE63_003354 and ONE63_001747 as two overlapping candidate
genes. Based on NCBI homology alignment and annotation, ONE63_003354 was annotated
as SCD (stearoyl-CoA desaturase 5-like isoform X1), a key enzyme in fatty acid desaturation
and lipid homeostasis, whereas ONE63_001747 was annotated as CYP307a1, an ecdysteroid-
biosynthesis-related Halloween gene. Because TipE is an auxiliary subunit of the sodium
channel, we also examined whether TipE knockdown altered the transcript abundance of
the pore-forming Nav α-subunit. RT-qPCR analysis (Figure 6) showed that Nav α-subunit
expression did not differ significantly between the dsTipE and dsEGFP groups. By contrast,
TipE knockdown significantly reduced SCD expression by 40.90% (p < 0.01) and CYP307a1
expression by 21.73% (p < 0.05). These results indicate that TipE knockdown is associated
with reduced expression of two metabolism-related candidate genes, while the Nav α-
subunit transcript level remains stable. Thus, the increased pyrethroid-associated mortality
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observed after TipE knockdown may involve changes in metabolic or membrane-associated
physiological pathways rather than a simple decrease in Nav transcript abundance.

Figure 6. Relative expression levels of Nav, SCD, and CYP307a1 after dsTipE-mediated TipE knock-
down. For the significance analysis by Tukey’s test, * indicates a significant difference at the 0.05 level
(p < 0.05), ** indicates a very significant difference at the 0.01 level (p < 0.01), and ns indicates no
significant difference (p > 0.05).

4. Discussion
Previous studies have shown that insect-specific TipE and TipE-homologous proteins

can modulate voltage-gated sodium-channel expression, membrane localization, gating
properties, and pharmacological sensitivity [13–18]. This functional background provides
a basis for examining whether TipE contributes to pyrethroid-related responses in M.
usitatus, a species in which pyrethroid-resistance research has mainly focused on the
pore-forming Nav α-subunit and kdr-associated mutations. In the present study, RNAi-
mediated TipE knockdown increased adult mortality after exposure to λ-cyhalothrin and
permethrin, suggesting that this auxiliary subunit is associated with pyrethroid-associated
mortality in the tested long-term laboratory colony of M. usitatus. However, because
sodium-channel currents and channel localization were not directly measured, the link
between TipE knockdown and sodium-channel function should be interpreted as a working
hypothesis that requires electrophysiological or cellular validation.

The optimal RNAi condition identified in this study was feeding with 400 µg/mL of
dsTipE for 48 h, which reduced TipE expression by 32.55%. Following TipE knockdown,
adult mortality increased by 8.36–15.64% after λ-cyhalothrin treatment and by 13.97–21.71%
after permethrin treatment. These results indicate that TipE knockdown can enhance
pyrethroid-associated mortality under the tested laboratory conditions. However, the
knockdown efficiency was moderate, and the present bioassays were conducted under
controlled laboratory conditions. Therefore, the potential use of TipE as an RNAi-based
resistance-management target will require further validation of dsRNA delivery efficiency,
target specificity, persistence, non-target risk, and field performance. Because this colony
has been maintained under laboratory conditions since 2017, its current pyrethroid sus-
ceptibility may not fully represent that of field populations. Because this colony has been
maintained under laboratory conditions since 2017, its current pyrethroid susceptibility
may not fully represent that of field populations. Therefore, our results should be inter-
preted as evidence from a laboratory colony showing that TipE knockdown is associated
with increased mortality after pyrethroid exposure, rather than as direct evidence for the
field efficacy of λ-cyhalothrin or permethrin. Future studies should compare these findings
with field populations or colonies with different levels of pyrethroid resistance.
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Transcriptome analysis identified 205 DEGs after TipE knockdown, and RT-qPCR
validation confirmed reduced expression of SCD and CYP307a1, whereas Nav α-subunit
transcript abundance did not change significantly. This pattern suggests that TipE knock-
down may affect downstream physiological or metabolic responses without necessarily
altering Nav transcript levels. As an auxiliary subunit, TipE may influence channel function
through effects on gating, trafficking, or membrane localization rather than through direct
regulation of Nav mRNA abundance. Functional compensation by TipE-homologous pro-
teins may also contribute to the stable Nav transcript level, but this possibility remains to
be tested. Overall, the transcriptome results should be interpreted as evidence of associated
gene-expression changes rather than proof of a direct regulatory cascade.

Cytochrome P450 monooxygenases are involved in xenobiotic metabolism, develop-
ment, hormone biosynthesis, and homeostasis in insects [30,31]. CYP307a1 is generally
recognized as a Halloween gene associated with ecdysteroid biosynthesis rather than as a
canonical pyrethroid-detoxification gene. Therefore, the reduced expression of CYP307a1
after TipE knockdown suggests that ecdysteroid-biosynthesis-related metabolic processes
may be affected, but it does not by itself demonstrate reduced pyrethroid detoxification.
SCD is a key enzyme in lipid metabolism that converts saturated fatty acids into unsaturated
fatty acids and contributes to membrane lipid homeostasis [33–35]. Because voltage-gated
sodium channels are embedded in the lipid bilayer, changes in lipid metabolism may influ-
ence membrane properties and neural excitability. Nevertheless, direct links among TipE
knockdown, SCD expression, membrane lipid composition, and pyrethroid susceptibility
remain to be experimentally verified.

In summary, this study provides a working model in which TipE knockdown increases
pyrethroid-associated mortality and is accompanied by transcriptional suppression of
endocrine- and lipid-metabolism-related genes in M. usitatus. The value of this model is that
it generates specific, testable downstream candidates rather than treating the transcriptome
as a descriptive gene list. The down-regulation of CYP307a1 and SCD provides candidate
pathways for future study, but the causal roles of these genes in pyrethroid susceptibility
remain unresolved. Further experiments, such as independent RNAi of CYP307a1 and SCD,
rescue assays, enzyme-activity measurements, lipidomic analysis, and electrophysiological
characterization of sodium-channel function, will be needed to clarify whether these
transcriptional changes directly contribute to the observed susceptibility phenotype.

5. Conclusions
This study provides functional evidence that the insect-specific sodium-channel aux-

iliary subunit TipE is associated with pyrethroid-associated mortality in M. usitatus. By
integrating RNAi, insecticide bioassays, transcriptome profiling, and RT-qPCR validation,
the study links an auxiliary-channel component with downstream metabolic transcriptional
responses. The main conclusions are as follows: First, feeding with 400 µg/mL of dsTipE for
48 h reduced TipE expression and increased adult mortality after exposure to λ-cyhalothrin
and permethrin. These results suggest that TipE is associated with pyrethroid-associated
mortality under laboratory conditions and is a candidate gene for further functional val-
idation. Second, transcriptome analysis and RT-qPCR validation showed that SCD and
CYP307a1 transcript levels were reduced following TipE knockdown, whereas Nav α-
subunit transcript abundance remained unchanged. These results suggest that the effect
of TipE knockdown may involve endocrine- and lipid-metabolism-related transcriptional
responses rather than changes in Nav transcript level alone. These findings broaden the
candidate target space for pyrethroid-resistance research in M. usitatus from Nav α-subunit
mutations to auxiliary-channel regulation and associated endocrine/lipid metabolic re-
sponses. Future work should determine whether CYP307a1, SCD, or other DEGs directly
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contribute to the increased pyrethroid-associated mortality observed after TipE knockdown.
Field-oriented application of dsTipE will also require optimization of delivery systems and
evaluation of stability, specificity, ecological safety, and efficacy under field conditions.
Future studies should further evaluate dsTipE-mediated effects in field-collected M. usitatus
populations with different pyrethroid-resistance backgrounds.

Author Contributions: Writing—original draft preparation, L.W. and S.Z.; writing—review and
editing, L.W. and L.Y.; investigation, H.W. and W.W.; methodology, S.Z. and Z.P.; funding acquisition,
P.L., K.Z. and S.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by China National Natural Science Foundation (32360663,
32260666, 32460659); PhD Scientific Research and Innovation Foundation of Sanya Yazhou Bay
Science and Technology City (HSPHDSRF-2023-05-008ZJ); The Special Funding for the Construction
of the High-Level Academy of Agricultural Sciences (R2021YJ-YB2006); National Key Research
and Development Project (2024YFD1400100); Hainan S&T Program (KJTP202514, KJTP202526);
Hainan Provincial Natural Science Foundation of China (326MS0038); and Funding of Hainan
University (RZ2300002722).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are not publicly available
due to privacy and ethical restrictions. Requests for access may be directed to the corresponding
authors and will be considered subject to applicable ethical approvals, participant consent, and
data-protection requirements.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Zhang, S.; Lin, Y.; Chen, J.; Lei, Z.; Niu, Y.; Li, F.; Wu, S. Occurrence patterns of major insect pests on cowpea and evaluation of

cowpea varieties resistant to Megalurothrips usitatus in Hainan. J. Trop. Biol. 2025, 16, 1–10.
2. He, Y.; Geng, J.; Gao, Y.; Chen, Q.; Zhou, Y.; Zhu, Z.-R. Effects of weather parameters on the population dynamics of Megalurothrips

usitatus in cowpea fields in Sanya, China. Int. J. Trop. Insect Sci. 2024, 44, 2721–2730. [CrossRef]
3. Zhang, S.; Jin, H.; Liu, K.; Chen, Q.; Li, F.; Wu, S. Sustainable development of Hainan’s melon and vegetable industry: New

strategies for pest control. Trop. Plants 2025, 4, e032. [CrossRef]
4. Wang, G.R.; Wang, Y.C.; Yang, G.F.; Wang, Y.; Zhou, X.P. Frontier scientific issues in green prevention and control of agricultural

diseases and insect pests. Bull. Natl. Nat. Sci. Found. China 2020, 34, 374–380. (In Chinese)
5. Dong, K. Insect sodium channels and insecticide resistance. Invertebr. Neurosci. 2007, 7, 17–30. [CrossRef]
6. Gao, R.; Ma, S.; Geng, J.; Zhang, K.; Xian, L.; Liu, K.; Cao, P.; Yuchi, Z.; Wu, S. Functional characterization of double mutations

T929I/K1774N in the voltage-gated sodium channel of Megalurothrips usitatus (Bagnall) related to pyrethroid resistance. J. Agric.
Food Chem. 2024, 72, 11958–11967. [CrossRef] [PubMed]

7. Yuan, L.L.; Pan, X.L.; Lu, R.C.; Chen, L.; Xi, Y.; Wu, S. Monitoring of resistance to pyrethroid insecticides and detection of sodium
channel mutations in Megalurothrips usitatus in Hainan. Plant Prot. 2023, 49, 60–67. (In Chinese)

8. Haddi, K.; Tome, H.V.; Du, Y.; Valbon, W.R.; Nomura, Y.; Martins, G.F.; Dong, K.; Oliveira, E.E. Detection of a new pyrethroid
resistance mutation (V410L) in the sodium channel of Aedes aegypti: A potential challenge for mosquito control. Sci. Rep. 2017, 7,
46549. [CrossRef] [PubMed]

9. Davies, T.G.E.; Field, L.M.; Usherwood, P.N.R.; Williamson, M.S. DDT, pyrethrins, pyrethroids and insect sodium channels. Int.
Union Biochem. Mol. Biol. Life 2007, 59, 151–162. [CrossRef]

10. Soderlund, D.M. State-dependent modification of voltage-gated sodium channels by pyrethroids. Pestic. Biochem. Physiol. 2010,
97, 78–86. [CrossRef] [PubMed]

11. Rinkevich, F.D.; Du, Y.; Dong, K. Diversity and convergence of sodium channel mutations involved in resistance to pyrethroids.
Pestic. Biochem. Physiol. 2013, 106, 93–100. [CrossRef] [PubMed]

12. Dong, K.; Du, Y.; Rinkevich, F.; Nomura, Y.; Xu, P.; Wang, L.; Silver, K.; Zhorov, B.S. Molecular biology of insect sodium channels
and pyrethroid resistance. Insect Biochem. Mol. Biol. 2014, 50, 1–17. [CrossRef] [PubMed]

13. Feng, G.; Deak, P.; Chopra, M.; Hall, L.M. Cloning and functional analysis of TipE, a novel membrane protein that enhances
Drosophila para sodium channel function. Cell 1995, 82, 1001–1011. [CrossRef] [PubMed]

https://doi.org/10.3390/genes17080854

https://doi.org/10.1007/s42690-024-01367-6
https://doi.org/10.48130/tp-0025-0023
https://doi.org/10.1007/s10158-006-0036-9
https://doi.org/10.1021/acs.jafc.4c00355
https://www.ncbi.nlm.nih.gov/pubmed/38761134
https://doi.org/10.1038/srep46549
https://www.ncbi.nlm.nih.gov/pubmed/28422157
https://doi.org/10.1080/15216540701352042
https://doi.org/10.1016/j.pestbp.2009.06.010
https://www.ncbi.nlm.nih.gov/pubmed/20652092
https://doi.org/10.1016/j.pestbp.2013.02.007
https://www.ncbi.nlm.nih.gov/pubmed/24019556
https://doi.org/10.1016/j.ibmb.2014.03.012
https://www.ncbi.nlm.nih.gov/pubmed/24704279
https://doi.org/10.1016/0092-8674(95)90279-1
https://www.ncbi.nlm.nih.gov/pubmed/7553842
https://doi.org/10.3390/genes17080854


Genes 2026, 17, 854 15 of 16

14. Warmke, J.W.; Reenan, R.A.G.; Wang, P.; Qian, S.; Arena, J.P.; Wang, J.; Wunderler, D.; Liu, K.; Kaczorowski, G.J.; Van der Ploeg,
L.H.T.; et al. Functional expression of Drosophila para sodium channels: Modulation by the membrane protein TipE and toxin
pharmacology. J. Gen. Physiol. 1997, 110, 119–133. [CrossRef] [PubMed]

15. Bourdin, C.M.; Moignot, B.; Wang, L.; Murillo, L.; Juchaux, M.; Quinchard, S.; Lapied, B.; Guérineau, N.C.; Dong, K.; Legros, C.
Intron retention in mRNA encoding ancillary subunit of insect voltage-gated sodium channel modulates channel expression,
gating regulation and drug sensitivity. PLoS ONE 2013, 8, e67290. [CrossRef] [PubMed]

16. Li, J.; Waterhouse, R.M.; Zdobnov, E.M. A remarkably stable TipE gene cluster: Evolution of insect Para sodium channel auxiliary
subunits. BMC Evol. Biol. 2011, 11, 337. [CrossRef] [PubMed]

17. Lee, S.H.; Smith, T.J.; Ingles, P.J.; Soderlund, D.M. Cloning and functional characterization of a putative sodium channel auxiliary
subunit gene from the house fly (Musca domestica). Insect Biochem. Mol. Biol. 2000, 30, 479–487. [CrossRef] [PubMed]

18. Derst, C.; Walther, C.; Veh, R.W.; Wicher, D.; Heinemann, S.H. Four novel sequences in Drosophila melanogaster homologous to the
auxiliary Para sodium channel subunit TipE. Biochem. Biophys. Res. Commun. 2006, 339, 939–948. [CrossRef] [PubMed]

19. Zhang, H.; Li, H.C.; Miao, X.X. Feasibility, limitation and possible solutions of RNAi-based technology for insect pest control.
Insect Sci. 2013, 20, 15–30. [PubMed]

20. Katoch, R.; Sethi, A.; Thakur, N.; Murdock, L.L. RNAi for insect control: Current perspective and future challenges. Appl. Biochem.
Biotechnol. 2013, 171, 847–873. [CrossRef] [PubMed]

21. Huvenne, H.; Smagghe, G. Mechanisms of dsRNA uptake in insects and potential of RNAi for pest control: A review. J. Insect
Physiol. 2010, 56, 227–235. [CrossRef] [PubMed]

22. Kim, Y.H.; Issa, M.S.; Cooper, A.M.; Zhu, K.Y. RNA interference: Applications and advances in insect toxicology and insect pest
management. Pestic. Biochem. Physiol. 2015, 120, 109–117. [CrossRef] [PubMed]

23. Baum, J.A.; Bogaert, T.; Clinton, W.; Heck, G.R.; Feldmann, P.; Ilagan, O.; Johnson, S.; Plaetinck, G.; Munyikwa, T.; Pleau, M.; et al.
Control of coleopteran insect pests through RNA interference. Nat. Biotechnol. 2007, 25, 1322–1326. [CrossRef] [PubMed]

24. Mao, Y.B.; Cai, W.J.; Wang, J.W.; Hong, G.J.; Tao, X.Y.; Wang, L.J.; Huang, Y.P.; Chen, X.Y. Silencing a cotton bollworm P450
monooxygenase gene by plant-mediated RNAi impairs larval tolerance of gossypol. Nat. Biotechnol. 2007, 25, 1307–1313.
[CrossRef] [PubMed]

25. Abd El Halim, H.M.; Alshukri, B.M.; Ahmad, M.S.; Nakasu, E.Y.T.; Awwad, M.H.; Salama, E.M.; Gatehouse, A.M.R.; Edwards,
M.G. RNAi-mediated knockdown of the voltage gated sodium ion channel TcNav causes mortality in Tribolium castaneum. Sci.
Rep. 2016, 6, 29301. [CrossRef] [PubMed]

26. Khan, F.; Esmaeily, M.; Jin, G.; Sevin, S.; Jung, C.; Ham, E.; Kim, Y. A sprayable long hairpin dsRNA formulated with layered
double hydroxide against the western flower thrips, Frankliniella occidentalis: Control efficacy in a greenhouse and influence on
beneficial insects. Pestic. Biochem. Physiol. 2025, 209, 106331. [CrossRef] [PubMed]

27. Tariq, K.; Ali, A.; Davies, T.E.; Naz, E.; Naz, L.; Sohail, S.; Hou, M.; Ullah, F. RNA interference-mediated knockdown of voltage-
gated sodium channel (MpNav) gene causes mortality in peach-potato aphid, Myzus persicae. Sci. Rep. 2019, 9, 5291. [CrossRef]
[PubMed]

28. Ullah, F.; Gul, H.; Wang, X.; Ding, Q.; Said, F.; Gao, X.; Desneux, N.; Song, D. RNAi-mediated knockdown of chitin synthase 1
(CHS1) gene causes mortality and decreased longevity and fecundity in Aphis gossypii. Insects 2019, 11, 22. [CrossRef] [PubMed]

29. Zhao, H.; Yi, X.; Hu, Z.; Hu, M.; Chen, S.; Muhammad, R.-U.; Dong, X.; Gong, L. RNAi-mediated knockdown of catalase causes
cell cycle arrest in SL-1 cells and results in low survival rate of Spodoptera litura (Fabricius). PLoS ONE 2013, 8, e59527. [CrossRef]
[PubMed]

30. Manikandan, P.; Nagini, S. Cytochrome P450 structure, function and clinical significance: A review. Curr. Drug Targets 2018, 19,
38–54. [CrossRef] [PubMed]

31. Nauen, R.; Bass, C.; Feyereisen, R.; Vontas, J. The role of cytochrome P450s in insect toxicology and resistance. Annu. Rev. Entomol.
2022, 67, 105–124. [CrossRef] [PubMed]

32. Etebari, K.; Afrad, M.H.; Tang, B.; Silva, R.; Furlong, M.J.; Asgari, S. Involvement of microRNA miR-2b-3p in regulation of
metabolic resistance to insecticides in Plutella xylostella. Insect Mol. Biol. 2018, 27, 478–491. [CrossRef] [PubMed]

33. Ferdous, Z.; Fuchs, S.; Behrends, V.; Trasanidis, N.; Waterhouse, R.M.; Vlachou, D.; Christophides, G.K. Anopheles coluzzii
stearoyl-CoA desaturase is essential for adult female survival and reproduction upon blood feeding. PLoS Pathog. 2021, 17,
e1009486. [CrossRef] [PubMed]

34. Helmkampf, M.; Cash, E.; Gadau, J. Evolution of the insect desaturase gene family with an emphasis on social Hymenoptera.
Mol. Biol. Evol. 2015, 32, 456–471.

35. Tuthill, B.F., II; Quaglia, C.J.; O’Hara, E.; Musselman, L.P. Loss of Stearoyl-CoA desaturase 1 leads to cardiac dysfunction and
lipotoxicity. J. Exp. Biol. 2021, 224, jeb240432. [CrossRef]

36. Du, C.; Yang, B.; Wu, J.; Ali, S. Identification and virulence characterization of two Akanthomyces attenuatus isolates against
Megalurothrips usitatus (Thysanoptera: Thripidae). Insects 2019, 10, 168. [CrossRef] [PubMed]

https://doi.org/10.3390/genes17080854

https://doi.org/10.1085/jgp.110.2.119
https://www.ncbi.nlm.nih.gov/pubmed/9236205
https://doi.org/10.1371/journal.pone.0067290
https://www.ncbi.nlm.nih.gov/pubmed/23967047
https://doi.org/10.1186/1471-2148-11-337
https://www.ncbi.nlm.nih.gov/pubmed/22151541
https://doi.org/10.1016/s0965-1748(00)00019-9
https://www.ncbi.nlm.nih.gov/pubmed/10802239
https://doi.org/10.1016/j.bbrc.2005.11.096
https://www.ncbi.nlm.nih.gov/pubmed/16325765
https://www.ncbi.nlm.nih.gov/pubmed/23955822
https://doi.org/10.1007/s12010-013-0399-4
https://www.ncbi.nlm.nih.gov/pubmed/23904259
https://doi.org/10.1016/j.jinsphys.2009.10.004
https://www.ncbi.nlm.nih.gov/pubmed/19837076
https://doi.org/10.1016/j.pestbp.2015.01.002
https://www.ncbi.nlm.nih.gov/pubmed/25987228
https://doi.org/10.1038/nbt1359
https://www.ncbi.nlm.nih.gov/pubmed/17982443
https://doi.org/10.1038/nbt1352
https://www.ncbi.nlm.nih.gov/pubmed/17982444
https://doi.org/10.1038/srep29301
https://www.ncbi.nlm.nih.gov/pubmed/27411529
https://doi.org/10.1016/j.pestbp.2025.106331
https://www.ncbi.nlm.nih.gov/pubmed/40082028
https://doi.org/10.1038/s41598-019-41832-8
https://www.ncbi.nlm.nih.gov/pubmed/30923355
https://doi.org/10.3390/insects11010022
https://www.ncbi.nlm.nih.gov/pubmed/31888020
https://doi.org/10.1371/journal.pone.0059527
https://www.ncbi.nlm.nih.gov/pubmed/24392007
https://doi.org/10.2174/1389450118666170125144557
https://www.ncbi.nlm.nih.gov/pubmed/28124606
https://doi.org/10.1146/annurev-ento-070621-061328
https://www.ncbi.nlm.nih.gov/pubmed/34590892
https://doi.org/10.1111/imb.12387
https://www.ncbi.nlm.nih.gov/pubmed/29573306
https://doi.org/10.1371/journal.ppat.1009486
https://www.ncbi.nlm.nih.gov/pubmed/34015060
https://doi.org/10.1242/jeb.240432
https://doi.org/10.3390/insects10060168
https://www.ncbi.nlm.nih.gov/pubmed/31200549
https://doi.org/10.3390/genes17080854


Genes 2026, 17, 854 16 of 16

37. Li, T.; Feng, M.; Chi, Y.; Shi, X.; Sun, Z.; Wu, Z.; Li, A.; Shi, W. Defensive Resistance of Cowpea Vigna unguiculata Control
Megalurothrips usitatus Mediated by Jasmonic Acid or Insect Damage. Plants 2023, 12, 942. [CrossRef] [PubMed]

38. Ma, L.; Liu, Q.; Wei, S.; Liu, S.; Tian, L.; Song, F.; Duan, Y.; Cai, W.; Li, H. Chromosome-level genome assembly of bean flower
thrips Megalurothrips usitatus (Thysanoptera: Thripidae). Sci. Data 2023, 10, 252. [CrossRef] [PubMed]

39. Vert, J.-P.; Foveau, N.; Lajaunie, C.; Vandenbrouck, Y. An accurate and interpretable model for siRNA efficacy prediction. BMC
Bioinform. 2006, 7, 520. [CrossRef]

40. Andongma, A.A.; Greig, C.; Dyson, P.J.; Flynn, N.; Whitten, M.M.A. Optimization of dietary RNA interference delivery to western
flower thrips Frankliniella occidentalis and onion thrips Thrips tabaci. Arch. Insect Biochem. Physiol. 2020, 103, e21645. [PubMed]

41. Singh, S.; Gupta, M.; Pandher, S.; Kaur, G.; Goel, N.; Rathore, P.; Palli, S.R. RNA sequencing, selection of reference genes and
demonstration of feeding RNAi in Thrips tabaci (Lind.) (Thysanoptera: Thripidae). BMC Mol. Biol. 2019, 20, 6. [CrossRef]
[PubMed]

42. Hou, Q.; Yuan, L.; Jin, H.; Yan, H.; Li, F.; Wu, S. Identification and validation of reference genes for normalization of gene
expression analysis using qRT-PCR in Megalurothrips usitatus (Thysanoptera: Thripidae). Front. Physiol. 2023, 14, 1161680.
[CrossRef] [PubMed]

43. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef] [PubMed]

44. Gao, R.; Lu, R.; Qiu, X.; Wang, L.; Zhang, K.; Wu, S. Detection of putative mutation I873S in the sodium channel of Megalurothrips
usitatus (Bagnall) which may be associated with pyrethroid resistance. Insects 2023, 14, 388. [CrossRef] [PubMed]

45. Abbott, W.S. A method of computing the effectiveness of an insecticide. J. Econ. Entomol. 1925, 18, 265–267. [CrossRef]
46. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]

[PubMed]
47. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online:

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 10 July 2024).
48. Yu, G.; Wang, L.-G.; Han, Y.; He, Q.-Y. clusterProfiler: An R package for comparing biological themes among gene clusters.

OMICS A J. Integr. Biol. 2012, 16, 284–287. [CrossRef]
49. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 2014, 15, 550. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/genes17080854

https://doi.org/10.3390/plants12040942
https://www.ncbi.nlm.nih.gov/pubmed/36840292
https://doi.org/10.1038/s41597-023-02164-5
https://www.ncbi.nlm.nih.gov/pubmed/37137922
https://doi.org/10.1186/1471-2105-7-520
https://www.ncbi.nlm.nih.gov/pubmed/31742774
https://doi.org/10.1186/s12867-019-0123-1
https://www.ncbi.nlm.nih.gov/pubmed/30777032
https://doi.org/10.3389/fphys.2023.1161680
https://www.ncbi.nlm.nih.gov/pubmed/37143927
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.3390/insects14040388
https://www.ncbi.nlm.nih.gov/pubmed/37103203
https://doi.org/10.1093/jee/18.2.265a
https://doi.org/10.1093/bioinformatics/bty560
https://www.ncbi.nlm.nih.gov/pubmed/30423086
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.3390/genes17080854

	Introduction 
	Materials and Methods 
	Test Insects 
	dsRNA Synthesis and Feeding-Mediated TipE RNAi 
	RT-qPCR Quantification of Gene Expression 
	Pyrethroid Bioassays After RNAi Treatment 
	RNA-Seq Sample Collection and Sequencing 
	Transcriptome Data Analysis and DEG Screening 
	Statistical Analysis 

	Results 
	Optimization of dsTipE-Mediated RNAi Conditions 
	TipE Knockdown Increases Pyrethroid-Associated Mortality 
	RNA-Seq Quality Control and Sample Reproducibility 
	TipE Knockdown Induces DEGs Enriched in Lipid-Metabolism Pathways 
	RT-qPCR Validation of SCD, CYP307a1, and Nav Expression 

	Discussion 
	Conclusions 
	References

