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Abstract: Insecticide resistance in mosquitoes has become a severe impediment to global
vector control and manifests as decreased insecticide effectiveness. The role of target
site mutations and detoxification enzymes as resistance markers has been documented
in mosquitoes; however, the emergence of complex resistant phenotypes suggest the
occurrence of additional mechanisms. Cuticular proteins (CPs) are key constituents of the
insect cuticle, and play critical roles in insect development and insecticide resistance. In this
study, via electron microscopy we observed that the leg cuticle thickness in deltamethrin-
resistant (DR) Anopheles sinensis mosquitoes was significantly greater than that measured
in deltamethrin-susceptible (DS) An. sinensis. Transcription analysis revealed that cuticle
proteins were enriched in the legs, including members of the CPR, CPAP, and CPF families.
Further comparisons revealed the specific overexpression of four CP genes in the legs of
DR An. sinensis; whose expression levels increased after treatment with deltamethrin. The
RNAi-mediated silencing of one CP gene, AsCPF1, resulted in a significant decrease in the
leg cuticle thickness of DR mosquitoes and significantly elevated the mortality rate when
exposed to deltamethrin. These findings suggest that alterations in the An. sinensis leg
cuticle contribute to the insecticide resistance phenotype. AsCPF1 is thereby a target study
molecule for investigation of its mode of action, and broader attention should be paid to
the role of mosquito legs in the development of insecticide resistance.

Keywords: anophelines; pyrethroid resistance; cuticle thickening; decreased penetration;
RNAi

1. Introduction
Anopheles sinensis is a main vector of malaria and other parasitic diseases in China and

other Asian countries [1]. Currently, vector control has proven effective in preventing the
transmission of vector-borne diseases, with the utilization of insecticides constituting the
principal component of this control strategy [2]. In residential areas, indoor residual spray-
ing (IRS) and insecticide-treated nets (ITNs) have achieved notable success [3]. However,
the evolutionary pressure of widespread and prolonged use of insecticides has led to the
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selection of high levels of resistance in mosquitoes, thus posing a significant challenge to
mosquito control efforts [4].

The development of insecticide resistance is complex, with components of both be-
havioral and physiological resistance. Physiological resistance includes the mutation of
insecticide target sites, the increase in detoxification metabolizing enzyme activity, and
changes in cuticle structure. Research on mosquito resistance to pyrethroids has focused
in part on target-site and metabolic resistance mechanisms [5]. It has been found that the
mortality rates of the cockroach Blattella germanica and the fruit fly Bactrocera dorsalis when
exposed to different modes of insecticide application are lower for topical insecticides than
for ingested or injected insecticides [6,7]. This may relate to alterations in the internal
composition and structure of the cuticle, thus preventing insecticides from binding to their
targets or slowing down the rate of insecticide penetration, and consequently providing
sufficient time for metabolic enzymes to degrade the insecticides [8]. Therefore, the role
of cuticle modification may be overlooked, and more attention should be paid to this
mechanism [9].

The cuticle consists of an epicuticle and pre-epidermis, and the pre-epidermis contains
mainly cuticle proteins and chitin, whereas the epicuticle is largely composed of lipids [10].
Studies suggest a strong link between cuticle changes in insects and the development of
resistance to deltamethrin, which may be related to cuticle thickening and variations in
composition [11–14]. Cuticle proteins (CPs) serve as primary structural constituents of the
cuticle, and play important roles in the environmental adaptation and defensive responses
of insects. Certain CPs bind to chitin to preserve the integrity of the cuticle, and deletion
of related genes can result in alterations in insect morphology and sensitivity to external
conditions [9,15,16]. Artificial inhibition of the expression of specific cuticle protein genes
in mosquitoes can limit normal cuticle formation, thereby increasing the susceptibility of
mosquitoes to insecticides, and this strategy may be useful in improving the effectiveness
of existing insecticides [17].

Mosquito legs are principal contacts for the active chemicals of IRS, ITN, and other in-
terventions of adult vector control, making them interfaces for insecticide actions [18]. Gene
enrichments have been identified related to neurotransmitters, odor receptors, detoxifica-
tion metabolism, and cuticle structure in the legs of Anopheles coluzzii and Aedes aegypti, thus
further suggesting the importance of legs in sensing the external environment [19,20]. How-
ever, limited research has focused on the role of legs in An. sinensis in the development of
insecticide resistance, and the related mechanisms remains unclear. To characterize this hy-
pothesis, in this study we analyzed the leg cuticle structure of susceptible and deltamethrin-
resistant An. sinensis, and we identified and verified the candidate leg-enriched cuticle
genes associated with insecticide resistance. This contributes to understanding the devel-
opment of insecticide resistance attributed to the leg cuticles in mosquitoes.

2. Results
2.1. Transmission Electron Microscopy (TEM) Analysis of the Tarsus Cuticle of Anopheles sinensis

This study used an An. sinensis line which was collected in Huai’an, and the resistance
of an F1 generation to deltamethrin was evaluated by an insecticide resistance bioassay.
The mortality rate was roughly 13% following exposure to deltamethrin, which indicated a
resistant population. The following studies compare this deltamethrin-resistant (DR) An.
sinensis with a deltamethrin-susceptible (DS) An. sinensis mosquito line which is described
in the Materials and Methods section.

The leg cuticle is predominantly formed by the procuticle, which is segmented into
the exocuticle and the endocuticle (Figure 1A). The procuticle thickness of DR An. sinen-
sis (2.62 ± 0.53 µm) was significantly greater than that of DS An. sinensis mosquitoes
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(1.95 ± 0.44 µm) (Figure 1B). There were statistical differences between the endocuticle
(1.27 ± 0.33 µm, 0.72 ± 0.30 µm) and exocuticle (1.37 ± 0.36 µm, 1.22 ± 0.26 µm) thickness
of the two strains, and the difference in the thickness of the endocuticle appeared to be
greater (Figure 1C,D).
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Figure 1. TEM analysis of the thickness of the tarsal cuticle of An. sinensis legs. (A) Representative
TEM images showing cross-sections of the cuticle from the tarsus of An. sinensis. (B–D) The thickness
of the cuticle was measured in the cross-section of the tarsus from DS and DR female An. sinensis. Each
dot represents measurements from individual cuticle locations (each group contains 8 samples, and
each sample has 40 points). Asterisks indicate significant differences (Student’s t-test, **** p < 0.0001).

2.2. Principal Component Analysis (PCA) of Transcriptome Data

In this study, a comprehensive transcriptomic analysis was conducted to identify
cuticle protein genes enriched in the legs of An. sinensis, by comparing the legs with the
other body parts and examining differences between the legs of DS and DR An. sinensis.
For transcriptome analysis of insecticide resistance, a dataset was obtained which was com-
posed of 741.2 million clean reads of reverse-transcribed mRNA. The repeatability within
the sample group and the discrimination between groups were evaluated by principal
component analysis (Figure 2), which showed that the biological replicates of different
types of samples had good clustering, and the different samples were clearly distinguished.
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Among them, there were outliers in the Leg-DS and Leg-DR sample replicates, which were
excluded to improve the reliability of subsequent analyses.
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Figure 2. Principal components analysis of the gene expression levels for An. sinensis leg and carcass
samples. “Carcass” means the parts of the body without legs. The sample types include the carcass
of deltamethrin-susceptible An. sinensis (Carcass-DS), carcass of deltamethrin-resistant An. sinensis
(Carcass-DR), leg of deltamethrin-susceptible An. sinensis (Leg-DS), and leg of deltamethrin-resistant
An. sinensis (Leg-DR).

2.3. Differential Expression Analysis of Cuticle Protein Genes in the Leg of Resistant
Anopheles sinensis

Gene Ontology (GO) analysis was initially conducted on differentially expressed
transcripts between datasets. Compared to carcasses of An. sinensis, legs showed signifi-
cant enrichment of genes associated with calcium ion binding, fatty-acyl-CoA reductase
(alcohol-forming) activity, cilium and cilium assembly. Further comparative analysis be-
tween leg types revealed that in DR An. sinensis, leg-specific genes were predominantly
enriched in heme/iron ion binding, membrane functions and glutathione metabolic pro-
cesses (Figures S1 and S2).

Genes potentially related to cuticle proteins were selected for enriched expression
in legs, based on comparison with carcass transcripts (Leg vs. Carcass). Among the
2699 up-regulated genes, 32 genes were identified as structural components of the cuticle,
and 20 genes belonged to CP families, as determined by homologous sequence comparison
with annotation of the Anopheles gambiae genome, including 16 genes in the CPR family
(10 in the RR-1 family and 6 in the RR-2 family), and 4 genes AsCPAP3-A1c, AsCPAP3-
A1b, AsCPAP3-B, and AsCPAP3-D (Figure 3A). Analysis of the Leg-DR vs. Carcass-DR
and Leg-DS vs. Carcass−DS comparison groups showed differences and sharing of the
CPs genes enriched in the legs. The results of Leg-DR vs. Carcass-DR showed that there
were 20 genes belonging to the CP families, among which AsCPF1 was a previously
overlooked overexpressed gene, and 8 overexpressed genes encoding cuticle proteins
(AsCPR5, AsCPR38, AsCPR58, AsCPR129, AsCPR131, AsCPAP3-A1c, AsCPAP3-A1b, and
AsCPAP3-B) were not significantly expressed in Leg-DS vs. Carcass-DS (Figure 3B,C).
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Figure 3. Heat maps showing the expression of cuticle protein genes in different body parts. The
heat maps show the log2-fold change (log2FC) value relative to the legs on the red and green rulers.
Red indicates overexpression. (A) CP genes enriched in leg, compared with carcass. (B) CP genes
enriched in Leg-DR, compared with Carcass-DR. (C) CP genes enriched in Leg-DS, compared with
Carcass−DS. (D) The number of differentially expressed genes (log2|FC| > 2, FDR < 0.01) between
Leg-DR and the two groups, Leg-DS and Carcass-DR. (E) CP genes enriched in Leg-DR, compared
with Leg-DS. (F) CP genes enriched in Leg-DR, compared with Leg-DS and Carcass-DR.

To further investigate the constitutive resistance of the legs, we compared tran-
scriptome sequencing results from resistant An. sinensis legs (Leg-DR), susceptible
An. sinensis legs (Leg-DS), and resistant An. sinensis carcasses (Carcass-DR). In these
comparisons, 615 differentially expressed genes were identified (266 up-regulated and
349 down-regulated) between Leg-DR and Leg-DS, and 5329 differentially expressed genes
(2512 up-regulated and 2817 down-regulated) between Leg-DR and Carcass-DR. In com-
parison of the two groups, there were 128 up-regulated genes and 95 down-regulated
genes, indicating their potential association with the development of resistance phenotypes
(Figure 3D).

Compared with Leg-DS, 10 genes related to cuticle were found among the 266 genes
up-regulated by Leg-DR, of which 7 belonged to the CP families, including 4 CPR families
(AsCPR5, AsCPR58, AsCPR125, and AsCPR130); 2 CPF families (AsCPF1 and AsCPF3); and
1 CPAP family (AsCPAP3-D) (Figure 3E). Four genes explicitly related to cuticle structure
were enriched in the legs of resistant An. sinensis among the 128 genes that were jointly
up-regulated, namely, AsCPR5, AsCPR58, AsCPF1, and AsCPF3 (Figure 3F).
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2.4. Expression of Cuticle Protein Genes (CPGs)

RT-qPCR was used to assay expression of the four cuticle protein genes identified from
screening, AsCPR5, AsCPR58, AsCPF1, and AsCPF3, the results showing high expression in
Leg-DR compared to Leg-DS as well as Carcass-DR, which shared the same trend with the
RNA-seq results (Figure 4).
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To further verify the high specificity of gene expression in the legs of An. sinensis, gene
expression levels were assayed in various tissues of female DR An. sinensis approximately
3 days post-eclosion, specifically the legs, wings, heads, abdomen, and thorax. The four CP
genes showed the highest expression levels in legs, followed by wings or heads, except for
AsCPF3, which also had a high expression level in the abdomen (Figure 5).

2.5. Expression Response of CPGs Under Deltamethrin Exposure

The effects of deltamethrin on the transcript levels of AsCPF1, AsCPF3, AsCPR5,
and AsCPR58 genes were characterized by WHO bottle bioassays by treating 3 to 5 days
female DS strain An. sinensis with deltamethrin at LC30 and LC50 concentrations. The
results showed that AsCPF1, AsCPR5, and AsCPR58 genes were significantly induced by
deltamethrin treatment for 30 min, but no induction was observed at an LC30 concentration,
with the exception of the AsCPF3 gene (Figure 6).
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2.6. Insecticide Resistance Bioassays and Examination of Cuticle Structure After RNAi

To characterize the role of AsCPF1 in insecticide resistance, the expression of the gene
was interfered with by microinjection of dsRNA, and RT-qPCR was used to measure gene
silencing efficiency. Compared with the control group (dsEGFP injection), dsRNA-mediated
gene silencing decreased the AsCPF1 transcript level in the whole female mosquito by 54%
(Figure 7A). Corresponding interference was also assayed on the remaining three genes,
but satisfactory results were not obtained; therefore, only the function of AsCPF1 was
subsequently characterized. A WHO tube test was used to assay the effect of AsCPF1
silencing on deltamethrin toxicity and demonstrated that mortality was higher in the
experimental versus control group. Specifically, the mosquito knockdown rate was 6.6%
after 1 h in the dsEGFP control injection group, versus 20% after 1 h in the dsCPF1 injection
group (Figure 7B). After 24 h of recovery, the mortality rate of dsEGFP was 11.5%, while
that of the dsCPF1 group was 31.7% (Figure 7C).

The cuticle ultrastructures of mosquito tarsus were characterized after RNA interfer-
ence and showed that the procuticle thickness of the dsEGFP group (2.33 ± 0.43 µm) was
thicker than that of the dsCPF1 group (2.00 ± 0.31 µm) (Figure 7D,E). The endocuticle and
exocuticle thickness of the leg tarsus in the dsCPF1 group (0.91 ± 0.17 µm, 1.09 ± 0.20 µm)
was thinner than in the dsEGFP group (1.04 ± 0.22 µm, 1.28 ± 0.25 µm) (Figure 7F,G).
These data suggest that mosquitoes are more susceptible to deltamethrin after dsRNA
knockdown of CPF1.
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Figure 7. (A) Relative expression level of the AsCPF1 gene in An. sinensis after injection of
dsCPF1. (B,C) Knockdown rate and mortality of dsRNA-injected An. sinensis after exposure to
0.05% deltamethrin. (D) TEM observation of cuticle after dsRNA injection. (E–G) Cuticle thickness
analysis by TEM. Each dot represents an individual cuticle location (each group was composed of
3 samples, and each sample has 40 points). Asterisks indicate significant differences (Student’s t-test,
* p < 0.05, ** p < 0.01, **** p < 0.0001).

3. Discussion
The legs of mosquitoes play a key role in their life activities, which is reflected in their

unique surface hydrophobic structure and their avoidance response to external chemical
stimulation [21–23]. Insecticide-Treated Nets (ITNs) and Indoor Residual Spraying (IRS)
are two key intervention measures on vector control. Residual sprays leave insecticides on
the surface of objects, such as the interior walls of dwellings. When mosquitoes rest and
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stay on these surfaces, their legs are the primary contact parts and, therefore, may play an
important role in the development of mosquito insecticide resistance [19,24].

The cuticles of insect legs are the initial physiological barrier for contact with external
substances, and significantly influence the permeation of insecticides. The pathways re-
sponsible for the synthesis of this cuticular component have emerged as promising targets
for vector control strategies [10]. In this study, we investigated the role of susceptible and
resistant An. sinensis (DS and DR) in constitutive deltamethrin resistance based on the leg.
We utilized a laboratory-propagated An. sinensis strain for the insecticide-susceptible exper-
imental group, because field-caught mosquitoes typically have a degree of resistance to
deltamethrin. By comparing the tarsus thickness of the legs between DS and DR An. sinen-
sis, we first found that the tarsus cuticle of the DR An. sinensis was thicker than observed
for DS, and the difference between the endocuticle seemed to be more pronounced. Similar
thickening of the leg cuticle in resistant populations was found in other insects, such as the
mosquitoes Anopheles gambiae and Aedes aegypti, cockroaches, and bed bugs [5,7,11,24,25].
In the study of specific transcripts in the An. sinensis leg, we found that a series of genes
encoding cuticle proteins (CPs) were significantly upregulated in resistant An. sinensis,
such as AsCPR62, AsCPR127, AsCPR130, AsCPR143, AsCPAP3-A1b, AsCPAP3-A1c, and
AsCPAP3-B, which were also discovered in other resistant Anopheles strains. The gene
CPR62, which is overexpressed in the legs of resistant An. sinensis, has been reported to be
present in the legs of Anopheles coluzzii, and the overexpression of CPAP3-A1b and CPAP3-
A1c are associated with resistance to permethrin and deltamethrin [19,26]. Comparing
transcription data between susceptible and resistant legs, we found that the gene AsCPF3
was overexpressed in resistant legs of An. gambiae, primarily localizing to the exocuticle,
thus suggesting that this gene could be used as a candidate marker for resistance [27].

At present, there are gaps in understanding the function of CPGs in insect resistance.
We have screened four cuticle protein-related genes that are overexpressed in the legs of
the DR strain, specifically AsCPF1, AsCPF3, AsCPR5, and AsCPR58. The expression profiles
of the related genes were further analyzed, and their effects on deltamethrin in An. sinensis
were evaluated.

CPR and CPF are two important gene families which encode cuticle proteins in
mosquitoes. One of the distinctive characteristic of the CPR family of genes is that they
contain the Rebers and Riddiford (RR) consensus sequence, which binds to chitin to enhance
the stability of cuticle structures [28]. CPFs are a small family of proteins defined by
51 amino acid motifs, containing 44 conserved regions of amino acids, and do not exhibit
the ability to bind to chitin [27,29]. It has been reported that some cuticle proteins are
differentially expressed between insecticide-susceptible and insecticide-resistant mosquito
strains. Among them, CPR family members, as one of the ubiquitous cuticular proteins,
have been shown to enhance insecticide resistance of mosquitoes to insecticides by changing
the thickness of the cuticle [14,30–32]. It is noteworthy that although current research on the
relationship between the CPF gene family and insecticide resistance is scarce, studies have
shown that CPF and the similar CPFL family proteins are highly expressed in insecticide
resistant populations [27,29,33]. Preliminary results indicate that the expression levels of
AsCPR5, AsCPR58, AsCPF1, and AsCPF3 in the legs of the DR An. sinensis were elevated
compared to both the carcasses of the DR An. sinensis and the legs of the DS An. sinensis.
Among them, expression of the CPR5 protein in Culex pipiens pallens has been shown to
be modulated by miR-932, thereby influencing resistance levels [34]. Subsequently, we
examined the expression profiles of the genes across different tissues. The findings revealed
high expression levels in wings and heads, which may also be related to the function of
helping insects escape harmful environments [35]. High expression of the AsCPF3 gene
was observed in the abdomen. Given that the abdomen has a detoxification system and
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reproductive organs, elevated expression of the AsCPF3 gene may suggest physiological
functions outside the cuticle structure, thus highlighting its multifaceted importance in
insect biology.

Studies have shown that insecticides can induce the expression of CPGs, which in
turn enhance insect resistance by increasing cuticle thickness and density [33]. Therefore,
we used deltamethrin to treat An. sinensis mosquitoes and determined that the expression
of these four CP genes significantly increased, indicating their potential involvement in
the mosquito response to and tolerance of deltamethrin. To further validate the role of the
screened CPGs in the tolerance of An. sinensis to deltamethrin, we used RNA interference
(RNAi) technology to silence the AsCPF1 gene. RNA interference was performed on the
other three candidate genes, but only AsCPF1 had efficient interference. There was a
significant variation in interference efficiency among the different genes across various
species and even within the same species. For those genes with poor interference efficiency,
we speculate that this may be due to insufficient intracellular transport efficiency of dsRNA
after injection, and the majority of the dsRNA failing to successfully escape from endosomes,
thus preventing their conversion into siRNA and a resulting failure to exert their expected
interfering effects [36–38]. The results showed that dsRNA injection of AsCPF1 significantly
inhibited the expression of this gene in deltamethrin-resistant populations. Resistance
assays performed using the WHO tube bioassay after AsCPF1 was knocked down showed
that insect mortality increased, thus indicating a significant increase in the susceptibility of
An. sinensis to deltamethrin. Similar results have been reported when silencing the cuticle
protein genes of Culex pipiens pallens, such as CPR47, CPR63, and CPLCG5 [12,30].

Silencing of AsCPF1 resulted in a thinner endocuticle and exocuticle, suggesting that
increasing the thickness of the cuticle contributes to cuticular resistance, and may be one of
the functions of AsCPF1, like most CPRs proteins. It has been reported that CPF protein has
similar structural characteristics to lipid carrier protein [39]; therefore, we might speculate
that the CPF protein may have a function similar to lipid transport. By enhancing its
binding ability to insecticides, it provides more time for the detoxification metabolism
process in mosquitoes and reduces the direct effect of insecticides on target sites, thereby
enhancing the resistance of mosquitoes. Although the CPF and CPLCP family proteins lack
a domain that binds directly to chitin, some studies suggest that these CPs may interact
with other structural proteins in the insect cuticle, thereby contributing to the formation
of a harder epidermal matrix in insects [30]. However, the detail mechanism and function
pathway need to be further explored and verified.

In conclusion, this study preliminarily identified and analyzed the enrichment of
cuticular proteins in the legs of An. sinensis. We found a significant abundance of previously
overlooked CP genes, which were enriched and expressed in the legs, thus providing new
insights into insecticide resistance management for mosquito populations.

4. Materials and Methods
4.1. Mosquito Rearing and Collection

The deltamethrin-susceptible An. sinensis line used in this study was initially collected
in Jiangsu, China, and has been colonized in the laboratory for more than 40 years. The
strain has not been exposed to insecticides during the past decades [40]. In 2023, blood-
engorged female anopheline mosquitoes were collected in Huai’an City, Jiangsu, China,
where previous data showed that An. sinensis was the sole anopheline species present
and exhibited high resistant to deltamethrin [40]. The samples brought back to the labo-
ratory were used to confirm the species of the hatched eggs based on key morphological
features [41]. A group of 3 to 5 days female An. sinensis from the first generation (F1) were
selected for subsequent experiments. The mosquito rearing conditions were as follows:
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temperature (25 ± 1) ◦C, relative humidity (75 ± 5%), light intensity 12 h/d, larvae fed
with tropical fish diet, and adults fed with 5% glucose.

4.2. Insecticide Resistance Bioassay of Field Anopheles sinensis

F1 female An. sinensis were collected 3 to 5 days and were exposed for 1 h to
0.05% deltamethrin-treated film (Chinese Center for Disease Control and Prevention, Bei-
jing, China) using the WHO-recommended tube test method [42]. After 24 h of recovery, the
mortality rate was recorded. Each tube of about 20 mosquitoes, repeat five times (resistant:
mortality < 90%; possible resistant: 90% ≥ mortality ≤ 98%; susceptible: > 98%).

4.3. Transmission Electron Microscopy (TEM) and Image Analysis

The thickness of the cuticle on the tarsus of mosquito legs was measured using
Transmission Electron Microscopy (TEM) (Wuhan MISP Bio-technology CO, LTD). Specif-
ically, 3 to 5 days female An. sinensis were selected from the laboratory deltamethrin-
susceptible strain (DS) and the field F1 deltamethrin-resistant population (DR), and indi-
viduals of similar size were selected by measuring the wing length of each individual [43].
Eight An. sinensis from DS and DR were randomly selected as independent biological repli-
cates, and their tarsi (tarsus I) of the midleg were dissected for ultrathin sections. The
specimens were preserved in 2.5% glutaraldehyde solution (PH 7.4) for 2 h. Then, washing
three times with 0.1 M phosphate buffer (pH 7.2), the samples were fixed in 1% osmium
tetroxide at 4 ◦C for 2 h, and samples were gradient dehydrated in a graded series of
ethanol. Subsequently, the samples were embedded in Epon-epoxy resin for infiltration
and placed in molds for polymerization. After semi-thin sections were used for orientation,
ultra-thin sections were produced and collected for microstructural analysis. These sections
were then counterstained with 3% uranyl acetate and 2.7% lead citrate. Finally, the sections
were observed using a JEM1400 TEM.

Figure S3 in the Additional File shows a mosquito leg image obtained by scanning
electron microscopy. The thickness of the cuticle was examined using Nano Measurer 1.2
software. The cross-sections were imaged by TEM, and the exocuticle, endocuticle, and
procuticle measurements were obtained from 8 tarsi in each group, with 40 measurement
points per tarsus.

4.4. Transcriptomic Analysis
4.4.1. RNA Extraction, RNA-Seq Library Preparation and Sequencing

Samples for RNA extraction were divided into four types: the carcass of DS
An. sinensis, the leg of DS An. sinensis, the carcass of DR An. sinensis, and the leg of
DR An. sinensis. The legs of 3 to 5 days DS and DR An. sinensis were separated under a
microscope (four biological replicates for each type of sample). For the carcass samples
of DS and DR An. sinensis, 10 mosquitoes were pooled in each tube, and for leg samples,
extractions 30 to 50 mosquitoes were used. The collected samples were immediately treated
with liquid nitrogen for 5 min and stored in a −80 ◦C freezer.

Total RNA was extracted using a Vazyme kit (R711). RNA purity and quantification
were determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilming-
ton, DE, USA), and RNA integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Transcriptome libraries were constructed using a
VAHTS Universal V6 RNA-seq Library Prep kit.

4.4.2. RNA Sequencing and Differentially Expressed Gene Analysis

The library sequencing used the Illumina Novaseq 6000 sequencing platform to pro-
duce 150 bp paired-end reads. The low-quality reads in the original reads were removed
using Fastp software to obtain clean reads for subsequent data analysis [44]. HISAT2
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software was used for gene expression (FPKM) calculation, and HTSeq-count was used
to obtain the read counts of each gene [45–47]. Principal Component Analysis (PCA) was
performed using R (v 3.2.0) to evaluate sample biological repeats. DESeq2 software was
used to analyze the differentially expressed genes, with a threshold of q value < 0.01 and
fold change > 2 [48]. Based on the hypergeometric distribution, the entries with significant
enrichment of DEGs were screened across different groups. Graphics were performed
using R (v 3.2.0) to show the expression patterns of genes in different samples and groups.

4.5. Quantitative PCR for RNA-seq Data Validation

Fluorescence quantitative analysis was performed on the candidate cuticle protein
genes to verify the results of RNA-seq data. The extraction and determination methods
of RNA were the same as above. The first-strand cDNA was synthesized using a reverse
transcription kit HiScript® II 1st Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme
Biotechnology Co., Ltd., Nanjing, China). The specific RT-qPCR primers for the CP genes of
An. sinensis were designed using Premier 5.0 software, with AsS7 as the internal reference
gene (Table 1). The reaction system is as follows: 5 µL of 2× ChamQ Universal SYBR qPCR
Master Mix, 0.2 µL 10 µmol/L forward and reverse primers, 1 µL cDNA template, and
3.6 µL RNase-free water. The reaction program was pre-denaturation at 95 ◦C for 30 s,
denaturation at 95 ◦C for 10 s, and extension at 60 ◦C for 30 s (40 cycles).

Table 1. Primers for PCR, dsRNA and RT-qPCR.

Primer Sequence (5′-3′)

For RT-qPCR

AsS7-F AAGTTCTCCGGCAAGCATGT
AsS7-R GGTCGCTTCTGCTTGTTGG

AsCPF1-F CCCATGATGGAACCGTCTCG
AsCPF1-R GTGATGCGGGTGTCCGACTT

AsCPF1 ds-F CATTCAAGTTCGTCGTCTTCCTGG
AsCPF1 ds-R CCTGCGAGATGGTGCTGTAGCT

AsCPF3-F CGTCTGTCAGCAAGTCCGATGT
AsCPF3-R CGGCGTAAGCGTGATGAGC
AsCPR5-F GGAGATGTTGTCCAGGGATCGTA
AsCPR5-R GTTGTGCGGGTCAGCAGTGTAG
AsCPR58-F GAGCCTGTCGTACACGTTGCC
AsCPR58-R CATAGTATCCATCGTGGTAGTCA

For AsCPF1
dsRNA synthesis

T7 EGFP ds-F
GGATCCTAATACGACTCACTATAGGTGCCCGAAGGTTATGT

T7 EGFP ds-R
GGATCCTAATACGACTCACTATAGGTGCCGAGTGTAATCCC

T7 AsCPF1 ds-F
GGATCCTAATACGACTCACTATAGGACACCCGCATCACCAACGAG

T7 AsCPF1 ds-R
GGATCCTAATACGACTCACTATAGGGGCATAATGGGCATGAGCATC

4.6. Quantitative Analysis of CP Genes in Different Tissues of Anopheles sinensis

The legs, wings, heads, abdomen, and thorax were collected from 3 to 5 days female
DR An. sinensis that had not been fed blood. Total RNA extraction, cDNA synthesis, and
RT-qPCR experiments were carried out as described above on each group of 15 mosquitoes,
with at least three biological replicates.
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4.7. Gene Functional Verification
4.7.1. Response of CP Gene Expression to Deltamethrin Exposure

Based on the initial test, female DS An. sinensis exhibited an LC50 of 2.39 mg/L
for deltamethrin, as measured by the WHO bottle bioassay [49]. The concentrations of
deltamethrin at LC30 (1.71 mg/L) and LC50 (2.39 mg/L) were used to determine the
response of An. sinensis to deltamethrin for 30 m, with ethyl alcohol as the control group.
The experimental methods are the same as in Section 4.5. Each group was compsed of
10 mosquitoes, with at least three biological replicates.

4.7.2. dsRNA Synthesis and Microinjection

The dsRNA template with T7 promoter sequences (TAATACGACTCACTATAGG) at
both ends was synthesized by PCR. Primers were designed using Premier 5.0 software
(Table 1). The PCR was performed with the following steps: pre-denaturation at 95 ◦C for
3 min, followed by 30 cycles of denaturation at 95 ◦C for 15 s, annealing at 55 ◦C for 15 s,
and extension at 72 ◦C for 20 s. After the cycles, a final extension was done at 72 ◦C for
5 min. dsAsCPF1 and control dsEGFP were synthesized using the P1700 T7 RiboMAXtm
Express RNAi Kit (Promega, Fitchburg, WI, USA). The quality and concentration of dsRNA
were determined using a 2% gel imager.

A Nanoject III microinjector (Drummond, Broomall, PA, USA) was used to inject
210 ng of ds RNA into the thorax between the second and third leg segments of 1-day-old
female DR An. sinensis. The injected adult mosquitoes were collected 5 days later for
subsequent assays. The experimental methods are the same as in Section 4.5. Each group
consists of 10 mosquitoes, with at least three biological replicates.

4.7.3. Insecticide Resistance Bioassays After RNAi

The WHO tube test method (0.05% deltamethrin) was conducted 5 days after dsRNA
injection, and all treatments were repeated three times. The mosquitoes were transferred
back to holding tubes for 1 h, and the mortality rate was calculated after 24 h of recovery,
using the method described above.

4.7.4. Examination of Cuticle Structure After RNAi

After dsRNA injection, three middle legs were randomly selected as three independent
biological replicates, and the sample processing and image analysis were conducted as
described above. The cuticle thickness measurements were obtained from 3 tarsi in each
group, with 40 measurement points per tarsus.

4.8. Statistical Analysis

The 2−∆∆Ct method was used to analyze the RT-qPCR results. SPSS 25.0 software was
used to calculate the mortality rate of An. sinensis in the bioassay experiment. Data analysis
was performed using Student’s t-test and one-way ANOVA. Data were expressed as Mean
± SD for TEM analysis and Mean ± SEM for all other results. To verify the data at the
transcriptional level, ANOVA followed by Dunnett’s test was performed. To evaluate the
differences in the expression level of the candidate genes in different tissues and under two
concentrations of deltamethrin stress, ANOVA followed by Duncan’s DMRT was utilized.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms26052182/s1.
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