
Background
Mosquitoes of the Cx. pipiens complex are widely distrib-
uted and spread many human diseases. Culex pipiens pal-
lens is the primary vector of the filamentous nematode, 
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Abstract 

Background: Culex pipiens pallens poses a serious threat to human health because of its widespread distribution, 
high carrier capacity for several arboviruses, frequent human-biting, and growth in urban environments. Pyrethroid 
insecticides have been mainly used to control adult Cx. pipiens pallens during outbreaks of mosquito-borne diseases. 
Unfortunately, mosquitoes have developed resistance, rendering the insecticides ineffective. Cuticular resistance is 
the primary mechanism of pyrethroid resistance. Previously, we revealed that cuticular protein of low complexity 
CPLCG5 is a major cuticular protein associated with deltamethrin resistance in Cx. pipiens pallens, which is enriched in 
the cuticle of mosquitoes’ legs and participates in pyrethroid resistance by forming a rigid matrix. However, the regula-
tory mechanisms of its transcription remain unknown.

Results: First, qRT-PCR analysis revealed that the expression of FTZ-F1 (encoding Fushi tarazu-Factor 1) was ~ 1.8-
fold higher in the deltamethrin-resistant (DR) than deltamethrin-susceptible (DS) strains at 24 h post-eclosion (PE) 
and ~ 2.2-fold higher in the DR strain than in the DS strain at 48 h PE. CPLCG5 and FTZ-F1 were co-expressed in the 
legs, indicating that they might play an essential role in the legs. Dual luciferase reporter assays and EMSA (electro-
phoretic mobility shift experiments) revealed that FTZ-F1 regulates the transcription of CPLCG5 by binding to the FTZ-
F1 response element (− 870/− 864). Lastly, knockdown of FTZ-F1 not only affected CPLCG5 expression but also altered 
the cuticle thickness and structure of the legs, increasing the susceptibility of the mosquitoes to deltamethrin in vivo.

Conclusions: The results revealed that FTZ-F1 regulates the expression of CPLCG5 by binding to the CPLCG5 pro-
moter region, altering cuticle thickness and structure, and increasing the susceptibility of mosquitoes to deltamethrin 
in vivo. This study revealed part of the mechanism of cuticular resistance, providing a deeper understanding of insecti-
cide resistance.
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Wuchereria bancrofti, which is widely prevalent in Asia 
and sub-Saharan Africa. Wuchereria bancrofti can block 
the lymphatic system and lead to elephantiasis and 
hydrocele, and is considered as one of the leading causes 
of long-term disability worldwide [1–4]. Culex pipi-
ens mosquitoes are also involved in the transmission of 
other pathogens, such as West Nile virus (WNV), avian 
malarias, and avian pox virus [5–7]. Insecticides, espe-
cially pyrethroids, remain the mainstay to control these 
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important vectors. Unfortunately, resistance to insec-
ticides is now widespread and is increasing rapidly in 
intensity in Culex mosquitoes across China, which have 
threatened the effectiveness of insecticides and become 
the major obstacle for mosquito control [8]. A key chal-
lenge is to maintain the efficacy of current interventions 
under the threat of growing insecticide resistance.

To date, three mechanisms related to insecticide resist-
ance have been proposed. Target site and metabolic 
resistance have been studied extensively. However, little 
is known about the other mechanism, cuticular resist-
ance. Cuticular resistance involves reducing the penetra-
tion of insecticides into the insect body by increasing the 
cuticle thickness or changing the cuticle composition [9–
13]. Indeed, in Anopheles gambiae the thickness of the 
cuticle correlated positively with permethrin metabolism 
[13]. In addition, cuticle thickening and low permeability 
of insecticides were observed in deltamethrin resistant 
Heliothis armigera and Drosophila melanogaster [14, 15]. 
The cuticle is the first barrier that protects insects from 
insecticides [16]. Insect cuticles are divided into the epi-
cuticle and the procuticle. The epicuticle forms the out-
ermost layer of the cuticle, which is mainly responsible 
for water impermeability. The procuticle forms the bulk 
of the cuticle and consists of the exocuticle and the endo-
cuticle. Cuticular proteins (CPs) are structural proteins, 
which is widely distributed in the procuticle of insects 
[17–20]. Recent studies have shown that CPs contribute 
to the maintenance and structure of the cuticle. Silencing 
specific CP genes could cause thinner and/or malformed 
cuticles [21, 22]. It was reported that the cuticular pro-
tein of low complexity CPLCG family genes of An. gam-
biae are mainly expressed in adult mosquitoes, are highly 
expressed in a variety of insecticide-resistant mosquitoes, 
and are enriched in the endocuticle of the mosquitoes’ 
legs and antennae [9]. Our previous study found that 
CPLCG5 was expressed higher in the femur cuticle in the 
DR strain compared with that in the DS strain [22]. How-
ever, the regulatory mechanisms of CPLCG5 transcrip-
tion remain unknown. Therefore, it is critical to identify 
and characterize the transcription factors involved in 
the regulation of cuticle genes to better understand the 
underlying mechanism.

Transcription factors have a significant impact on 
insect gene expression, morphological diversification, 
and developmental mechanisms [23]. Fushi tarazu-
Factor 1 (FTZ-F1) is a member of the nuclear hormone 
receptor superfamily and was originally identified in 
Drosophila [24]. Recently, several studies have found 
that transcription factor FTZ-F1 may be involved in 
the regulation of insect cuticular proteins. For exam-
ple, silencing FTZ-F1 affected the expression of cer-
tain cuticle genes in Apis mellifera [25]. A cuticle gene, 
EDG84A, is regulated by FTZ-F1 during the metamor-
phosis of D. melanogaster [26]. As for studies of FTZ-F1 
regulating insecticide resistance, only a study by Li et al. 
[27] observed that FTZ-F1 mediates the expression of 
CYP6BG1, conferring resistance to chlorantraniliprole 
in Plutella xylostella. However, the relationship between 
FTZ-F1 and cuticular resistance has not been reported. 
Our transcriptome study suggested that the gene FTZ-
F1 is highly expressed in the DR strain, and there was a 
predicted FTZ-F1 binding site in the CPLCG5 promoter 
region. Does FTZ-F1 regulate the expression of CPLCG5 
by binding to the promoter region of CPLCG5, causing 
altered cuticle thickness and structure, and thus affecting 
insecticide resistance in mosquitoes (Fig. 1)? The present 
study aimed to explore the regulatory role of FTZ-F1 in 
deltamethrin resistance by regulating the expression of 
CPLCG5.

Methods
Mosquito strains
The DS strain of Cx. pipiens pallens  (LC50 = 0.03  mg/l) 
was collected from Tangkou (Shandong province, China) 
and maintained in our laboratory without exposure to 
any insecticides. The DR strain was from the DS strain by 
repeated selection for 84 generations at the larval stage, 
and the  LC50 was up to 7.5  mg/l. Other details of the 
strains have been described previously [22].

RNA extraction, cDNA synthesis, and quantitative real‑time 
reverse transcription PCR (qRT‑PCR)
Total RNA was extracted from 10 female mosquitoes, 
or tissues of 25 mosquitoes, per tube (3 replicates). The 
detailed method of RNA extraction and cDNA synthe-
sis was described previously [28]. The primers used for 

Fig. 1 The mode of regulation of transcription factor FTZ-F1 on CPLCG5 expression
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qRT-PCR are listed in Additional file  1: Table  S1. The 
qRT-PCR experiment was performed using a previously 
described method [28]. ACTB (encoding β-actin) was 
used as an internal control [29, 30]. The  2−ΔΔCt method 
was used to analyze the data [31].

Gene silencing
The small interfering RNA (siRNA) targeting FTZ-
F1 (siFTZ-F1), and the negative control (siNC) were 
designed and synthesized by GenePharma (Shang-
hai, China; Additional file  1: Table  S1). Approximately 
364 ng of siFTZ-F1, 350 ng of siNC, and 0.07 μl of die-
thyl pyrocarbonate (DEPC) water-negative control were 
injected into the thorax of female mosquitoes in the DR 
strain, separately. Other details of the injection method 
have been described previously [28]. Subsequently, the 
injected mosquitoes were allowed to recover under 
standard rearing conditions for further investigation. At 
3  days post-injection, qRT-PCR was used to determine 
the gene silencing efficiency. The remaining mosquitoes 
were then selected for subsequent experiments.

Western blot analysis
Samples (10 mosquitoes per tube, 3 replicates) were 
homogenized in radioimmunoprecipitation assay lysis 
buffer (Beyotime, Jiangsu, China) containing the protease 
inhibitor phenylmethylsulfonyl fluoride. After centrifuga-
tion (3200×g for 10 min at 4 °C), the pellet was discarded, 
and the supernatant was analyzed using sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and western 
blotting. Western blotting was performed as described 
previously [28]. An anti-β-actin monoclonal antibody 
(1:2000; Cell Signaling Technology, Danvers, MA, USA) 
was used as the internal control and the anti-CPLCG5 
(1:1500) polyclonal antibody was custom made [22].

Centers for Disease Control and Prevention (CDC) bottle 
bioassay
The CDC bottle bioassay has been described previously 
[22]. In each bottle, approximately 20 4-day-old non-
blood-fed female mosquitoes from the siFTZ-F1, siNC, 
and DEPC water groups were introduced into bottles 
coated with deltamethrin (7.5 mg/ml) and incubated for 
2 h. An acetone-coated bottle served as the no insecticide 
control. Mortality was assessed every 15 min during the 
exposure period. Three replicates were performed for 
each group.

Full‑length cloning of FTZ‑F1
The full-length cDNA of FTZ-F1 from Cx. pipiens pal-
lens was amplified in two sections using 5′- and 3′-rapid 
amplification of cDNA ends (RACE). The 5′- and 
3′-RACE products were obtained using a SMARTer® 

RACE 5′/3′ Kit (Takara, Shiga, Japan). We assembled the 
two sections to generate the full-length cDNA. Then, the 
open reading frame (ORF) was amplified according to the 
sequence of the putative full-length cDNA. All primer 
sequences for RACE and ORF amplification are pre-
sented in Additional file 2: Table S2).

Cloning and computer‑based analysis of the promoter 
region of CPLCG5
The upstream 1.744 kb promoter region of the CPLCG5 
gene (GenBank: KF723314) was cloned using PCR and 
analyzed using the JASPAR program (https ://jaspa r.gener 
eg.net/) to identify putative response elements. The 
sequence of the FTZ-F1-binding site is 5′-TTA ATG A-3′ 
[33]. The transcription start site was predicted using the 
promoter predictor NNPP v. 2.2 (https ://www.fruit fly.
org/seq_tools /promo ter.html).

Vector construction and luciferase assay
The upstream 1.744  kb regulatory region of CPLCG5 
was cloned into a pGL3-basic Firefly luciferase reporter 
vector (Promega, Madison, WI, USA) to generate 
CPLCG5-pGL3-basic. The ORF of FTZ-F1 was cloned 
into pEGFP-N1 (EGFP, enhanced green fluorescent pro-
tein) (Solarbio, Beijing, China) to generate FTZ-F1-EGFP. 
Single mutation of the putative response elements was 
performed using a QuickMutation™ Kit (Beyotime) using 
the CPLCG5-pGL3-basic plasmid as a template. Muta-
tion positions of the FTZ-F1 binding site are shown in 
Fig. 5a.

Drosophila S2 cells were maintained at 28  °C in Dros-
ophila medium (Gibco, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum (Gibco). Cell 
transfections were conducted using the Effectene® Trans-
fection Reagent (Qiagen, Hilden, Germany). Endotoxin-
free plasmid DNA (0.2 μg of the constructs and 0.02 μg of 
pRL-TK) was mixed with 5 μl of Effectene®Transfection 
Reagent according to the manufacturer’s instructions. 
After 48 h of transfection, the cells were lysed and sub-
jected to a luciferase assay performed under the Dual 
Luciferase Reporter Assay System (Promega).

Electrophoretic mobility shift assay (EMSA)
To test the binding of FTZ-F1 to regulatory sequences 
in the CPLCG5 promoter, an EMSA experiment was 
performed using a LightShift Chemiluminescent EMSA 
Kit (Thermo Fisher Scientific, Waltham, MA, USA). 
The potential FTZ-F1-binding sequence from CPLCG5 
(− 870 to − 864) was used as a probe and labeled with 
biotin at the 5′-end. The sequences of the cold probes 
were the same as those of the labeled probes. Labeled 
probes and mutant probes were used as competitors for 
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each other. The probes were synthesized by Invitrogen 
(Shanghai, China). A nuclear extract was obtained by 
using the NE-PER® Nuclear and Cytoplasmic Extrac-
tion Reagents Kit (Thermo Fisher Scientific) according 
to the manufacturer’s instructions. Membranes were 
made using the LightShift Chemiluminescent EMSA Kit 
(Thermo Fisher Scientific) according to the manufactur-
er’s protocol. The probe and nuclear protein were loaded 
onto 6.5% polyacrylamide gel and electrophoresed at 
100 V for 60 min.

Immunofluorescence (IF) analysis
Paraffin sections were made from the legs of 4-day-old-
DR strain female mosquitoes that were injected with 
siFTZ-F1 (n = 25) or siNC (n = 25) at 12  h PE. Tissues 
were incubated with anti-CPLCG5 antibodies (1:1500 
in 2% bovine serum albumin in phosphate-buffered 
saline-Tween-20). Other detailed steps for IF have been 
described previously [22]. The fluorescence intensity 
of pictures were analyzed using Image-Pro Plus (IPP) 
software.

Scanning electron microscope (SEM)
To accommodate an effect of body size on cuticle thick-
ness, wing length provides a useful reference for body 
size [34]. The protocol for SEM was the same as that 
described by Wood et al. [35]. The cuticle thickness was 
determined from the SEM images using Image J software 
(NIH, Bethesda, MD, USA). The mean cuticle thickness 
per leg were made by tracing the circumferences of both 
the inner and outer circles of the cuticle and measur-
ing the distance between the two for at least 16 different 
points.

Transmission electron microscopy (TEM)
The apical regions of the tarsi leg segment of 8 female 
mosquitoes from the siFTZ-F1 and siNC groups were 
dissected. The protocol for TEM was the same as that 
described by Huang et al. [22]. Observation was carried 
out using a JEM-1210 transmission electron micro-
scope (JEOL, Peabody, MA, USA) at 80 kV.

Statistical analysis
Mosquito mortality was analyzed using the Chi-square 
test [36, 37]. Other experimental data were analyzed 
using the Student’s t-test. All data were presented as 
the mean ± SD. A value of P < 0.05 was considered sta-
tistically significant. All experiments were performed 
using at least 3 independent cohorts.

Results
Transcriptome data shows high expression of the nuclear 
hormone receptor FTZ‑F1 in the DR strain
A detailed heat map in Fig.  2a shows the differen-
tial expression levels of all transcription factors (TFs) 
detected in mosquitoes. The FTZ-F1 gene showed the 
greatest difference in expression between the DR and 
DS strains among all TFs (1.8-fold, t-test: t(4) = 4.485, 
P = 0.0007). The results suggested that FTZ-F1 might 
be related to insecticide resistance.

Temporal expression patterns of FTZ‑F1 and CPLCG5 in 
the DR and DS strains of Cx. pipiens pallens
To examine the role of FTZ-F1 and CPLCG5 in the 
resistance in Cx. pipiens pallens, we detected their 
expression patterns at different developmental stages 

Fig. 2 The expression of CPLCG5 and FTZ-F1 in DR and DS strains. a Heat map of all transcription factors showing their regulation (fold change in 
expression, resistant vs susceptible: DR/DS). Red indicates increased abundance, while green indicates decreased abundance. White indicates no 
significant change. b Expression pattern of FTZ-F1 in mosquitoes at different developmental stages, as assessed using qRT-PCR. c Expression pattern 
of CPLCG5 in mosquitoes at different developmental stages, as assessed using qRT-PCR. Relative expression levels were calculated based on the 
lowest expression value, which was ascribed an arbitrary value of 1. Results are shown as the mean ± SD of 3 biological replicates. Abbreviation: PE, 
post-eclosion. *P ≤ 0.05; **P ≤ 0.01; ns, not significant (P > 0.05)
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from female mosquitoes at several time points. Analy-
sis using qRT-PCR revealed that the expression of FTZ-
F1 was different at 24 and 48 h PE between the DR and 
DS strains, 1.8-fold (t-test: t(4) = 3.920, P = 0.0172) and 
2.2-fold (t-test: t(4) = 8.527, P = 0.0010), respectively 
(Fig.  2b), and the expression of CPLCG5 showed the 
most significant difference at 72 h PE between the DR 
and DS strains (Fig. 2c). This finding further suggested 
that overexpression of FTZ-F1 might be related to del-
tamethrin resistance.

CPLCG5 and FTZ‑F1 are highly expressed in mosquito legs
We examined the expression of FTZ-F1 and CPLCG5 
in different tissues from female mosquitoes at 72 h PE 
using qRT-PCR. The results revealed that FTZ-F1 was 
highly expressed in the ovaries and legs (Fig.  3a) and 
CPLCG5 was highly expressed in the wings and legs 
(Fig.  3b), which indicated that FTZ-F1 and CPLCG5 
might play important roles in mosquito legs.

Enhanced expression of CPLCG5 by FTZ‑F1
FTZ-F1 is a TF with a DNA-binding domain. We pre-
dicted 10 potential binding sites using the FTZ-F1 rec-
ognition sequence (TTA ATG A) in the JASPAR website 
(Fig.  4a). FTZ-F1-EGFP vector and CPLCG5-pGL3-
Luc vector were constructed using the method shown 
in Fig.  4b. The expression levels of the luciferase gene 
under the control of the CPLCG5 promoter increased by 
1.8-fold over the controls in cells overexpressing FTZ-
F1 (Fig.  4c, t-test: t(4) = 16.47, P = 0.0063). These results 
demonstrated that FTZ-F1 upregulated the CPLCG5 
expression by binding to its promoter region.

Mutation of 10 potential binding sites
To identify the key region and the core elements 
required for CPLCG5 transcription, 10 potential cis-
regulating elements (CREs) of CPLCG5 that might bind 
to FTZ-F1 were mutated separately using CPLCG5-
PGL3 as a template. The TT or AA of the core nucle-
otide were mutated to CC, and the mutation region 
is marked in red in Fig.  5a. The result showed that 
the luciferase activity of the mutated site -870/-864 
decreased most significantly, by 76% (t-test: t(4) = 17.00, 
P = 0.0120), compared with that of the wild-type 
CPLCG5-pGL3-Luc construct (Fig. 5b), indicating that 
-870/-864 of CPLCG5 might be the main cis-regulating 
element for FTZ-F1 to regulate CPLCG5 expression.

EMSA experiments
The labeled probes, cold probes, and mutated probes 
were designed according to the sequence of the main 
cis-regulatory element -870/-864 (Fig. 5c). Ten mosquito 
nucleoproteins were used in the EMSA binding reaction 
and a specific shifted band was detected (Fig.  5d). Fur-
thermore, the specificity of the binding was confirmed 
by competition experiments, which showed that the 
signal was competed for by the cold probes. When the 
competitive probes were added at 200-times excess, we 
could hardly detect the shifted band (Fig. 5d). When we 
mutated the critical nucleotides of the probe, as shown 
in Fig.  5c, the signal of the band did not shift (Fig.  5d). 
These results suggested that the binding site -870/-864 is 
the main CRE through which FTZ-F1 regulates CPLCG5 
expression.

Fig. 3 Expression profiles of FTZ-F1 and CPLCG5 in different mosquito tissues. a Constitutive expression of FTZ-F1 in DR strain. b Constitutive 
expression of CPLCG5 in the DR strain. mRNA expression levels in the foregut, midgut, hindgut, ovary, wing, head, abdominal cuticle, legs and 
Malpighian tubules in the DR strain. Relative expression levels were calculated based on the lowest expression value, which was ascribed an 
arbitrary value of 1. Results are shown as the mean ± SD of 3 biological replicates
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Silencing of FTZ‑F1 affects the expression of CPLCG5
To further determine whether the TF FTZ-F1 regu-
lates the expression of CPLCG5, the expression of 
FTZ-F1 was silenced by injecting female mosquitoes 
with an siRNA targeting FTZ-F1 at 12  h PE (Fig.  6a). 
The relative expression of FTZ-F1 was significantly 
reduced by 42% (t-test: t(2) = 9.725, P = 0.0104) com-
pared with that in the NC group (Fig. 6b). The expres-
sion of CPLCG5 was suppressed by 30% (Fig.  6c; 
t-test: t(4) = 2.745, P = 0.0480) and the level of the 
CPLCG5 protein decreased by 66% (t-test: t(4) = 6.205, 
P = 0.0034) in the whole body of mosquitoes and by 
42% (t-test: t(4) = 4.852, P = 0.0083) in the mosquito 
legs after silencing of FTZ-F1 (Fig. 6d, Additional file 3: 
Figure S1). These results revealed that the expression of 
CPLCG5 is regulated by FTZ-F1.

Role of FTZ‑F1 in deltamethrin resistance of mosquitoes
To confirm our hypothesis that FTZ-F1 is involved in 
deltamethrin resistance, we performed a CDC bottle 
bioassay (Fig.  7a). The CDC bottle bioassay showed the 

mortality rate of the siFTZ-F1 group in the DR strain 
increased at 45, 60, 90, 105 and 120 min compared with 
that in the control (Fig.  7b), confirming the functional 
involvement of FTZ-F1 in deltamethrin resistance.

Silencing of FTZ‑F1 changed the expression 
and distribution of CPLCG5 protein in the leg cuticle
Insecticide contact would be mediated predominately 
by the tarsi, and hence these most distal leg segments 
are expected to play the most important role in insecti-
cide uptake. We dissected the tarsi leg segment of female 
mosquitoes (25 per group), which had been injected 
with siFTZ-F1 or siNC at 12 h PE (Fig. 8a, b). The results 
showed that silencing of FTZ-F1 significantly reduced the 
level of the CPLCG5 protein, by 46% (t-test: t(48) = 2.272, 
P = 0.0276) and resulted the disrupted distribution of 
CPLCG5 in the mosquito leg cuticle (Fig. 8c, d).

SEM analysis of cuticle thickness
The same number (n = 5) of sections were taken in 
both groups, and measurements in each section were 

Fig. 4 Enhanced expression of CPLCG5 by FTZ-F1. a Predicting the binding sites of FTZ-F1 in the CPLCG5 promoter region. b Schematic diagram 
of the vector construction; the upstream 1.744 kb regulatory region of the CPLCG5 gene was cloned into the pGL3-basic Firefly luciferase reporter 
vector to generate CPLCG5-pGL3-basic (B, top). The ORF of FTZ-F1 was cloned into a pEGFP-N1 to generate FTZ-F1-EGFP (B, bottom). c Activity assay 
of the luciferase reporter in S2 cells co-transfected with CPLCG5-pGL3-basic vector and EGFP vector or CPLCG5-pGL3-basic and FTZ-F1-EGFP vector. 
The results are shown as the mean ± SD of 3 biological replicates. **P ≤ 0.01
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performed randomly (Fig. 9a). The results showed that the 
cuticle architecture was loose and unevenly distributed 
in the siFTZ-F1 group compared with that in the siNC 
group (Fig. 9b). The average cuticle thickness was signifi-
cantly thinner in the siFTZ-F1 group (2.404 ± 1.53  μm) 
than in the siNC group (3.443 ± 0.78 μm) (Fig. 9c; t-test: 
t(30) = 2.332, P = 0.0266).

Ultrastructure of tarsi segment cuticles from siFTZ‑F1 
and siNC mosquitoes by TEM
TEM analysis of tarsi segment of leg cuticles from 
siFTZ-F1 and siNC mosquitoes (Fig. 10a) suggested that 
knockdown of FTZ-F1 resulted in enlarged pore canals 
(Fig. 10b), indistinct chitinous parallel laminae (Fig. 10c), 
and an increased number of pore canals (Fig.  10d), in 
the cuticle structure. The thickness of the overall cuti-
cle was significantly thinner in the siFTZ-F1 group 
(2.14 ± 0.18  μm) compared with that in the siNC group 
(2.7 ± 0.57 μm) (Fig. 10e; t-test: t(14) = 2.500, P = 0.0255), 
mainly because the endocuticle thickness decreased by 
33% in the siFTZ-F1 group compared with that in the 

siNC group (Fig.  10f, g; t-test: t(14) = 2.808, P = 0.0140). 
At the same time, we carried out a TEM analysis of the 
ultrastructure of mosquito tarsi cuticle for the DR strain 
and DS strain as a reference (Additional file 4: Figure S2).

Discussion
The present study showed that FTZ-F1 has a key role in 
conferring cuticular resistance in Cx. pipiens pallens by 
regulating the expression of CPLCG5. Importantly, this 
study highlights the critical role of FTZ-F1 in mosquito 
legs, which are main body part that contacts insecti-
cides during mosquito control. The findings provide 
novel insights into the putative mechanisms of cuticular 
resistance.

To date, the role of TFs in insecticide resistance has 
been reported in some studies. For example, in D. mel-
anogaster, Nrf2/Maf regulate the expression of the 
five alleles of Cyp6a2, which is involved in DDT resist-
ance [38]. In Leptinotarsa decemlineata, the TF CncC 
is involved in deltamethrin resistance by regulating 
the expression of CYP4G7, CYP4G14, GST-1, and four 

Fig. 5 Identification of binding sites for FTZ-F1 in the CPLCG5 promoter region. a Mutation positions of the FTZ-F1 binding site. The red mark 
indicates the region of mutation. b The effect of CPLCG5 promoter activity of mutating the FTZ-F1 binding site. c Probes for EMSA. d Analysis of the 
FTZ-F1 response element on the CPLCG5 promoter by EMSA. The results are shown as the mean ± SD of 3 biological replicates. *P ≤ 0.05
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ABC transporters [39]. In addition, the TF Maf-S regu-
lates the expression of multiple resistant p450 genes in 
An. gambiae, increasing the susceptibility of mosquitoes 
to pyrethroid and DDT insecticides [40]. Our previ-
ous transcriptome study found that the TF FTZ-F1 gene 
was highly expressed in the DR strain, suggesting that 
FTZ-F1 might be associated with insecticide resistance 
[32]. FTZ-F1 is a member of the nuclear receptor super-
family [41], and has been cloned in a variety of insects, 
such as D. melanogaster [42], Bombyx mori [43], Aedes 
aegypti [44] and L. decemlineata [45]. FTZ-F1 has been 
reported to be related to growth and development. For 
example, Liu et  al. [45] found that knockdown of FTZ-
F1 in final-instar larvae caused significant impairment of 
pupation in L. decemlineata [45]. In A. mellifera, cuticle 
pigmentation and wing formation during developmental 
processes were severely impaired by downregulation of 
FTZ-F1 [25]. Recently, Li et al. [27] reported that FTZ-F1 

mediates the expression of CYP6BG1, conferring resist-
ance to chlorantraniliprole in P. xylostella. However, 
there are no reports on the relationship between FTZ-F1 
and cuticular resistance in mosquitoes.

Vannini et  al. [9] found that the three homologous 
genes, CPLCG5, CPLCG3 and CPLCG4, were expressed 
at high levels in mosquito legs and wings [9]. Previous 
research in our laboratory also found that CPLCG5 
was abundant in mosquito legs and wings [22]. Moreo-
ver, studies have reported that an ecdysone-responsive 
transcription factor determines the temporal expres-
sion of cuticular protein genes in wing discs of B. 
Mori [46]. FTZ-F1 is critical for leg development and 
silencing FTZ-F1 in the pupal stage can cause physio-
logical defects in Drosophila legs [47, 48]. In our study, 
we found that FTZ-F1 and CPLCG5 are both highly 
expressed in the legs, which indicated that FTZ-F1 and 
CPLCG5 might exert their functions in mosquito legs. 

Fig. 6 Relative expression levels of FTZ-F1 and CPLCG5 after injection of siFTZ-F1. a Schematic diagram of the experimental time course for siRNA 
microinjection, qRT-PCR, and western blotting. b Relative expression level of FTZ-F1 after injection of siFTZ-F1, as assessed using qRT-PCR. c Relative 
expression level of CPLCG5 after injection of siFTZ-F1, as assessed using qRT-PCR. d The levels of CPLCG5 in whole mosquito bodies and legs 
after silencing of FTZ-F1, as assessed using western blotting. n = 10 mosquitoes per tube. The results are shown as the mean ± SD of 3 biological 
replicates. *P ≤ 0.05
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Silencing of FTZ-F1 resulted in a decrease in CPLCG5 
expression, followed by an increased sensitivity to del-
tamethrin in mosquitoes, suggesting that FTZ-F1 is 
associated with mosquito resistance by regulating the 
expression of CPLCG5. Silencing FTZ-F1 also resulted 
in disrupting the distribution of CPLCG5 in the leg 
cuticle, indicating that FTZ-F1 participates in mosquito 
resistance by regulating the expression and distribution 
of cuticular protein CPLCG5.

Balabanidou et  al. [49] reported that insecticide con-
tact would be mediated predominately by the tarsi and 

these most distal leg segments are expected to play the 
most important role in insecticide uptake. In our study, 
SEM observations revealed that the cuticle thickness of 
the mosquito leg tarsi in the control group was relatively 
uniform, while the cuticle architecture was loose and 
unevenly distributed in the siFTZ-F1 group. Addition-
ally, TEM observation revealed that silencing FTZ-F1 
resulted in larger pore canals and increased number of 
pore canals, which might be beneficial for the penetra-
tion of insecticides. Furthermore, our study showed that 
the endocuticle thickness decreased significantly in the 

Fig. 7 CDC bottle bioassay of FTZ-F1 knockdown in the DR strain. a Schematic of the procedure of CDC bottle bioassay. b Insecticide resistance 
level after silencing of FTZ-F1, as analyzed using the CDC bottle assays (7.5 mg/ml). The results are presented as the mean ± SD of 3 independent 
experiments. Statistical values were calculated relative to the NC group. There was no statistically significant difference between the DEPC and NC 
injected groups. **P < 0.01
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Fig. 8 Silencing of FTZ-F1 reduced the expression of CPLCG5 protein. a Schematic diagram of experimental time course for siRNA microinjection 
and IF. b Illustration of the position of sectioning on the Cx. pipiens pallens tarsomere 1 (t1-t5 = five tarsal segments [52]). The red line indicates 
in which leg part the sections were taken. c Representative images of CPLCG5 localization in the tarsi of the siNC and siFTZ-F1 groups. Each IF 
panel comprises three images, with red fluorescence of CPLCG5 on the left, nuclei stained with DAPI in the middle, and merged photos on the 
right. d Quantification of CPLCG5 protein levels in the tarsi of the siNC and siFTZ-F1 groups using Image-Pro Plus (IPP) software. *P < 0.05 indicates 
a significant difference. Results are shown as the mean ± SD. n = the number of measures carried out on each batch of 25 mosquitoes (siNC & 
siFTZ-F1)

Fig. 9 SEM analysis of cuticle thickness. a Schematic diagram of the experimental time course for siRNA microinjection and SEM. b SEM showing 
a front view of a sectioned leg of the siNC group and the siFTZ-F1 group. c Column bar graph (vertical) of the entire cuticle thickness. 16 points of 
measurement were used per individual, allowing for calculation of mean cuticle thickness. Results are shown as the mean ± SD. n = the number of 
measures carried out on each batch of 5 mosquitoes (siNC & siFTZ-F1). *P ≤ 0.05
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siFTZ-F1 group compared with that in the siNC group, 
leading to a thinner cuticle. Our study revealed that 
silencing of FTZ-F1 reduced the expression of CPLCG5 
and made the endocuticle thinner, suggesting that FTZ-
F1 mainly affects the expression and distribution of 
CPLCG5 in endocuticle.

Research on transcription factor binding sites is 
important to study protein-DNA interactions. The TF 
FTZ-F1 was reported to bind to a CRE upstream of the 
cuticular gene WCP5 to regulate its expression in B. 
mori [50]. FTZ-F1 could also regulate the expression of 

EDG84A by binding to two cis elements of this gene in 
D. melanogaster [26]. A recent study found that FTZ-F1 
can regulate the expression of CYB6PG1 by binding to 
its promoter region (-562 to -340) in P. xylostella [27]. 
The results of the present study revealed that FTZ-
F1 specifically binds to CPLCG5 through the CRE at 
-870/-864 to directly regulate the expression of cuticu-
lar protein CPLCG5. The resistance level of an organ-
ism may be controlled by insecticide resistance genes, 
whose effectiveness can be modulated by inserting, 
deleting, or mutating cis-elements. Thus, it is necessary 

Fig. 10 Transmission electron microscopy (TEM) analysis of the ultrastructure of mosquito tarsi cuticles. a Schematic diagram of experimental 
time course for siRNA microinjection and TEM. b The ultrastructure of tarsi segment cuticles in siNC group. c Enlarged pore canals in siFTZ-F1 
group. d Distinct chitinous parallel laminae in siNC group. e Indistinct chitinous parallel laminae, an increased number of pore canals and thickness 
measurement of exocuticle and endocuticle in siFTZ-F1 group. The apical regions of the tarsi leg segment of 8 female mosquitoes from the siFTZ-F1 
and siNC groups were dissected. Scatter plot of the procuticle thickness (f), exocuticle thickness (g), endocuticle thickness (h), the number of 
pores (I). Results are shown as the mean ± SD. n = the number of measures carried out on each batch of 8 mosquitoes (siNC & siFTZ-F1). *P ≤ 0.05; 
**P ≤ 0.01; ns, not significant (P > 0.05)
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to identify cis-regulatory elements that control the 
expression of insecticide resistance genes, because 
these sequences could serve as new targets to screen 
effective insecticides [39, 51]

Conclusions
In conclusion, FTZ-F1 regulates the expression of 
CPLCG5 by binding to its promoter region, thus alter-
ing the cuticle thickness and structure, and increas-
ing mosquitoes’ sensitivity to deltamethrin. This study 
provides new insights into insects’ cuticular resistance 
mechanisms and provides a theoretical basis for the 
development of a mosquito control strategy.
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