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Abstract 

Background: The overuse of insecticides to control insect vectors has promoted extensive insecticide resistance 
in mosquitoes. In this study, the functions of microRNA (miR)-279-3p and its target CYP325BB1 in the regulation of 
deltamethrin resistance in Culex pipiens pallens was investigated.

Methods: Quantitative real-time reverse transcription PCR was used to detect the expression levels of miR-279-3p 
and CYP325BB1. Then, the dual-luciferase reporter assay system, RNA interference, CDC bottle bioassay and Cell 
Counting Kit-8 (CCK-8) assay were used to explore the roles of these molecules in deltamethrin resistance both in vivo 
and in vitro.

Results: The expression patterns of miR-279-3p and CYP325BB1 were compared between deltamethrin-sensitive 
(DS-strain) and deltamethrin-resistant (DR-strain) mosquitoes. Luciferase activity was downregulated by miR-279-3p, 
the effect of which was ablated by a mutation of the putative binding site for CYP325BB1. In DR-strain mosquitoes, the 
expression of miR-279-3p was increased by microinjection and oral feeding of miR-279-3p agomir (mimic). CYP325BB1 
mRNA levels were downregulated, which resulted in a higher mortality of the mosquitoes in miR-279-3p mimic-
treated groups. In the DS-strain mosquitoes, microinjection of a miR-279-3p inhibitor decreased miR-279-3p expres-
sion, whereas the expression of CYP325BB1 was increased; the mortality of these mosquitoes decreased significantly. 
In addition, overexpression of pIB/V5-His-CYP325BB1 changed the sensitivity of C6/36 cells to deltamethrin in vitro. 
Also in DR-strain mosquitoes, downregulation of CYP325BB1 expression by microinjection of si-CYP325BB1 increased 
mosquito mortality in vivo.

Conclusions: These findings provide empirical evidence of the involvement of miRNAs in the regulation of insecti-
cide resistance and indicate that miR-279-3p suppresses the expression of CYP325BB1, which in turn decreases del-
tamethrin resistance, resulting in increased mosquito mortality. Taken together, the results provide important informa-
tion for use in the development of future mosquito control strategies.
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Background
Mosquitoes are insect vectors of pathogens, including 
those causing serious human diseases, such as filariasis, 
encephalitis, West Nile fever, dengue fever and malaria, 
which threaten public health worldwide [1, 2]. Annu-
ally, insect-borne diseases cause illnesses in excess of half 
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a billion people, of whom about 1 million die, includ-
ing more than 400,000 children, one of whom dies from 
malaria every other minute of every day [3, 4]. Mosquito-
borne diseases pose a growing threat to human health. 
Currently, the control of mosquito vectors is still an 
effective means to prevent and control mosquito-borne 
diseases. However, in recent decades, extensive insecti-
cide use to control insect vectors has led to insecticide 
resistance, which is the main obstacle to mosquito con-
trol [5, 6]. Numerous studies have shown that increased 
metabolic detoxification of insecticides and decreased 
sensitivity of the target have resulted in complex multiple 
insecticide resistance [7]. Cytochrome P450 monooxyge-
nases (P450s) have been shown to function in metabolic 
resistance by increasing the expression or activity of 
detoxification genes in mosquitoes [8]. Therefore, acquir-
ing a detailed understanding of the molecular biology 
underlying insecticide resistance, particularly the post-
transcriptional regulation of metabolic detoxification 
(especially for the P450s family), is important to develop 
novel approaches for pathogen and vector control [9].

MicroRNAs (miRNAs), which are noncoding RNAs of 
22–23 nt, promote transcript decay and repress messen-
ger RNA (mRNA) translation [10]. They bind to imper-
fect complementary sequences in the 3′ untranslated 
regions (3′-UTRs) of their target mRNAs [11]. In mos-
quito species, their particular developmental processes 
are affected by lineage-specific miRNAs, which might 
be developed as targets for vector control [12]. MicroR-
NAs interact with multiple target genes to elicit biologi-
cal functions, and aberrant miRNA expression has been 
observed in development, metabolism, host–pathogen 
interactions and insecticide resistance. For example, 
in Anopheles, miR-276 affects the mosquito reproduc-
tive cycle and Plasmodium falciparum development via 
metabolic balancing [13]. The characterization and insec-
ticide resistance functions of several mosquito miRNAs 
have recently been clarified [14–17]; however, the roles 
of mosquito-specific miRNAs and their participation 
in specific insecticide resistance events remain mostly 
unknown [18]. In insecticide-resistant mosquitoes, sev-
eral miRNAs are dysregulated, suggesting that they may 
participate in insecticide resistance events. Our previ-
ous report on the high-throughput sequencing of the 
mosquito Culex pipiens pallens identified miR-279-3p 
as being highly expressed in deltamethrin-sensitive 
(DS-strain) mosquitoes compared deltamethrin-resist-
ant (DR-strain) mosquitoes [19]; however, its role has 
remained undetermined.

The aim of the present study was to investigate the reg-
ulatory mechanism of deltamethrin resistance by deter-
mining the function of the miR-279-3p in the regulation 
of its target, CYP325BB1 (cytochrome P450 325bb1). 

By analyzing the expression patterns of miR-279-3p 
and CYP325BB1 in DR- and DS-strain mosquitoes sub-
jected to RNA interference (RNAi), and function detec-
tion using CDC bottle bioassays, we detected a negative 
correlation between miR-279-3p and CYP325BB1 with 
insecticide resistance in  vivo. Cell viability analysis 
using the Cell Counting Kit-8 (CCK-8) assay validated 
the result in  vitro. Thus, our data suggest that miR-
279-3p might affect deltamethrin resistance by regulat-
ing CYP325BB1 expression in Cx. pipiens pallens. These 
findings have important implications for understanding 
the mechanism of insecticide resistance and for develop-
ing mosquito control strategies in the future.

Methods
Mosquito strains and cell lines
Two strains of Cx. pipiens pallens with different resist-
ance levels to deltamethrin were used in this study. The 
DS-strain of Cx. pipiens pallens used in this study was 
obtained from Ji Nan University and subsequently reared 
in our laboratory at 28  °C, 70–80% relative humidity, 
14:10  h light/dark cycle. The DS-strain mosquitoes had 
not been exposed to any insecticides. The DR-strain 
was selected from the DS-strain by constant exposure 
to deltamethrin (at lethal concentration 50  [LC50]; con-
centration which kills 50% of sample population) and 
was screened over 80 generations. There were 4000 lar-
vae screened for each pool (three pools/generation). The 
 LC50 of the DS- and DR-strains was 0.05 and 8.5  mg/l, 
respectively. The resistance ratio of  LC50  (RR50) of the 
DR-strain was 170. Deltamethrin (technical grade, 99.0%) 
was obtained from Jiangsu Provincial Center for Disease 
Control and Prevention (Jiangsu, China). Larvae were 
grown in dechlorinated tap water and fed with fish food 
powder (Tetramin; Tetra, Pirmasens, Germany) every 2 
days. Adult mosquitoes were maintained in cages with 
constant access to a 5% glucose solution. Female mos-
quitoes were fed on mouse blood to reproduce the next 
generation every 3–4 weeks. Procedures for blood-feed-
ing with mice in our laboratory were approved by The 
National Science and Technology of China and Peo-
ple’s Government of Jiangsu Province Animal Care and 
Use Committee and Institutional Review Board (No. 
IACUC-1812047).

The HEK293T cell line was grown in complete high 
glucose Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco, Grand Island, NY, USA) containing 10% (v/v) 
fetal bovine serum (FBS; Gibco) and 100 U/ml penicil-
lin–streptomycin solution (Gibco) at 37  °C under 5% 
 CO2. Cells (6 ×  104/well) were seeded and incubated in 
2.5 ml of complete growth medium in a 6-well plate for 
24 h until they achieved > 80% confluency. The mosquito 
C6/36 cell line (CRL-1660; ATCC, Manassas, VA, USA) 
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was cultured in DMEM supplemented with 10% FBS. The 
cells were plated in a 6-well plate and were grown in a 5% 
 CO2-humidified incubator at 28  °C. Cells (5 ×  105 /well) 
were plated and incubated in 2.5 ml of complete growth 
medium in a 6-well plate for 24  h, until they achieved 
the required density of 60–80% for transfection. All cells 
were confirmed to be negative for mycoplasma contami-
nation regularly.

RNA and genomic DNA extraction
The RNAiso Plus reagent (Takara, Dalian, China) was 
used to extract total RNA from the female adult mos-
quitoes (n = 5) of the DS- and DR-strains at 3 days post-
emergence (3 days PE). Genomic DNA (gDNA) was 
extracted from 3-day PE female adult mosquitoes using 
a MiniBEST Universal Genomic DNA Extraction Kit 
Ver. 5.0 (Takara) according to the manufacturer’s proto-
col. The quality and quantity of the RNA and gDNA were 
checked using a Thermo Scientific™ NanoDrop 2000 
instrument (Thermo Fisher Scientific, Waltham, MA, 
USA).

Quantitative real‑time reverse transcription PCR analyses
A PrimeScript RT Reagent Kit (Takara) and Prime-
Script™ RT Master Mix (Takara) were used to synthesize 
complementary DNA (cDNA) from 1  μg of total RNA 
following the manufacturer’s instructions. Then, 4 μl of 
1:10 diluted cDNA solution was used as the template for 
quantitative real-time PCR (qPCR), which was performed 
using the Power SYBR Green PCR Master Mix (Applied 
Biosystems, Foster City, CA, USA). The PCR reaction 
mix (20 μl) contained forward and reverse PCR primers 
(10 pmol) for miR-279-3p, U6, CYP325BB1 and β-actin, 
designed using Primer Premier 6.0 software (Premier 
Biosoft, Palo Alto, CA, USA; Table 1). Stem-loop reverse 
transcription (RT)-PCR was used to measure the expres-
sion of miR-279-3p [20]. The PCR cycling conditions 
were: 50 °C for 2 min; then 95 °C for 10 min; followed by 
40 cycles of 95 °C for 15 s and 60 °C for 1 min; melting-
curve analysis was then performed on an ABI Prism 7300 

real-time PCR Instrument (Applied Biosystems). The 
miR-279-3p relative expression level was normalized 
to that of the internal control small nuclear RNA (U6), 
which is standard for miRNA expression normalization 
[21], and the expression level of CYP325BB1 was normal-
ized to that of β-actin from the DS- and DR-strains [22]. 
The DS-strain expression level was designated as 1, and 
the negative control (NC) was used to compare the gene 
expression levels. Each experiment used RNA from three 
biological replicates, and each cDNA sample was PCR 
amplified in triplicate. The  2−ΔΔCt method was used to 
calculate the expression levels [23].

Identifying the potential target of miR‑279‑3p
To identify the putative gene targets of miR-279-3p, we 
used 3′-UTR sequences from the Culex quinquefascia-
tus genome in the RNAhybrid target prediction pro-
gram [24]. We focused on the cytochrome P450 family 
of genes (CYP) that participate in the regulation of insec-
ticidal resistance of mosquitoes, and only CYP325BB1 
was identified as a potential target of miR-279-3p. To 
assess the conservation of the 3′-UTR, we amplified the 
3′-UTR from Cx. pipiens pallens. The 3′-UTR sequence 
of CYP325BB1 in Cx. pipiens pallens was 100% identical 
with that from Cx. quinquefasciatus.

PMIR‑REPORT vector construction and dual‑luciferase 
reporter assay
To amplify the wild-type 3′-UTR (3′-UTR-WT) and 
the mutated 3′-UTR (3′-UTR-Δ) of CYP325BB1 of Cx. 
pipiens pallens, primers for CYP325BB1 3′-UTR-WT/Δ 
(Table  1) were designed based on Cx. quinquefasciatus 
transcripts, which amplified the 3′-UTR region contain-
ing the miR-279-3p complementary sequences. Mutagen-
esis of the 3′-UTR (CTA GTC A) comprised replacing the 
WT binding site with CGA CTG A. The Cx. pipiens pal-
lens CYP325BB1 3′-UTR-WT and 3′-UTR-Δ sequences 
containing the putative seed region of the miR-279-3p 
binding sites were amplified and sequenced using the 
T/A cloning method. PCR products were run in 2.0% 

Table 1 Primers used for PCRs and vector constructions

Name of primer Forward (5′–3′) Reverse (5′–3′)

miR-279-3p (qRT-PCR) ACA CTC CAG CTG GGT GAC TAG ATC CACAC TGG TGT CGT GGA GTCG 

U6 GCT TCG GCT GGA CAT ATA CTA AAA T GAA CGC TTC ACG ATT TTG CG

CYP325BB1 TGC TGA CCA GCG AAC GAA AGA CCA CCT TTC ACC ATC CC

β-actin AGC GTG AAC TGA CGG CTC TTG ACT CGT CGT ACT CCT GCT TGG 

CYP325BB1 3′-UTR-WT TAT CGG CTG TGG ACT GAC CTT AAA CCC ATT TGG CAT AAG ACG 

CYP325BB1 3′-UTR-Δ TAT CGG CTG TGG ACT GAC CTT CCA AGC TTT TTT TGC CCA CCA AGG TTT 

pIB/V5-His-CYP323BB1 GGA CTA GTG AGA TGG AAA TGC TGT TCG AAG TGC TCC CCG CTC GAG CGT TTA TTT CTC TTA GTC AAC CAA ACT 
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agarose gels and purified using a MiniBEST Agarose Gel 
DNA Extraction Kit Ver. 4.0 (Takara), and then cloned 
into vector pMD 19-T (Takara). The resultant plasmid 
was transferred into Escherichia coli One Shot® TOP10 
Competent Cells (Invitrogen, Thermo Fisher Scientific, 
Carlsbad, CA, USA). The UTR sequences were then 
ligated into the HindIII and XbaI sites, which are located 
downstream of the Renilla translational stop codon in 
the pMIR-REPORT miRNA Expression Reporter Vector 
(Promega, Madison, WI, USA), to create the luciferase 
constructs. The pMIR-UTR-WT (6 ng) or pMIR-UTR-Δ 
were treated with miR-279-3p mimic (6 µl; GenePharma, 
Shanghai, China) and NC (GenePharma) along with 
PGL4.7 (6 ng; Promega), which were cotransfected using 
the FuGENE HD transfection reagent (Promega) into 
HEK293T cells (> 80% confluency). The Dual-Luciferase® 
Reporter Assay System (Promega) was then used for the 
reporter assay at 48 h after transfection. PGL4.7 provided 
the constitutive Firefly luciferase expression and was 
cotransfected as an internal control. Renilla luciferase 
was normalized to Firefly luciferase expression in each 
sample. The luciferase activity was detected at 560 and 
480  nm using an M200 microplate fluorescence reader 
(Tecan, Lyon, France). The transfections were performed 
three times, and treatment was performed in triplicate.

Microinjection
For the microinjection of miRNA, female adult mos-
quitoes were collected within 12  h PE and frozen 
at − 20 °C for 3–5 min. These mosquitoes were divided 
into three groups and prepared for injection through 
the thorax using a Nanoject III instrument (Drum-
mond, Broomall, PA, USA). The miR-279-3p mimic or 
NC (0.5 μl; 20 nmol/l) were injected into the DR-strain 
mosquitoes (miR-279-3p mimic/NC group) under 
the same conditions. The miR-279-3p inhibitor or NC 
1 (NC1, 0.5 μl; 20  nmol/l) was injected into the DS-
strain mosquitoes (miR-279-3p inhibitor/NC1). For the 
microinjection of small interfering RNA (siRNA), 12-h 
PE DR-strain mosquitoes from the experimental group 
(si-CYP325BB1) and NC group were injected with 69 nl 
of si-CYP325BB1 or NC (5 μg/μl) under the same con-
ditions. Thereafter, the mosquitoes were maintained 

with a constant light/dark cycle (14/10 h) at 28 °C and 
70–80% humidity. After 72  h, the expression levels of 
miR-279-3p and CYP325BB1 were validated using qRT-
PCR. Three biological replicates (each comprising 15 
female mosquitoes) with three technical replicates were 
performed. GenePharma designed and produced all the 
injected RNA products (Table 2).

Oral feeding
For the oral feeding experiments, pupae of the DR-strain 
were collected and placed in three cages until eclosion, 
and then fasted for 12 h. The mosquitoes of the control 
group were fed with 5% (w/v) glucose on a sponge wick 
(3 M, Minneapolis, MN, USA), while the NC group and 
the experimental group (miR-279-3p mimic) were given 
NC and miR-279-3p mimic (100 nmol/l) dissolved in 5% 
(w/v) glucose dissolved in DEPC-treated water, respec-
tively. After 48 h of treatment, the RNAs of female adult 
mosquitoes were extracted to validate the expression 
levels of miR-279-3p and CYP325BB1. The miR-279-3p 
mimic and NC were obtained from GenePharma.

U.S. Centers for Disease Control and Prevention bottle 
bioassay
To detect the mosquitoes’ sensitivity to deltamethrin 
after alteration of the miR-279-3p and CYP325BB1 lev-
els, U.S. Centers for Disease Control and Prevention 
(CDC) bottle bioassays were conducted according to 
published guidelines (https:// www. cdc. gov/ malar ia/ 
resou rces/ pdf/ fsp/ ir_ manual/ ir_ cdc_ bioas say_ en. pdf ) 
[25]. Each bottle (250  ml) and its cap were rolled and 
inverted to coat them with 1 ml deltamethrin solution 
(7 mg/l for DR-strain; 0.01 mg/l for DS-strain). In par-
allel, a control bottle was coated with 1 ml of acetone, 
and then all bottles were left to dry in the dark. Mos-
quitoes from the designated groups (20/bottle) were 
exposed to deltamethrin or acetone for 2  h. Following 
exposure, the mosquitoes were monitored at 15-min 
intervals for 2  h and the percentage mortality (y-axis) 
was plotted against time (x-axis) using a linear scale.

Table 2 Sequences of the miR-279-3p mimic, negative control, miR-279-3p inhibitor, inhibitor negative control 1 and si-CYP325BB1 

Name Sense (5′–3′) Antisense (5′–3′)

miR-279-3p mimic UGA CUA GAU CCA CAC UCA UUA AUG AGU GUG GAU CUA GUC AUU 

Negative control (NC) UUC UCC GAA CGU GUC ACG UTT ACG UGA CAC GUU CGG AGA ATT 

miR-279-3p inhibitor UAA UGA GUG UGG AUC UAG UCAC 

Inhibitor NC 1 (NC1) CAG UAC UUU UGU GUA GUA CAA 

si-CYP325BB1 GGC UGG AAG UGC UCU UAA ATT UUU AAG AGC ACU UCC AGC CTT 

https://www.cdc.gov/malaria/resources/pdf/fsp/ir_manual/ir_cdc_bioassay_en.pdf
https://www.cdc.gov/malaria/resources/pdf/fsp/ir_manual/ir_cdc_bioassay_en.pdf
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PIB/V5‑His vector construction, transfection and detection
Standard molecular biology procedures were used for 
plasmid constructions. Standard overlap PCR was per-
formed to amplify the open reading frame (ORF) of 
CYP325BB1 using the pIB/V5-His-CYP325BB1 primer 
pair (Table  1) from Cx. quinquefasciatus, which was 
ligated between unique restriction enzyme sites (SpeI/
XhoI) of the eukaryotic expression vector pIB/V5-His. 
The positive recombinant plasmid was named pIB/
V5-His-CYP325BB1 and was confirmed using DNA 
sequencing.

C6/36 cells at 60–80% confluence were used for 
transfection. Plasmid DNA (pIB/V5-His-CYP325BB1) 
was diluted in complete growth medium to 1.5 ng/100 
µl and 5 µl of FuGENE HD transfection reagent was 
added, followed by incubaion at room temperature with 
shaking for 25  min. pIB/V5-His was transfected as a 
control. Three biological replicates with three technical 
replicates were performed.

To evaluate the transfection efficiency of CYP325BB1, 
after 48  h of transfection, the mRNA and protein lev-
els of CYP325BB1 in transiently transfected C6/36 cells 
were detected. Total RNA was isolated from the trans-
fected cells and subjected to qRT-PCR to check the 
expression level of CYP325BB1. Protein was extracted 
from transfected cells, followed by washing in phos-
phate buffered saline (PBS), digestion in trypsin solu-
tion and lysis using radioimmunoprecipitation assay 
(RIPA) buffer (Beyotime, Jiangsu, China). The protein 
concentration was tested using a bicinchoninic acid 
(BCA) Protein Assay kit (Pierce, Rockford, IL, USA). 
Soluble protein (50 µg) was denatured and subjected to 
10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The proteins were transferred to a nitrocel-
lulose membrane using a Trans-Blot System for 60 min 
at 300  mA (Bio-Rad, Hercules, CA, USA), and then 
washed twice in 1× Tris-buffered saline-Tween20 (TBS-
T),and blocked for 60 min at 37 °C in 5% Difco™ Skim 
Milk (BD Biosciences, San Jose, CA, USA). The mem-
brane was then incubated with anti-His-Tag monoclo-
nal primary antibodies (1:1000; NovaGen, Madison, 
WI, USA) and anti-β-actin monoclonal primary anti-
bodies (1:2000; ABGENT, Suzhou, China), with shak-
ing overnight at 4  °C. Thereafter, the membranes were 
washed using TBS-T, and incubated with horseradish 
peroxidase (HRP)-conjugated goat anti-mouse second-
ary antibody (1:2000; Bioworld, Shenzhen, China) in 
blocking buffer at 37  °C for 2  h. The membranes were 
washed thoroughly using TBS-T, and the immunoreac-
tive protein bands were visualized using Pierce™ ECL 
Western Blotting Substrate, before imaging using the 
Universal Hood Gel Doc System (Bio-Rad).

C6/36 cell viability assay
The viability of cells overexpressing CYP325BB1 was 
investigated using a CCK-8 kit assay (Dojindo, Kuma-
moto, Japan) [26]. C6/36 cells (100 µl) were added to each 
well of a 96-well plate at 5 ×  103 cells/well and incubated 
in a 5%  CO2-humidified incubator at 28 °C for 24 h. At 24 
h after transfection the cells were treated with 100 µl of 
deltamethrin at concentrations of 0,  100.5,  101,  101.5,  102 
and  102.5 mg/l [27]. After a further 24 h, the CCK-8 solu-
tion (10 µl) was added to each well and incubated at 28 °C 
for 3 h. The absorbance was then measured using a dual 
wavelength spectrophotometer in a microplate reader at 
450 and 630 nm. Dimethyl sulfoxide (DMSO; Sigma, St. 
Louis, MO, USA) was used to dissolve deltamethrin at a 
final concentration of 0.5% (v/v). Three biological repli-
cates with three technical replicates were performed.

Statistical analysis
Statistically significant qualitative variables were detected 
using GraphPad Prism 8.0 software (GraphPad Software 
Inc., La Jolla, CA, USA). Data from independent experi-
ments are presented as the mean ± the standard error of 
mean (SEM). Student’s t-test was used to determine the 
statistical significance of gene expression compared with 
that in the NC. The Chi-squared test (χ2) was used to 
analyze mosquito mortality. Statistical significance was 
indicated by P < 0.05 [28, 29]. All experiments were per-
formed in at least three independent cohorts.

Results
MiR‑279‑3p targets CYP325BB1
Preliminary Solexa sequencing results showed that miR-
279-3p expression was significantly different between 
DR- and DS-strain mosquitoes [19]. Then, qRT-PCR was 
used to assess miR-279-3p expression in the DR- and DS-
strains. MiR-279-3p expression was 2.97-fold higher in 
the DS-strain than in the DR-strain (Fig. 1a; ***P < 0.001). 
In contrast, the expression of CYP325BB1 was 2.31-fold 
higher in the DR-strain than in the DS-strain (Fig.  1b; 
***P < 0.001). This contrasting expression pattern of miR-
279-3p and CYP325BB1 suggested that miR-279-3p 
might target CYP325BB1.

To verify this hypothesis, bioinformatic analysis was 
performed using the database of Cx. quinquefascia-
tus P450 sequences, which showed that the 3′-UTR of 
CYP325BB1 harbored a miR-279-3p target site (Fig.  2a, 
b). To assess the regulatory relationship between the 
miRNA and the target mRNA, we performed a dual-lucif-
erase reporter assay to detect the interaction between 
miR-279-3p and CYP325BB1 in vitro. The CYP325BB1 
3′-UTR-WT and 3′-UTR-Δ were inserted into the Renilla 
translational stop codon in the pMIR-REPORT miRNA 



Page 6 of 13Li et al. Parasites Vectors          (2021) 14:528 

Expression Reporter vector, generating 3′-UTR-WT/Δ-
fused luciferase reporters, which were cotransfected 
with control plasmid (PGL4.7) into HEK293T cells, and 
then treated with miRNA-279-3p mimic or NC. In the 
3′-UTR-WT group, the luciferase intensity was inhib-
ited by about 33.0%, showing that miR-279-3p could bind 

to the 3′-UTR construct, while there was no significant 
change in luciferase intensity in the NC group. Impor-
tantly, there was no change in luciferase intensity in the 
3′-UTR-Δ group, whether treated with the miR-279-3p 
mimic or NC (Fig. 2c; **P < 0.01). Therefore, CYP325BB1 
was confirmed as a target gene of miR-279-3p in vitro.

Fig. 1 Transcription level of miR-279-3p and CYP325BB1 in the DS-strain and DR-strain of Culex pipiens pallens. a MiR-279-3p expression was 
2.97-fold higher in DS-strain than in DR-strain mosquitoes. b CYP325BB1 expression was 2.31-fold greater in DR-strain than in DS-strain mosquitoes. 
Data are representative of three technical replicates of three biological replicates and are reported as the mean ± standard error of the mean (SEM). 
Asterisks indicate significant difference at *P < 0.05, ** P < 0.01. Abbreviations: RE, Relative expression, U6, internal control small nuclear RNA

Fig. 2 MiR-279-3p targets CYP325BB1 via its 3′-UTR. a A region of the CYP325BB1 3′-UTR containing a putative binding site for miR-279-3p. b The 
free binding energy of CYP325BB1 targeted by miR-279-3p predicted by the RNAhybrid software. c A dual-luciferase reporter assay demonstrated 
33.0% decreased luciferase activity, suggesting that miR-279-3p could bind to the 3′-UTR of CYP325BB1. Data are representative of three technical 
replicates of three biological replicates and are reported as the mean ± SEM. Asterisks indicate significant difference at **P < 0.01
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MiR‑279‑3p modulates deltamethrin resistance 
of mosquitoes
To validate the participation of miR-279-3p in the regu-
lation of deltamethrin resistance, mosquitoes overex-
pressing miR-279-3p were constructed. The miR-279-3p 
mimic was injected into 12-h PE DR-strain mosquitoes. 
The results showed that miR-279-3p was efficiently 
overexpressed (by 2.72-fold) in the miR-279-3p mimic 
injection group (Fig.  3a; ***P < 0.001). To further vali-
date the regulatory relationship between miR-279-3p 
and CYP325BB1 in vivo, the transcription level of 
CYP325BB1 was detected after overexpression of miR-
279-3p in mosquitoes. Overexpression of miR-279-3p 
downregulated the expression of CYP325BB1 by 61.3% 
(Fig.  3b; **P < 0.01). The results of the CDC bottle bio-
assay showed significantly higher mortality rates after 
the miR-279-3p mimic was injected compared with the 

control. After 105  min, the experimental group showed 
a mortality rate of 61.7% (29/47), whereas the NC group 
showed a mortality rate of 43.9% (18/41); in compari-
son, the control group showed a mortality rate of 40.0% 
(24/60). Furthermore, after 120  min, the mortality rates 
were 74.5% (35/47) in the experimental group, 48.8% 
(20/41) in the NC group, and 46.7% (28/60) in the control 
group (Fig. 3c; *P < 0.05).

For the biocontrol of mosquitoes, in  vivo delivery 
through feeding is required; therefore, the designed 
miR-279-3p mimic was supplied orally to mosquitoes. 
After ingestion, the relative expression of miR-279-3p 
was 8.11-fold higher than that in the NC group, which 
suggested that miR-279-3p was successfully overex-
pressed in the DR-strain (Fig.  4a). Consistently, in the 
miR-279-3p mimic oral feeding group, the expression 
of CYP325BB1 was downregulated by 57.5% (Fig.  4b; 

Fig. 3 MiR-279-3p-mimic-injected DR-strain mosquitoes are more sensitive to deltamethrin. a Relative expression of miR-279-3p was 2.72-fold 
higher in the DR-strain mosquitoes at 72 h after injection with the miR-279-3p mimic, compared to the NC and control groups. b Relative 
expression of CYP325BB1 was decreased by 61.3% in the DR-strain mosquitoes at 72 h after injection with the miR-279-3p mimic compared to the 
NC and control groups. c Mortality following 7 mg/l deltamethrin treatment of the miR-279-3p-mimic-injected group ranged from 57.4 to 74.5% at 
90–120 min in the CDC bottle bioassay, which was higher than that in the acetone control, control and NC groups. Data are representative of three 
technical replicates of three biological replicates and are reported as the mean ± SEM. Asterisks indicate significant difference at *P < 0.05, **P < 0.01, 
***P < 0.001. Abbreviations: RE Relative expression
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**P < 0.01). In the CDC bottle bioassay, the miR-279-3p 
mimic feeding group experienced higher mortality than 
did the NC and control groups. After 90 min, the miR-
279-3p mimic group showed a mortality rate of 64.9% 
(24/37), whereas the NC group showed a mortality rate 
of 42.4% (14/33) and the control group showed a mor-
tality rate of 33.3% (11/33). Furthermore, after 120 min, 
the mortality rates were 89.2% (33/37), 57.6% (19/33) 
and 45.5% (15/33), respectively (Fig.  4c;*P < 0.05; 
**P < 0.01).

Microinjecting the DS-strain mosquitoes with the 
miR-279-3p inhibitor was then performed. The rela-
tive expression of miR-279-3p decreased by 40.2% com-
pared with that in the NC1 group (Fig.  5a; **P < 0.01) 
and, in contrast, the expression level of CYP325BB1 

increased by 1.28-fold compared with that in the NC1 
group (Fig. 5b; **P < 0.01). The results of the CDC bottle 
bioassay showed significantly lower mortality rates after 
injection of the miR-279-3p inhibitor compared with 
that of the control. After 105  min, the experimental 
group showed a mortality rate of 14.9% (7/47), whereas 
the NC1 group showed a mortality rate of 40.0% 
(18/45), and the control group showed a mortality 
rate of 43.1% (22/51). Furthermore, after 120  min, the 
mortality rates were 21.3% (10/47) in the experimen-
tal group, 48.9% (22/45) in the NC1 group and 49.0% 
(25/51) in control group (Fig. 5c; *P < 0.05; ***P < 0.001). 
These results suggested that CYP325BB1 is a bona fide 
target of miR-279-3p, that much higher expression of 
miR-279-3p is not intrinsically detrimental and that the 

Fig. 4 MiR-279-3p-mimic-supplied DR-strain mosquitoes by oral feeding reduced the intensity of deltamethrin resistance. a Relative expression of 
miR-279-3p was upregulated by 8.11-fold in the DR-strain mosquitoes at 48 h after oral feeding with the miR-279-3p mimic. b Relative expression of 
CYP325BB1 was decreased by 57.5% in the DR-strain mosquitoes at 48 h after oral feeding with the miR-279-3p mimic. c Mortality of the miR-279-3p 
mimic group after incubation in 7 mg/l deltamethrin-coated CDC bottles for 2 h was higher than that in the acetone control, control and NC 
groups. The mortality rate ranged from 64.9 to 89.2% in the miR-279-3p mimic group at 90–120 min. Data are representative of three technical 
replicates of three biological replicates and are reported as the mean ± SEM. Statistical values are relative to the NC. Asterisks indicate significant 
difference at *P < 0.05, **P < 0.01. Abbreviations: RE, Relative expression
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miR-279-3p could modulate deltamethrin resistance by 
targeting CYP325BB1 in mosquitoes.

CYP325BB1 functions in the deltamethrin resistance 
of mosquitoes
The regulatory role of CYP325BB1 in mosquito resist-
ance to deltamethrin in  vitro was confirmed by ampli-
fying the complete CYP325BB1 coding DNA sequence 
(GenBank: KM056313.1) from Cx. pipiens pallens and 
cloning it into the pIB/V5-His vector to generate plas-
mid pIB/V5-His-CYP325BB1. Total RNA was extracted 
from C6/36 cells of the control group, the pIB/V5-His 
NC group and the experimental group (pIB/V5-His-
CYP325BB1). The results showed that the expression 
level of CYP325BB1 was 397-fold higher than that in the 
NC group (Fig. 6a; **P < 0.01). Next, the protein expres-
sion level was validated using western blotting, and a 
band was detected using anti His-tag antibodies, which 
demonstrated that a protein of the expected size that was 

recognized by the anti-His-tag antibodies was expressed 
in the pIB/V5-His-CYP325BB1-transfected cells (Fig. 6b). 
Detection of the mRNA and protein levels proved that 
the transfection was successful. To investigate the sen-
sitivity of the transiently transfected C6/36 cells to del-
tamethrin, a CCK-8 assay was employed to detect the 
viability of cells treated with deltamethrin in  vitro. The 
proportion of viable cells was much higher among pIB/
V5-His-CYP325BB1-transfected cells than cells in the 
NC group over a deltamethrin concentration range of 
 101–102.5  mg/l (Fig.  6c; *P < 0.05; **P < 0.01). Thus, the 
overexpression of CYP325BB1 could increase cell resist-
ance to deltamethrin.

To further evaluate whether CYP325BB1 partici-
pates in mosquito resistance to deltamethrin in vivo, we 
conducted phenotypic observation experiments after 
CYP325BB1 RNAi knockdown (si-CYP325BB1) in DR-
stain mosquitoes. CYP325BB1 expression was 37.6% 
lower in the si-CYP325BB1 group than in the control 

Fig. 5 MiR-279-3p-inhibitor-injected DS-strain mosquitoes are more resistant to deltamethrin. a Relative expression of miR-279-3p was decreased 
by 40.2% in the DS-strain mosquitoes at 72 h after injection with the miR-279-3p inhibitor. b The relative expression of CYP325BB1 was 1.28-fold 
higher in the DS-strain mosquitoes at 72 h after injection with the miR-279-3p inhibitor. c Mortality under 7 mg/l deltamethrin treatment of the 
miR-279-3p inhibitor-injected group ranged from 14.9 to 21.3% at 90–120 min in the CDC bottle bioassay, which was lower than that in the acetone 
control, control and NC1 groups. Data are representative of three technical replicates of biological replicates and are reported as the mean ± SEM. 
Asterisks indicate significant difference at *P < 0.05,  **P < 0.01, ***P < 0.001. Abbreviations:  NC1, Inhibitor negative control 1; RE, relative expression
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and NC groups (Fig. 7a; *P < 0.05). We then ran the CDC 
bottle bioassay to detect the mortality of si-CYP325BB1-
injected mosquitoes. From 30 to 120  min, there was a 
significant difference in mortality, ranging from 13.3% 
(6/45) to 75.6% (34/45) in si-CYP325BB1-injected mos-
quitoes compared with the control (5.0% [3/60] to 46.7% 
[28/60]) and NC (4.9% [2/41] to 48.8% [20/41]) groups 
(Fig.  7b; P < 0.05, **P < 0.01). Thus, RNAi silencing of 
CYP325BB1 in mosquitoes resulted in increased sensitiv-
ity to deltamethrin. Therefore, the RNAi of CYP325BB1 
produced the same phenotypes that were caused by over-
expression of the miR-279-3p mimic.

Taken together, these results indicated that miR-
279-3p might affect deltamethrin resistance by regulating 
CYP325BB1 in Cx. pipiens pallens.

Discussion
Mosquitoes and vector-borne diseases still represent a 
significant threat to human welfare; however, repeated 
exposures to insecticidal agents have caused high levels 

of resistance, representing an ongoing challenge to vec-
tor control [30]. Previous studies have provided evidence 
supporting the view that different mechanisms and genes 
are associated with the development of insecticide resist-
ance [31]. MicroRNAs are short, well-characterized, non-
coding, post-transcriptional gene regulators [32]. During 
the process of transforming primary precursors (pri-
miRNAs) to pre-miRNAs, multiple regulatory proteins 
are involved that bind directly to distinct pre-miRNA in 
a sequence- or structure-dependent manner, to produce 
mature miRNAs [33]. Accordingly, miRNAs have been 
associated with a wide range of fundamental biological 
processes and are implicated in development, metabo-
lism and host–pathogen interactions; indeed, many 
miRNAs are downregulated in the process of insecticide 
resistance [34]. In Drosophila melanogaster and Plu-
tella xylostella (L.), changes in miRNA expression are 
induced by insecticides [35, 36]. Comparative and cor-
relative studies have revealed that miRNAs are involved 
in the regulation of deltamethrin insecticide resistance; 

Fig. 6 The viability of deltamethrin-treated C6/36 cells was upregulated after overexpression of CYP325BB1 under stress. a Transcript level 
of CYP325BB1 in the pIB/V5-His-CYP325BB1-transfected C6/36 cells increased by 397-fold compared with that in the NC group. b His-tag 
antibody detection of the levels of the CYP325BB1 protein. c Results of the Cell Counting Kit-8 (CCK-8) showed that the viability of pIB/
V5-His-CYP325BB1-transfected C6/36 cells treated with deltamethrin was higher than that in the pIB/V5-His-transfected group. Data are 
representative of three technical replicates of biological replicates and are reported as the mean ± SEM. Asterisks indicate a significant difference at 
*P < 0.05, **P < 0.01. Abbreviation: NC, pIB/V5-His negative control; RE, relative expression
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however, we lack strong evidence of miRNAs as causative 
factors of resistant phenotypes [14, 15, 37, 38].

Our previous high-throughput sequencing study iden-
tified miR-279-3p as being expressed at a significantly 
lower level in DR-strain mosquitoes compared to DS-
strain mosquitoes [19]. The results of the present study 
demonstrated lower expression of miR-279-3p in the 
DR-strain compared with that in the DS-strain, which is 
consistent with the sequencing results. Certain miRNAs 
appear to show plasticity in transcription in the presence 
of pesticides in Cx. pipiens pallens, and certain miRNAs 
or miRNA clusters are downregulated in the DR-strain, 
such as miR-2 ~ 13 ~ 17, miR-4448 and miR-278-3p [14, 
16, 17]. However, other miRNAs are upregulated in the 
DR-strain, such as miRNA-92a, miRNA-932 and miR-
285 [15, 38, 39].

The miRNA we investigated is constitutively down-
regulated in the DR-strain. The miR-279-3p-mimic-
injected DR-strain mosquitoes became more susceptible 
to deltamethrin, while the miR-279-3p-inhibitor-injected 
DS-strain mosquitoes became more resistant to deltame-
thrin, which validated that miR-279-3p participates in the 
regulation of deltamethrin resistance. The convenient, 
effective and environmentally friendly use of the miR-
279-3p mimic as a molecular biopesticide in the future 
requires would require its oral feeding [40]. Therefore, 
the miR-279-3p mimic was delivered orally to induce 
RNA interference in the DR-strain mosquitoes. The mor-
tality was higher in the miR-279-3p-mimic-fed group 

than in the NC group, which further confirmed miR-279-
3p-induced regulation of mosquito resistance. According 
to previous reports, E. coli and Saccharomyces cerevisiae 
expression systems could be used for silencing target 
genes. The bioinsecticide could be used as an insecticidal 
adjuvant agent, thereby minimizing the environmental 
impact. However, further studies are necessary to estab-
lish the conditions for expression and large-scale culture, 
and to determine the effectiveness of this bioinsecticide 
via different forms of administration, such as spraying, 
in all stages of vector development. In addition, the use 
of this expression system in field applications should be 
regulated by the appropriate authorities in each country 
[41, 42].

MiRNA genes are encoded within the genome. 
Their transcription might be tightly coordinated with 
the transcription of other genes that serve either as 
a source of miRNAs or as their targets, including the 
protein-coding genes to exert miRNA biogenesis func-
tions [43]. In support of this model, intronic miR-208a, 
which is coexpressed with its heart-specific host gene, 
Myh6, controls the suppression of negative regula-
tors of muscle growth and hypertrophy in mice [44]. 
Recent studies on miRNA-mediated metabolic insecti-
cide resistance have revealed that aberrant expression 
of miRNAs can induce marked changes in the expres-
sion levels of detoxification genes, especially those 
encoding cytochrome P450s [14, 37, 45]. Therefore, 
we firstly identified CYP325BB1 as the miR-279-3p’s 

Fig. 7 DR-strain mosquitoes injected with small interfering RNA targeting CYP325BB1 (si-CYP325BB1) showed reduced deltamethrin resistance. 
a In the si-CYP325BB1 injected DR-strain mosquitoes, CYP325BB1 transcript levels were reduced by 37.6%. b Mortality of si-CYP325BB1 group after 
incubation in CDC bottles coated with 7 mg/l deltamethrin for 2 h, was significantly higher than that in the acetone control, control and NC groups. 
Data are representative of three technical replicates of biological replicates and are reported as the mean ± SEM. Asterisks indicate significant 
difference at *P < 0.05, **P < 0.01. Abbreviations: RE, Relative expression; si, small interfering RNA
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direct target in vitro and in vivo. In the dual-luciferase 
reporter assay, cotransfection of the luciferase reporter 
vector comprising the CYP325BB1 3′-UTR together 
with the miR-279-3p mimic caused a decrease in 
Renilla luciferase activity in vitro, and the overexpres-
sion of miR-279-3p reduced the CYP325BB1 expression 
level in  vivo. Taken together, these results confirmed 
CYP325BB1 as an authentic target of miR-279-3p in 
mosquitoes.

Studies have demonstrated that increased expression 
of cytochrome P450s could enhance metabolic detoxi-
fication of insecticides in resistant mosquitoes [46, 47]. 
Thus, we investigated the mechanism of CYP325BB1’’s 
contribution to insecticide resistance following the 
functional test of CYP325BB1 in vitro and in vivo. The 
CCK-8 assay was used to detect C6/36 cell viability 
in  vitro because CYP325BB1 expression showed that 
cell viability was higher, indicating that this cytochrome 
is involved in deltamethrin resistance. Additionally, we 
injected si-CYP325BB1 into mosquitoes and detected 
deltamethrin resistance in  vivo. Our results showed 
higher mortality in the CYP325BB1-silenced group, 
indicating that reduced CYP325BB1 expression abro-
gated deltamethrin resistance.

The findings of the present study demonstrate a link 
between decreased miR-279-3p expression and a del-
tamethrin resistance phenotype via post-transcriptional 
suppression of CYP325BB1, whose protein product is 
involved in xenobiotic detoxification. Therefore, miR-
279-3p could represent a novel biomarker of insecticide 
exposure, and is one of the factors that could explain 
the insecticide’s toxic effects. These insights are impor-
tant to understand how mosquitoes have adapted at the 
molecular level to evolve deltamethrin resistance, and 
highlight the importance of gaining a complete under-
standing of insect biology for insecticide studies.
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