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ABSTRACT The mosquito, Culex pipiens pallens (L.), is an important vector of encephalitis and filaria-
sis in northern China. The control of these mosquitoes occurs primarily via the use of pyrethroid insecti-
cides, such as deltamethrin. The widespread and improper application of pyrethroid has resulted in the
evolution of pyrethroid resistance amongst many mosquito populations, including Cx. pipiens pallens.
Previous studies using high-throughput transcriptome sequencing have identified that the venom aller-
gen 5 gene is differentially expressed between deltamethrin-susceptible and deltamethrin-resistant Cx.
pipiens pallens. In this study, quantitative real-time polymerase chain reaction analyses revealed that
venom allergen 5 was significantly overexpressed in adult females of both deltamethrin-resistant labora-
tory populations and two field populations. The transcriptional level of venom allergen 5 in the laboratory
populations was elevated as the levels of deltamethrin resistance increased. Full-length cDNAs of the
venom allergen 5 gene were cloned from Cx. pipiens pallens, and contained an open reading frame of
765 bp, encoding a protein with 254 amino acids. The deduced amino acid sequence shared 100% iden-
tity with the ortholog in Culex quinquefasciatus Say. The overexpression of venom allergen 5 decreased
the susceptibility of mosquito cells to deltamethrin, while knockdown of this gene by RNAi increased the
susceptibility of mosquitoes to deltamethrin. This study provides the first evidence of the association be-
tween the venom allergen 5 gene and deltamethrin resistance in mosquitoes.

KEY WORDS Culex pipiens pallens, pyrethroid, quantitative real-time PCR, venom allergen 5,
RNAi

Mosquitoes are important vectors of numerous infec-
tious diseases of humans, including malaria (Mitri and
Vernick 2012), dengue fever (Jeffery et al. 2009), yellow
fever (Barrett and Higgs 2007), West Nile fever (Styer
et al. 2011), encephalitis, and filariasis (Gambhir and
Michael 2008, Smith et al. 2008). The chemical control
of mosquitoes, via the use of insecticides, is the primary
means of managing the spread of these diseases, as it is
simple, rapid, and economical (Hemingway et al. 2006,
Mahande et al. 2012). Since the insecticide, dichlorodi-
phenyltrichloroethane (DDT), was introduced in 1939,
chemical insecticides have undergone four generations
of development: DDT and other organochlorines, or-
ganophosphorus, carbamates, and pyrethroids. At pre-
sent, pyrethroids are the most widely used of these
(van den Berg et al. 2012); however, their widespread
and improper use has resulted in the evolution of pyre-
throid resistance (Casimiro et al. 2006, World Health
Organization [WHO] 2012), which has become a major

obstacle for mosquito-borne diseases management
(Jinfu 1999, Hemingway et al. 2002).

To date, three main types of pyrethroid-resistant
mechanisms have been recognized. Target resistance
occurs via mutations in the voltage-gated sodium chan-
nel target sites of the insect nervous system (Dong
et al. 2014). Metabolic resistance occurs via increases
in either protein levels or the activity of detoxification
enzymes that resist insecticides. For example, esterases
(Wu et al. 2011), glutathione S-transferases (Lumjuan
et al. 2011), and cytochrome P450 (CYP or P450; Edi
et al. 2014) have all been demonstrated to be associated
with metabolic resistance. In addition, insecticides in-
duce physiological changes in mosquitoes such as a
thickening of the epidermis, which subsequently lowers
their permeability to insecticides (Wood et al. 2010).
Studies investigating the mechanisms of pyrethroid re-
sistance have identified other resistance-related genes,
such as UDP-glycosyltransferases (Vontas et al. 2005,
Bozzolan et al. 2014) and serine proteases (Reid et al.
2012, Strachecka et al. 2013).

Pyrethroid resistance in mosquitoes is common and
broadly distributed in China (Wang et al. 2012). Many
pyrethroid resistance-related genes have been found in
Cx. pipiens pallens, the dominant species of mosquito
in northern China, such as CYP6F1 (Gong et al. 2005),
opsin (Hu et al. 2007), arrestin (Sun et al. 2012), and
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PSMB6 (Sun et al. 2013). However, pyrethroid resis-
tance is actually a complex phenotype of polygenic in-
heritance (Ffrench-Constant et al. 2004). Indeed, none
of the currently known genes can entirely explain the
molecular basis for pyrethroid resistance in Cx. pipiens
pallens. Hence, identifying novel genes associated with
pyrethroid resistance and elucidating their regulatory
mechanisms is critical for the effective control of Cx.
pipiens pallens.

The known insect venom allergens are proteins of
10–50 kDa containing 100–400 amino acid residues,
many of which have been expressed in bacteria, insect,
or yeast cells (King and Spangfort 2000). Some of the
venom allergen-like proteins in Schistosoma mansoni
Sambon are suggested to be immune modulators and
vaccine candidates (Chalmers et al. 2008, Farias et al.
2012). The venom allergen 5 gene is one of the major
allergens identified in many insect venoms (King and
Spangfort 2000) and is often associated with allergic re-
sponses in humans (Muller et al. 2009). Patients show
varying degrees of cross-reactivity to the related venom
allergen 5 genes of species such as yellow jackets, hor-
nets, and paper wasps (Henriksen et al. 2001). Within
blood-feeding ticks (Mans et al. 2008), flies (Charlab
et al. 1999), and mosquitoes (Calvo et al. 2007), the
venom allergen 5 proteins are part of a cocktail of sali-
vary proteins believed to function either in the suppres-
sion of the host immune system or in the prevention of
clotting to prolong feeding (Ribeiro and Francischetti
2003, Dos Santos-Pinto et al. 2014).

The venom allergen 5 protein contains a sperm-
coating protein (SCP)-like extracellular protein domain,
and belongs to the SCP superfamily. This family in-
cludes plant pathogenesis-related protein 1 (Kitajima
and Sato 1999), mammalian cysteine-rich secretory
proteins (Da Ros et al. 2007), and allergen 5 from in-
sect venom. One member of this superfamily, Tex31,
from the venom duct of Conus textile L., has been
shown to possess proteolytic activity sensitive to serine
protease inhibitors (Milne et al. 2003). Currently, little
is known about the biological functions of the SCP su-
perfamily in mosquitoes.

Previously, we undertook a large-scale transcription
profiling study using high-throughput transcriptome se-
quencing in deltamethrin-susceptible (DS) and delta-
methrin-resistant (DR) strains of Cx. pipiens pallens,
from which we identified many differentially expressed
genes, including venom allergen 5 (Y. L. et al., unpub-
lished data). In this study, we first use quantitative real-
time polymerase chain reaction (qRT-PCR) to quantify
the expression levels of several genes that are differen-
tially expressed between susceptible and resistant mos-
quitos. We quantified the relative expression levels of
these genes in adult females of DS and DR strains
from both a laboratory population and two field popu-
lations. The laboratory population included mosquitoes
at different developmental stages and different levels of
deltamethrin resistance. We then cloned the full-length
cDNAs of venom allergen 5 in Culex pipiens pallens
(L.). Subsequently, to further investigate the role of
venom allergen 5 in deltamethrin resistance, we veri-
fied its functionality both in vitro and in vivo. We

provide the first evidence for the association of venom
allergen 5 with deltamethrin resistance in mosquitoes.

Materials and Methods

Mosquito Strains. The DS strain of Cx. pipiens
pallens was collected from Tangkou town of Shandong
Province (35.12 N; 116.50 E) in 2009 and reared in our
laboratory without exposure to any insecticide. The DR
strains (DR1, DR2, and DR3) were selected from early
fourth-instar larvae of the DS strain exposed to delta-
methrin for >30 generations. Before selection, the
50% larval lethal concentration (LC50) to deltamethrin
was determined by larval bioassay (Chen et al. 2010)
and used as the screening concentration. All laboratory
populations were maintained at 28�C, 70–80% humid-
ity, and a photoperiod of 16:8 (L:D) h. The two field
populations of Cx. pipiens pallens were collected from
Shanghe (37.31 N; 117.16 E) and Gudao (37.85 N;
118.81 E) towns of Shandong Province in 2011. To dis-
tinguish the susceptible and the resistant strains, non-
blood-fed adult females 2–3 d postemergence were
exposed to 0.05% deltamethrin-impregnated drug
membranes by the WHO susceptibility tube bioassay
(WHO 1998, 2013). The mosquitoes that survived the
24-h recovery period were classified as deltamethrin
resistant, while those knocked down early during the
bioassay were classified as deltamethrin susceptible.
The knocked-down mosquitoes were immediately pre-
served in Eppendorf tubes without allowing a 24-h
recovery period to prevent postmortem RNA degrada-
tion (Bonizzoni et al. 2012, Zhu et al. 2014).

RNA Extraction and cDNA Synthesis. Total
RNA was extracted from all mosquitoes by RNAiso
plus (Takara, Tokyo, Japan). DNase I (Takara, Tokyo,
Japan) was used to remove potential contaminant
genomic DNA. Total RNA integrity was assessed by
denaturing agarose gel electrophoresis and purity and
concentration were authenticated using a NanoDrop
spectrophotometer (NanoDrop, Wilmington, DE). The
first-strand cDNA was synthesized from total RNA
with the PrimeScript RT Master Mix (Takara, Tokyo,
Japan).

Quantitative RT-PCR Analyses. The qRT-PCR
reactions were performed with a 7300 FAST Real-
Time PCR System (Applied Biosystems, Foster City,
CA) using Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA) according to the
manufacturer’s instructions. Gene-specific qRT-PCR
primers were designed by Primer Premier 3.0 (Premier
Biosoft International). The PCR conditions were as fol-
lows: 50�C for 2 min, 95�C for 10 min, followed by 40
cycles at 95�C for 15 s, 60�C for 1 min. The PCR prod-
ucts were used for melting curve and gel electrophore-
sis analysis to confirm their amplification specificity.
The data were analyzed with 7300 System SDS Soft-
ware v1.2.1 (Applied Biosystems, Foster City, CA). We
chose b-actin (Canales et al. 2009) and RsP7 (Leal
et al. 2013) as the internal normalization. The relative
expression levels of each gene were calculated using
the 2 -(DDCt) method (Livak and Schmittgen 2001). We
used qRT-PCR to detect the expression levels of the
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venom allergen 5 gene in adult females of both the DS
and DR strains of the laboratory and field populations.
The laboratory populations included mosquitoes with
different levels of deltamethrin resistance (DS, DR1,
DR2, and DR3 strains) and at different development
stages (eggs, first- to fourth-instar larvae, pupae, female
adults, and male adults). Three technical and three bio-
logical replicates were performed for qRT-PCR analy-
ses. All primer sequences are presented in Table 1.

Full-length Cloning and Sequencing. The full-
length cDNA of venom allergen 5 in Cx. pipiens pallens
was amplified in three sections: the open reading frame
(ORF) and the 50 and 30-cDNA ends (50 and 30-
RACE). The ORF was amplified using 2� Taq Plus
Master Mix (Vazyme, Nanjing, China). Templates of 50-
RACE and 30-RACE were prepared with a SMART
RACE cDNA Amplification Kit (Clontech, Mountain
View, CA). The PCR reactions were carried out using
Advantage 2 Polymerase Mix (Clontech, Mountain
View, CA) according to the manufacturer’s protocol.
PCR products were separated on a 1% agarose gel and
then purified with a QIA quick Gel Extraction Kit
(QIAGEN, GmbH, Germany). The purified products
were then inserted into the pMD-19 T simple vector
(Takara, Tokyo, Japan) to be sequenced at the Beijing
Genomics Institute. The three sections were assembled
to generate the full-length cDNA. All primer sequences
for the 50 and 30 RACE are presented in Table 2.

Sequence Alignment and Phylogenetic
Tree. The standard protein–protein BLAST sequence
comparison programs (http://beta.uniprot.org/?tab0blast)
were used to search for sequences in the SWISSPROT
databases with similarities to the translated sequences of
venom allergen 5. Similar amino acid sequences were
aligned using the ClustalW2 computer program (http://

www.ebi.ac.uk/Tools/clustalw2/index.html). The phyloge-
netic tree was constructed using the neighbor-joining
method of the MEGA5.1 program (Tamura et al. 2011).
Structure analysis (http://www.ncbi.nlm.nih.gov/Struc-
ture/cdd/wrpsb.cgi) was used to search for conserved
domains within the protein.

Construction of the Eukaryotic Expression
Plasmid. The ORF of venom allergen 5 was inserted
into the eukaryotic expression vector pIB/V5-His (Invi-
trogen, Carlsbad, CA) and amplified with specific pri-
mers: forward primer 50-GGACTAGTGAGATGGAA
ATGTCGATCAACCGTAAAGTTCAAG-30 (containing
the SpeI recognition site, ACTAGT); reverse primer 50-
CCGCTCGAGCGAGCTCCCACATCCACCG-30 (con-
taining the XhoI recognition site, CTCGAG). A Kozak
sequence (GAGATGG) was added before the start
codon ATG, and two additional AA were added after it
to avoid a frameshift mutation (Kozak 1986). To ensure
the fusion expression of the His tag protein, the stop
codon TGA was removed and two additional CG were
added to avoid a frameshift mutation. The PCR-ampli-
fied product and the pIB/V5-His expression vector
were both digested by SpeI and XhoI. The two
expected bands were then purified using the QIA quick
Gel Extraction Kit (QIAGEN, GmbH, Germany) and
ligated with T4 DNA Ligase. The ligated product was
transformed into TOP10 competent cells (Tiangen,
Beijing, China). After overnight culture, positive clones
were identified by PCR and sequenced by Beijing
Genomics Institute.

Plasmid Transfection and Cytotoxicity
Assay. An Aedes albopictus (Skuse) C6/36 cell line was
obtained from the Chinese Center for Type Culture
Collection (CCTCC, Wuhan, China). The cells were
cultured in Dulbecco’s modified Eagle’s medium

Table 1. List of the primers for qRT-PCR

Gene Forward primer (50 to 30) Reverse primer (50 to 30) Length

b-actin AGCGTGAACTGACGGCTCTG ACTCGTCGTACTCCTGCTTGG 153 bp
RsP7 CCTGGAGCTGGAGATGAACT ACGATGGCCTTCTTGTTGTT 99 bp
CPIJ800157 CTACGACATTCCCAAGGATACAA CATCATTTCGCCCATACAGC 178 bp
CPIJ000835 TTAACGAAAACTACGTGCTGACTG GGGCTGACTCCACCCTGATA 172 bp
CPIJ013082 TGACCTGGGCTGTCGATATG GCCGTGGTCGTTGGTTTT 235 bp
CPIJ013725 GACAGGAGGAGATGGAACAGGAT TCGGGCCAAATCATCGTAGT 125 bp
CPIJ002786 AGCTGGATGGTGCTCTGGAA AGCCGTAGTTGCCGCAGATA 120 bp
CPIJ015028 GGACTACTGCAACCCGGACTT TTTTCGCATCCACGCAATC 95 bp
CPIJ009877 CGGTTCTGTAATCGTTTGGG CGTATCGTTGTCCGTCCTGTT 165 bp
CPIJ007024 GACCTTAATCCGAACTTTGCC GCCTCCCTAGCCAACTGACC 175 bp
CPIJ802088 TTCCAGAAGCGTAACATCATCA TCTTGCGTTGGTTCAGCCT 184 bp
CPIJ009326 CCCAAGGTCGCTTCTCGTA GGCTGGAATCCGTTCTCGT 82 bp
CPIJ800292 GAACAACGAATCCATAGCGG GGTGCATTGCGAGCATGAG 104 bp

Table 2. List of the primers for RACE

Fragment Sense primer (50 to 30) Antisense primer (50 to 30)

ORF ATGTCGATCAACCGTAAAGTTC TCAAGCTCCCACATCCACCG
50-RACE Universal Primer A Mixa CGCATCCACGCAATCCGACGACAGC
30-RACE CACTTTGCCACGCCGAAGCTGATGA Universal Primer A Mixa

aThe Universal Primer A Mix (UPM) was a mixture of 50-CTAATACGACTCACTATAGGGC AAGCAGTGGTATCAACGCAGAGT-30 and 50-
CTAATACGACTCACTATAGGGC-30.
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(DMEM) supplemented with 10% fetal bovine serum
and with antibiotics (called DMEM-complete), and
were maintained in a 5% CO2 humidified incubator at
28�C.

One aliquot of C6/36 cells was preincubated in a six-
well plate (4� 105 cells per well) overnight until
the cell confluency achieved 80%. Then, 2 lg pIB/V5-
His-venom allergen 5 plasmid DNA and 5 ll FuGENE
HD transfection reagent (Promega, Madison, WI) were
added to 100ll DMEM-complete, mixed gently, and
incubated at room temperature for 30 min. The plas-
mid DNA of the pIB/V5-His empty vector was the neg-
ative control (NC). The mixture was then added to the
six-well plate for transient transfection experiments. At
48 h posttransfection, we collected the cells and carried
out western blot analysis to confirm successful transient
transfection and protein expression. Protein was
extracted from C6/36, C6/36-NC, and C6/36-venom
allergen 5 cells using RIPA lysis buffer (Beyotime,
Shanghai, China). We determined protein concentra-
tions using the Enhanced BCA Protein Assay Kit
(Beyotime, Shanghai, China). Up to 40 lg proteins
were analyzed by 10% sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE) gel for 30 min
at 80 V and 120 min at 100 V. Then, we transferred the
protein to a NC membrane for 50 min at 300 mA using
the Trans-Blot SD Cell and Systems (Bio-Rad, Rich-
mond, CA). The His-tag fusion protein was detected
using an anti-His monoclonal antibody (1:500;
ABGENT, San Diego, CA) and a peroxidase-
conjugated goat anti-mouse secondary antibody
(1:2000; Bioworld, Louis Park, MN). Finally, the bound
antibodies were recognized with a SuperSignal West
Pico Chemiluminescent Substrate Kit (Thermo, Rock-
ford, IL), and the signals were detected using a Bio-
Rad ChemiDoc XRS scanner and the Quantity One
software (Bio-Rad, Richmond, CA). b-actin was used
as the internal control.

The other aliquot of C6/36 cells was preincubated in
a 96-well plate (8,000 cells per well). After transfection
with pIB/V5-His-venom allergen 5 or pIB/V5-His
empty vector (NC) plasmid DNA for 48 h, the C6/36
cells were treated with a series of concentrations of del-
tamethrin (0, 100.5, 101.0, 101.5, 102.0, and 102.5 lg/ml).
Before the experiment, 0.1 g of deltamethrin was com-
pletely dissolved in 1.0 ml of dimethyl sulfoxide
(DMSO; Sigma, St. Louis, MO). Then, we diluted the
different concentrations of deltamethrin with DMEM-
complete. The wells of different concentrations of del-
tamethrin had the same final concentration of DMSO
(0.5%, v/v). After 43 h, we added 10 ll of CCK-8 solu-
tion (Dojindo, Kumamoto, Japan) to each well. Five
hours later, we measured the absorbance at 450 and
630 nm using a microplate reader (Biotek, Winooski,

VT). Then, the absorbance at 630 nm was subtracted
from the absorbance of the same well measured at
450 nm to eliminate any background signal. The per-
centage of cell viability at each concentration was cal-
culated relative to the cell viability at 0 lg/ml
concentration.

RNAi and WHO Susceptibility Tube
Bioassay. According to the full-length sequence of
venom allergen 5, we designed and synthesized the
siRNA40 (GenePharma, Shanghai, China). Nonblood-
fed adult female mosquitoes from the DR1 strain that
had emerged 1 d before were used for the microinjec-
tion experiments. According to standard methodology
(Blandin et al. 2002), we microinjected 0.07 ll of NC
RNA or siRNA40 (5lg/ll) into the thorax of mosqui-
toes. The sequences of NC and siRNA40 are provided
in Table 3. The wild-type (WT) mosquitoes that were
not microinjected were used as the noninjected control.
Three days later, we verified the RNAi efficiency using
qRT-PCR, and assessed the viability of adult female
mosquitoes by a WHO susceptibility tube bioassay with
0.05% deltamethrin-impregnated drug membranes.
Three days after microinjection, 20–25 female mosqui-
toes were transferred into each tube and exposed to
the 0.05% deltamethrin-impregnated drug membranes
for 1 h and were then transferred into recovery tubes.
The number of alive and dead mosquitoes in each tube
after a 24-h recovery period was recorded to determine
their viability (the ratio of the number alive after the
24-h recovery period to the total number of mosquitoes
before the 1-h exposure period in each tube; WHO
2013). The nonpyrethroid control membrane (PY con-
trol) was simultaneously used to test the mosquitoes
with siRNA40 microinjection.

Statistics. All data are presented as mean 6 SD of
three independent experiments. Mosquito viability was
analyzed using the chi-square test. The Student’s t-test
was used to analyze the data of qRT-PCR and cell viabil-
ity. The statistical significance level was set at P< 0.05.

Results

Screening Candidate Genes. Referring to the
comparative transcriptome sequencing results, we
selected 11 genes to test their relative expression levels
at the adult female stage of the DS and the DR1
strains. As shown in Fig. 1A, 5 of the 11 genes (chymo-
trypsin-2, dimethylaniline monooxygenase, carboxyles-
terase, venom allergen 5, and phenoloxidase subunit 1
precursor) were significantly overexpressed in the DR1
strain compared with the DS strain (P< 0.05). Then,
we verified the expression levels of these five genes in
the susceptible and resistant strains of the two field
populations (Shanghe and Gudao). The results

Table 3. List of the siRNA sequences for RNAi

Name Sense (50 to 30) Antisense (50 to 30)

siRNA-40 GAUCAACCGUAAAGUUCAATT UUGAACUUUACGGUUGAUCTT
NC GCGACGAUCUGCCUAAGAUdTdT AUCUUAGGCAGAUCGUCGCdTdT
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indicated that the gene expression levels of venom
allergen 5 were 60.58- and 7.34-fold higher in the
resistant strains than the susceptible strains (P< 0.05;
Fig. 1B). Next, we quantified the gene expression level
of venom allergen 5 in four strains (DS, DR1, DR2,
and DR3) with different levels of deltamethrin resist-
ance. The LC50 of the DS, DR1, DR2, and DR3 strains
were 0.03, 0.85, 3.7, and 7.0 mg/liter, respectively. As
shown in Fig. 1C, the venom allergen 5 expression lev-
els were 3.3-, 4.7-, and 29.7-fold higher in the DR1,
DR2, and DR3 strains, respectively, than the DS strain.
Thus, we selected venom allergen 5 as our candidate

gene for subsequent verification of whether it was asso-
ciated with deltamethrin resistance or not.

Cloning the Full-length cDNA of Venom
allergen 5 in Cx. pipiens pallens. The full-length
cDNA of venom allergen 5 contained 912 bp. The
ORF region had 765 bp and encoded a protein with
254 amino acids. The start codon ATG was found at
positions 55–57, while the same frame stop codon TAA
was at positions 817–819 with a polyadenylation signal
sequence “AATAAA” and a poly (A) tail present at the
30-untranslated region (Fig. 2A). The full-length cDNA
sequence of venom allergen 5 in Cx. pipiens pallens has

Fig. 1. Screening candidate genes via quantitative real-time PCR. (A) The relative expression levels of 11 genes in adult
female mosquitoes of the DS and the DR1 strains. Five of the 11 genes (chymotrypsin-2, dimethylaniline monooxygenase,
carboxylesterase, venom allergen 5, and phenoloxidase subunit 1 precursor) were significantly overexpressed in the DR1 strain
compared with the DS strain. (B) The relative expression levels of five genes in adult female mosquitoes of the susceptible and
resistant strains of two field populations (Shanghe and Gudao). The relative expression levels of the venom allergen 5 were
60.58- and 7.34-fold higher in the resistant strains than the susceptible strains. (C) The relative expression levels of venom
allergen 5 in adult female mosquitoes with different levels of deltamethrin resistance (DS, DR1, DR2, and DR3). The LC50 of
the DS, DR1, DR2, and DR3 strains were 0.03, 0.85, 3.7, and 7.0 mg/liter, respectively. The venom allergen 5 expression levels
were 3.3-, 4.7-, and 29.7-fold higher in the DR1, DR2, and DR3 strains, respectively, than the DS strain. Figures show the
mean 6 SD of three independent experiments. *P< 0.05, **P< 0.01 compared with the DS strain.
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been entered into GenBank (accession number:
KF723295.1). The deduced amino acid of venom aller-
gen 5 in Cx. pipiens pallens shared 100% identity with
the ortholog in Culex quinquefasciatus Say, 70.8% iden-
tity with Aedes aegypti (L.), 43.85% identity with
Anopheles gambiae Giles, and 32.95% identity with
Drosophila melanogaster Meigen, according to the
ClustalW2 software (Fig. 2B). Phylogenetic relation-
ships showed that venom allergen 5 in Cx. pipiens
pallens has the highest homology with Cx. quinquefas-
ciatus (Fig. 2C). Structure analysis showed that the
protein contains a SCP-like extracellular protein

domain, as found primarily in eukaryotes (http://
www.ncbi.nlm.nih.gov/Structure/cdd/
cddsrv.cgi?uid¼240180).

In Vitro Validation by Plasmid Transfection
and Cyotoxicity Assay. To further validate the func-
tionality of venom allergen 5 in pyrethroid resistance
in vitro, we transiently transfected the pIB/V5-His-venom
allergen 5 and pIB/V5-His (NC) plasmid DNA into the
C6/36 cells. As shown in Fig. 3A, western blot analysis
revealed that C6/36 cells with pIB/V5-His-venom allergen
5 transfection expressed the corresponding protein of
�32 kDa, which confirmed the successful expression of

Fig. 2. Full-length cDNA of venom allergen 5 in Cx. pipiens pallens. (A) The nucleotide and deduced amino acid
sequences of venom allergen 5 in Cx. pipiens pallens. The initial codon “ATG” and the termination codon “TGA” are labeled in
bold letters and underlined. The asterisk indicates the stop codon. The polyadenylation signal sequence “AATAAA” and a poly
(A) in the 30-untranslated region are underlined. (B) Amino acid alignment of the venom allergen 5 gene in Cx. pipiens pallens
and four other species. Asterisks indicate identical amino acids and dots indicate similar amino acids. (C) Phylogenetic
relationships of the venom allergen 5 in Cx. pipiens pallens and four other species. Species name and GenBank Accession No.:
Cx. pipiens pallens, KF723295.1; Cx. quinquefasciatus, XP_001865176.1; Ae. aegypti, XP_001661917.1; An. gambiae
XP_314254.5; D. melanogaster, AAD03844.1.
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the exogenous venom allergen 5 in C6/36 cells. We meas-
ured cell viability over a wide range of concentrations
(0 to 102.5 lg/ml) of deltamethrin using the CCK-8 kit as
a cyotoxicity assay (Fig. 3B). The cell viability of transi-
ently transfected cells decreased as the concentration of
deltamethrin increased. The significantly increased viabil-
ity of C6/36-venom allergen 5 compared with the C6/36-
NC cells with each of the five deltamethrin concentra-
tions (P< 0.05) suggested that the overexpression of
venom allergen 5 might decrease deltamethrin cyotoxicity
in vitro.

In Vivo Validation by RNAi and WHO
Susceptibility Tube Bioassay. To validate the rela-
tionship of venom allergen 5 to pyrethroid resistance
in vivo, we microinjected designed siRNA40 into the
thorax of female adult mosquitoes from the DR1 strain to
knock down the expression of venom allergen 5. As shown
in Fig. 4A, siRNA40 could reduce the gene expression of
venom allergen 5 by �50%, compared with the WT and

NC groups (P< 0.01). The results of a WHO susceptibility
tube bioassay with 0.05% deltamethrin-impregnated drug
membranes suggested that the knockdown expression of
venom allergen 5 decreased the viability of female adult
mosquitoes by 30–40%, compared with the control groups
(P< 0.05; Fig. 4B). The knockdown of venom allergen 5
by RNAi increased deltamethrin toxicity in vivo.

Expression Level of the Venom Allergen 5 Gene
at Different Developmental Stages. We used qRT-
PCR to test the expression levels of venom allergen 5 at
different developmental stages in the DS and the DR1
strains of Cx. pipiens pallens. As shown in Fig. 5,
venom allergen 5 was transcribed at all developmental
stages. The transcriptional levels of venom allergen 5
were relatively higher in egg, pupae, and adults than in
fist- to fourth-instar larvae. The transcriptional levels of
this gene were 2.24-, 3.3-, and 12.3-fold higher in the
DR1 strain than in the DS strain at the egg, female
adult, and male adult stages (P< 0.05).

Fig. 3. In vitro validation by plasmid transfection and cytotoxicity assay. (A) Results of western blot analysis of the protein
expression of venom allergen 5 in the C6/36, C6/36-NC, and C6/36-venom allergen 5 cells. b-actin was used as the internal
control. The C6/36-venom allergen 5 cells expressed the corresponding protein of �32 kDa. The experiment was repeated
three times. (B) Cytotoxicity assay using a CCK-8 kit. The x-axis shows the five concentrations of deltamethrin. The y-axis gives
cell viability (as a proportion of the total cells relative to a 0 lg/ml concentration). The viability of the C6/36-venom allergen 5
cells was significantly higher than the C6/36-NC cells with each of the five deltamethrin concentrations. Figures show the
mean 6 SD of three independent experiments. *P < 0.05, **P < 0.01 compared with the C6/36-NC cells.
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Discussion

It is widely accepted that the development of pyreth-
roid resistance in Culex mosquitoes occurs via multiple
mechanisms and interacting genes (Liu et al. 2011).
Hence, identifying novel resistance genes and elucidat-
ing their mechanisms are long-term focal issues in pyr-
ethroid resistance research. In this study, we selected

11 candidate genes for qRT-PCR analysis based on
results of comparative transcriptome sequencing
results. We found that while transcript 1 (CYP303A1)
and transcript 11 (cytochrome P450 2A12) were 3.5-
and 2.28-fold higher in the DR1 strain than in the DS
strain, the difference was not statistically significant
(P> 0.05). These two transcripts belong to the CYP2
clan of the cytochrome P450 superfamily that contains

Fig. 4. In vivo validation by RNAi and WHO susceptibility tube bioassay. (A) RNAi efficiency verification of venom
allergen 5 by qRT-PCR. The NC RNA and siRNA40 were microinjected into the thorax of adult female mosquitoes. The WT
mosquitoes that were not microinjected were used as a noninjected control. The siRNA40 reduced the expression of venom
allergen 5 by �50% compared with the WT and the NC groups. (B) The viability of microinjected mosquitoes following a
WHO susceptibility tube bioassay with 0.05% deltamethrin-impregnated drug membranes. The knockdown expression of
venom allergen 5 by siRNA40 decreased the viability of adult female mosquitoes by 30–40% compared with the WT and the
NC groups. All mosquitoes in the PY control (nonpyrethroid control membrane) tubes were alive. Figures show the
mean 6 SD of three independent experiments. *P< 0.05, **P< 0.01.

Fig. 5. Quantitative real-time PCR analysis of venom allergen 5 at different developmental stages of Cx. pipiens pallens. The
venom allergen 5 gene was transcribed at all developmental stages. The transcriptional levels of venom allergen 5 were 2.2-, 3.3-, and
12.3-fold higher in the DR1 strain than in the DS strain at the egg, female, and male adult stages. The expression level of
mosquitoes at the egg stage of the DS strain was considered to be 1. The figures show the mean 6 SD of three independent
experiments. *P< 0.05, **P< 0.01 compared with the DS strain.
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many putative genes thought to be involved in pyreth-
roid resistance (Yang and Liu 2011). However, by far,
the majority of pyrethroid resistance-associated genes
belong to the CYP6 family of the CYP3 clan (Edi et al.
2014), and the CYP4 family of the CYP4 clan (Reid
et al. 2014). In contrast, little is currently known about
the relationship between the CYP2 clan and insecticide
resistance. We found no significant difference in
CYP303A1 and cytochrome P450 2A12 between the
DS strain and the DR1 strain. Similarly, the majority of
the P450 genes were not associated with pyrethroid
resistance in Cx. quinquefasciatus (Yang and Liu 2011).
Thus, these two P450 genes were not chosen for fur-
ther examination in the two field populations.

However, venom allergen 5 was significantly overex-
pressed in the adult females of DR laboratory popula-
tions and the two field populations. Moreover, we
found that the transcriptional level of venom allergen 5
in laboratory populations was elevated as the levels of
deltamethrin resistance increased. To further investi-
gate the role of venom allergen 5 in deltamethrin resist-
ance, we verified its functionality both in vitro and
in vivo. We report that the overexpression of venom
allergen 5 decreased the susceptibility of mosquito cells
to deltamethrin treatment in vitro, mainly presented as
decreased deltamethrin cytotoxicity. On the other
hand, the knockdown of venom allergen 5 by RNAi
increased the susceptibility of mosquitoes to deltameth-
rin exposure in vivo, mainly presented as increased del-
tamethrin toxicity. These two verifications of the
functionality of this candidate gene strongly suggest
that venom allergen 5 is associated with deltamethrin
resistance in mosquitoes. Hence, this study further sup-
ports the idea that pyrethroid resistance is a compli-
cated genetic phenomenon and is involved in a
multimechanism or interaction of several genes (David
et al. 2005, Liu et al. 2007).

The venom allergen 5 gene was expressed at all devel-
opmental stages of Cx. pipiens pallens and its expression
levels were significantly higher in the eggs, females, and
males of the DR1 strain than in those stages of the DS
strain. These results suggest that venom allergen 5 might
play a role in deltamethrin resistance at multiple develop-
mental stages. Interestingly, we also found that the
expression levels of this gene were extremely low in the
first- to fourth-instar larval stages. We speculate that
venom allergen 5 is important for cell growth and devel-
opment. This gene may be a multifunctional protein, per-
forming different functions at different stages, as do the
insect UDP-glycosyltransferases that play important roles
in detoxication of xenobiotics, cuticle formation, pigmen-
tation, and olfaction (Huang et al. 2008, Bozzolan et al.
2014). The specific biological function of venom allergen
5 in Cx. pipiens pallens warrants further study.

The putative protein of venom allergen 5 contains an
SCP-like extracellular protein domain. It has been pro-
posed that the SCP domain may function as an endopep-
tidase. Endopeptidases are capable of hydrolyzing
peptide bonds in the intermediate portion of proteins and
play important roles in many biological processes. The
differential transcription of genes coding for peptidase
activity has been reported in insecticide-resistant

Drosophila strains (Pedra et al. 2004). Indeed, peptidases
are thought to drive insecticide resistance via their roles
in the induction of protein biosynthesis, the modification
of enzyme conformation (Ahmed et al. 1998), or in meet-
ing energy demands during stress in protein degradation
(Pedra et al. 2004). In addition, the SCP domain has also
been proposed to be a Ca2þ chelating serine protease.
Serine proteases, such as trypsin and chymotrypsin, have
been recognized as pyrethroid metabolism-associated
genes (Yang et al. 2008, Xiong et al. 2014). Different tryp-
sin-like serine proteinases may favor energy accumulation
and amino acid provision, possibly mitigating the fitness
costs associated with insecticide resistance in some strains
of maize weevil (Silva et al. 2010).

Venom allergen 5 is a SCP superfamily member. Helot-
hermine, another SCP superfamily member found in the
venom of the Mexican beaded lizard (Heloderma horri-
dum horridum), blocks both voltage-gated Ca2þ and Kþ

channels (Nobile et al. 1994, 1996). It is known that pyr-
ethroids cause paralysis in insects by preventing the closure
of the voltage-gated sodium channels (Hemingway et al.
2004, Dong et al. 2014). However, the role of venom aller-
gen 5 in modulating voltage-gated sodium channels
remains unknown, and a subject worthy of further study.

The results of this study provide the first evidence
indicating that the venom allergen 5 gene with a SCP
domain is associated with pyrethroid resistance in mos-
quitoes. This gene is expected to become a target gene
in field detection of resistance.
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