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Abstract

Background: Odorant-binding proteins (OBPs) play important roles in many physiological processes of mosquitoes.
Previous high-throughput sequencing studies have revealed that some OBPs of Culex quinquefasciatus might be
involved in the development of resistance to insecticides.

Methods: Based on the results of sequencing analyses, the OBP28 gene was selected for evaluation in this study.
Three laboratory strains of Cx. quinquefasciatus [susceptible strain (SS), deltamethrin-resistant strain 1 (HN) and del-
tamethrin-resistant strain 2 (RR)] were first examined by using the Centers for Disease Control and Prevention bottle
bioassay, after which the expression level of the OBP28 gene in the susceptible and deltamethrin-resistant strains was
determined by real-time quantitative polymerase chain reaction. The OBP28 gene in deltamethrin-resistant strain RR
was silenced using RNA interference technology. The expression level of OBP28 and the resistance level were tested
in the silenced strain and control strain after microinjection of double-stranded RNA for a 48-h interference period.
Four field-collected strains (henceforth ‘field strains’) of Cx. quinquefasciatus were also examined for their resistance to
deltamethrin and levels of OBP28 expression. Finally, a correlation analysis between deltamethrin resistance and gene
expression was carried out for all seven strains, i.e. the four field strains and the three laboratory strains.

Results: In the bioassay, the mortality of SS, HN and RR was 100%, 21.33% and 1.67%, respectively. The relative
expression levels of OBP28 in strains HN and RR were 6.30- and 6.86-fold higher, respectively, than that of strain SS.
After silencing of the OBP28 gene, the mortality of strain RR was 72.20% and that of the control strain 26.32%. The
mortality of strain RR increased significantly after interference compared to that of the control strain. There was a neg-
ative correlation between OBP28 gene expression and mortality in adult mosquitoes after exposure to deltamethrin.

Conclusions: To our knowledge, this study shows for the first time a correlation between the expression of a gene
coding for OBP and insecticide resistance in mosquitoes. The potential resistance mechanism that was elucidated
provides a new target gene for the surveillance of resistance in mosquitoes.
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Highlights
1. RNA sequencing showed that OBP28 gene expression was higher in the deltamethrin-resistant strains.
2. The qPCR results verified that OBP28 gene expression was higher in the resistant strains.
3. RNA interference silenced the OBP28 gene at an efficiency of more than 50%.
4. The sensitivity of Cx. quinquefasciatus to deltamethrin increased after OBP28 had been silenced.
Keywords: Culex quinquefasciatus, Deltamethrin, Resistance, Odorant-binding protein 28, RNA interference
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Background (5R,6S)-6-acetoxy-5-hexadecanolide under conditions

Culex quinquefasciatus is a major vector of Bancroft’s
filariasis in China, and an important vector of Japanese
encephalitis and other infectious diseases such as West
Nile virus and western equine encephalomyelitis [1, 2].
Although chemical control can be effective for the rapid
control of mosquitoes [3], the development of resistance
among mosquitoes is increasing with the long-term and
intensive use of insecticides, and has become a major
obstacle in the control of mosquito-borne diseases [4].
The larvae of Cx. quinquefasciatus inhabit eutrophic
waters with a high organic content, and may come into
contact with various types of insecticides as a conse-
quence. In many provinces and cities of southern China,
Cx. quinquefasciatus already exhibits different degrees of
resistance to pyrethroid insecticides. In certain regions of
a large number of provinces, such as Shandong, Hunan
and Guangdong, resistance levels have increased by a fac-
tor of one hundred to several thousands [5-7]. Under-
standing the mechanisms of resistance is essential for
formulating reasonable chemical control strategies. The
discovery and further investigation of resistance-related
genes in Cx. quinquefasciatus should help scientists to
develop new methods and measures for the detection
and management of resistance.

The olfactory system of insects plays a very impor-
tant role in their survival and propagation [8], and is
an important research area for the development of new
control strategies designed to prevent mosquito-borne
infections [9]. In the chemosensory systems of insects,
olfactory function is primarily mediated by soluble bind-
ing proteins such as odorant-binding proteins (OBPs).
These proteins are mainly present in the lymph of insect
olfactory organs [10]. OBPs transfer odor substances
through the sensillum lymph to olfactory receptors,
and thus promote the sensitivity of olfactory organs
[11]. The interaction between odorant molecules and
OBPs may be a first step in olfactory molecule recog-
nition and signal transduction in insects [12, 13]. In
Helicoverpa armigera, OBP10 interacts with the insect
repellent 1-dodecene [14]. Mao et al. [15] found that
Cx. quinquefasciatus OBP1 shows strong affinity for

of high pH, and therefore considered that OBP1 might
be of use as a potential molecular target of oviposition
attractants in mosquitoes. Honeybee OBP ASP2 specifi-
cally interacts with imidacloprid, a neonicotinoid insec-
ticide, which affects olfaction and cognition [16]. Xiong
et al. [17] showed that upregulation of OBP protein C01
expression in Tribolium castaneum resulted in reduced
sensitivity to dichlorvos and carbofuran. An increase in
affinity between OBPs and exogenous insecticides is one
of the major mechanisms in the development of insecti-
cide resistance in insects. The OBP9 gene of Spodoptera
litura was significantly upregulated after treatment with
chlorpyrifos, and mortality increased significantly when
this gene was deleted [18]. These results indicate that the
toxicity of insecticides may be reduced by their interac-
tion with OBPs. Thus, this mechanism may play a role in
insect resistance to insecticides [19].

In recent years, with the rapid development of RNA
interference (RNAi) technology, double-stranded RNA
(dsRNA)-mediated gene silencing has been increasingly
applied to study gene functions [20]. For example, RNAi
technology has been used to confirm that the PcEI, PcE7
and PcE9 genes are involved in the detoxification process
of fenpropathrin in Panonychus citri [21]. By using RNAI,
Hu et al. [22] showed that the prosalpha6 gene corre-
lated with stress responses to deltamethrin in Drosophila
melanogaster. Another study showed that CYP9/40 and
CYP6AA7 gene overexpression was associated with the
resistance of Cx. quinquefasciatus to deltamethrin [23].
Liu et al. [24] cloned the permethrin resistance-associ-
ated opsin gene of Culex pipiens pallens and compared its
homology with other insect resistance-associated genes,
and hypothesized that this gene participates in the resist-
ance mechanism of Cx. pipiens pallens to permethrin.

A high-throughput sequencing study showed that
OBPjj7a, and OBP28 in particular, of Cx. quinquefas-
ciatus may be involved in the development of resistance
[25]. In the present study, a series of bioassays were con-
ducted to determine the relationship between OBP28
and the resistance of Cx. quinquefasciatus to deltame-
thrin. Bioassays were conducted on both larvae and
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adults of three strains: a susceptible strain (SS) and two
resistant strains [deltamethrin-resistant strain 1 (HN)
and deltamethrin-resistant strain 2 (RR)]. The HN strain
was tested directly. The RR strain was tested directly and
with silencing of OBP28 and egfp, the gene that codes for
enhanced green fluorescent protein (EGFP). Changes in
the expression of OBP28 and deltamethrin sensitivity
were examined after gene silencing. Finally, a correlation
analysis was performed between OBP28 gene expression
in the seven different Cx. quinquefasciatus strains exam-
ined [three laboratory strains and four field-collected
strains (henceforth ‘field strains’)] and their levels of
resistance to deltamethrin.

Methods

Mosquito strains

Three laboratory strains of Cx. quinquefasciatus were
used in this study. SS is a laboratory strain originally from
Guangzhou that has been kept in the laboratory for more
than 10 years without exposure to any insecticides. The
HN strain was collected from Haikou city, Hainan prov-
ince in 2013 and was reared in the laboratory until use
in this study. The RR strain was obtained by exposing the
HN strain to deltamethrin in the laboratory for 30 gener-
ations. The three strains have been kept in the same labo-
ratory under the same feeding conditions. Field strains
of Cx. quinquefasciatus were collected in four regions
of Guangxi province and Hainan province, China: Bei-
hai, Guangxi (BH; 21°28'57"N, 109°8’4”E); Liuzhou,
Guangxi (LZ; 24°19'59”N, 109°26/38"E); Sanya, Hainan
[SY1 (18°25'7" N, 109°53/15” E) and SY2 (18°15'14"N,
109°31’20”E)]. Pipettes and mesh screens were used to
obtain the field strains of Cx. quinquefasciatus from sew-
age stored in containers and from underground sewage
systems. The larvae and adults were bioassayed after
the field strains had been reared for one generation in
the laboratory. The mosquitoes were reared at 26 +1 °C,
75+ 5% relative humidity, and under a light:dark sched-
ule (L:D) of 14 h:10 h. The adult mosquitoes of seven
strains were fed with 8% sugar water for 3-5 days after
emergence, then fed with blood meals to breed the next
generation.

Insecticide resistance bioassays
The laboratory-susceptible strain, SS, and the two del-
tamethrin-resistant strains, HN and RR, were used for
the insecticide resistance bioassays. Bioassays were per-
formed on the larvae and adults of each strain of Cx.
quinquefasciatus to determine the median lethal concen-
tration (LCy) [26, 27] of deltamethrin for each.

For the larval bioassays, serial dilutions of deltame-
thrin (five to seven concentrations) were prepared using
acetone and deionized water; acetone was used as the
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control. Each concentration was tested on 30 larvae that
were between the end of the third instar and the begin-
ning of the fourth instar; there were three repeats for
each concentration. Mortality was recorded after 24 h.
The experiments were performed at 25 °C, 75% relative
humidity and under a L:D of14 h:10 h.

The LCs, values were calculated using Schoofs and
Willhite’s [28] probit analysis program. The resist-
ance ratio [29] is the ratio of the estimated LCj;, of each
strain to the LCy, of the susceptible strain (SS). When
the resistance ratio is <5, the field population is consid-
ered susceptible; when the resistance ratio is between 5
and 10, the mosquitoes are considered to have moderate
resistance; and when the resistance ratio is > 10, the mos-
quitoes are considered highly resistant.

Adult female Cx. quinquefasciatus were collected at
3-5 days after emergence, and bioassays were performed
using the Centers for Disease Control and Prevention
(CDC) bottle bioassay [31, 32]. Deltamethrin was diluted
in acetone to prepare a 5 pg/ml stock solution. A 1-ml
volume of this solution was evenly spread over the inside
of each 250-ml glass bottle. The bottles were rotated to
allow the insecticidal agent to spread evenly over the
inside of the bottles, and the bottles were then placed in a
drawer in the dark for no more than 24 h. Twenty female
mosquitoes were placed in each treatment bottle, and
each treatment was repeated three times. The criteria
for death were inability to stand or fly. The mortality of
the female mosquitoes after 24 h of exposure was used as
the standard for resistance [32]. All the experiments were
performed at 25 °C, 75% relative humidity and a L:D of
14-h:10 h. The experimental groups were treated with the
deltamethrin and acetone mixture, and the control group
with the acetone solution only.

According to the standard developed by the World
Health Organization (based on the recommendations of
CDC) [30, 32], the resistance levels of adult mosquitoes
were classified as follows: 98—-100% mortality denoting
sensitivity, 80-97% mortality denoting possible resist-
ance, and mortality lower than 80% denoting resistance.

RNA extraction, complementary DNA synthesis

and real-time quantitative polymerase chain reaction
Total RNA from the three laboratory strains of Cux.
quinquefasciatus was extracted using a method employ-
ing TRIzol. For each strain, there were 20 female mos-
quitoes per reaction tube and three replicate tubes.
After the concentration and optical density (260/280 nm
and 260/230 nm) of the RNAs had been measured, the
RNA fragments were examined using an Agilent 2100
Bioanalyzer to ensure that they were of sufficient qual-
ity. One microgram of messenger RNA in a 20-pl reac-
tion volume was reverse transcribed into complementary
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DNA (cDNA) in accordance with the Prime Script RT
Reagent Kit with genomic DNA Eraser protocol under
the following conditions: 37 °C for 15 min, 85 °C for 5 s,
followed by a 4 °C hold. Ribosomal protein L8 gene [33]
and 18S ribosomal RNA gene [26] were used as the inter-
nal control genes for calibration. The primers and probes
used for the target and internal control genes were syn-
thesized based on the sequences given in Table 1. cDNA
was used as the template for the real-time quantitative
polymerase chain reaction (qPCR) using the Premix Ex
Taq qPCR Reagent Kit protocol; for the negative con-
trol, double-distilled H,O was used in place of the tem-
plate. The qPCR system included 10 pl of Premix Ex
Taq (probe-based qPCR), 0.4 ul of PCR forward primer,
0.4 pl of PCR reverse primer, 0.8 pl of probe, 2 ul of DNA
template and 6.4 pl of sterile water. The reaction condi-
tions were as follows: 40 cycles of denaturation at 95 °C
for 30 s, amplification at 95 °C for 5 s then at 60 °C for
30 s, and final extension at 50 °C for 30 s. There were
three technical repeats and three biological repeats per
reaction.

dsRNA synthesis and RNAi
The coding sequence of the OBP28 gene was retrieved
from the National Center for Biotechnology Informa-
tion database, and dsRNA primers were designed using
E-RNAIi online. The primers were synthesized accord-
ing to the following sequences: OBP-T7F, taatacgactcac-
tatagggGCGTTGTTTTTGACGGTTTT; and OBP-T7R,
taatacgactcactatagggTCTTCTCACCGATCCACCTT.
The full-length dsRNA target was the 440 base pairs (bp)
located between nucleotides 56 and 495 of the target
gene. A 287 bp EGFP was used as the negative control
(EGFP-T7F, taatacgactcactatagggCAGTGCTTCAGC
CGCTAC; and EGFP-T7R, taatacgactcactatagggGTT
CACCTTGATGCCGTTC).

The following reverse transcription-polymerase chain
reaction system (50 pl) was prepared: 5 pl of 10x LA
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buffer, 8 ul of ANTPs (2.5 mM), 1 pl of forward primer
(10 pM), 1 pl of reverse primer (10 uM), 2 pl of cDNA
template, 0.5 ul of LA Taq (5 U/pl), and 32.5 pl of double-
distilled H,O. cDNA synthesized according to the above
method and the EGFP plasmid were used as templates
for PCR amplification. The PCR products were subjected
to agarose gel electrophoresis and sequencing analy-
sis to confirm the target bands. The PCR products were
purified using a TaKaRa MiniBest DNA Fragment Puri-
fication Kit to obtain high-purity DNA for subsequent
in vitro transcription. A 20-pl transcription reaction
system was prepared according to the TaKaRa MEGA
script RNAI In Vitro Transcription Reagent Kit protocol
as follows: 2 ul of 10x T7 reaction buffer, 2 pl of ATP/
CTP/UTP/GTP, 2 pl of T7 enzyme mix, and 1 pg of DNA
template; nuclease-free water was added to a total vol-
ume of 20 pl. The reaction was carried out at 37 °C over-
night. Pure dsRNA was obtained after nuclease digestion
and dsRNA purification. The dsRNA concentration was
measured using a NanoDrop spectrophotometer and
subsequently diluted to 600 ng/pl.

Female Cx. quinquefasciatus of the RR strain were col-
lected on days 3-5 after emergence and fasted for 4 h
before being anesthetized with CO,. The dsRNA-OBP28
was microinjected at 0.5 pl/mosquito, after which the
mosquitoes were placed in new mosquito cages and fed
8% sugar water. Control groups were set up simultane-
ously, one with an injection of dsSRNA-EGFP and the
other with no treatment. Samples were collected at 24 h,
48 h and 72 h after microinjection. There were three
repeats for each treatment, and each repeat comprised
20 female mosquitoes. The expression level of OBP28 was
determined by qPCR.

Determination of deltamethrin sensitivity in Cx.
quinquefasciatus after RNAi

Bioassays were performed on mosquitoes after RNAi
according to the steps described above, and sensitivity to

Table 1 Primers and probes used for the real-time quantitative polymerase chain reaction

Primer description Primer name Primer sequence
18S ribosomal RNA (rRNA) 18STRNAF 5'ATTACGTCCCTGCCCTTTGTAC3!

185 RNAR 5'CACCTTCAAAGACCTCACTAAATAATCC3!

18SRNAP 5'CACCGCCCGTCGCTACTACCGA3!
Ribosomal protein L8 (RPL8) RPL8 F 5’AGTTCAAGCTCCGCAAGCA3’

RPL8 R 5/CACGAACTGGCCGGTGTACS!

RPL8 P 5'TTCATCGCCGCCGAGGGC3!
Odorant-binding protein 28 (OBP28) OBP28 F 5'/CGAAGATGAATCGCTTGCAA3!

OBP28 R 5"TGGCCTGCTCTTTGTCTGAA3'

OBP28 P 5'TTCGTACTTGCACACGTTCAGGGCC3!
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deltamethrin determined for the experimental and con-
trol groups.

Functional validation using field strains of Cx.
quinquefasciatus

The sensitivity of the field strains to deltamethrin was
determined and the expression levels of the OBP28 gene
measured using the methods described above.

Statistical analysis

All the statistical analyses were conducted using SPSS
21.0 software (IBM, Chicago, IL). The deltamethrin bio-
assay results for the three laboratory strains and four field
strains (mortality after deltamethrin treatment) were
analyzed with Fisher’s exact test. The 27T method was
employed to calculate the relative level of OBP28 gene
expression, as well as the level of expression after inter-
ference. LC;, values for the insecticide were calculated by
log concentration-probit (mortality) regression [34]. Stu-
dent’s ¢-test was used, and P>0.05 was considered statis-
tically non-significant.

Results

Deltamethrin resistance levels in the three laboratory
strains of Cx. quinquefasciatus

The LCs, values for larvae of the SS, HN and RR strains
were 0.0000029 pg/ml, 0.014 pg/ml and 0.572 pg/ml,
respectively [35]. The two resistant strains both displayed
high resistance levels (Table 2). The average mortality of
adult mosquitoes was 100.04+0.0%, 21.33+7.64% and
1.67 £2.89%, respectively, for strains SS, HN and RR in
the bioassay. The average mortality of strain HN strain
was 78.67% lower than that of SS, and the difference was
statistically significant (P<0.01). The average mortality of
the RR strain was 98.33% lower than that of the SS strain,
and the difference was significantly significant (P<0.01).
Although the average mortality of the RR strain was
19.66% lower than that of the HN strain, the difference

Page 5 of 9

was not significant (P>0.05). Because the mortality of
adults of both the HN and RR strains was lower than
80%, adults of both strains were considered resistant and
thus could be used for the subsequent resistance experi-
ments (Fig. 1a).

Expression levels of OBP28 in the three laboratory strains
of Cx. quinquefasciatus

Relative levels of OBP28 gene expression in the three
laboratory strains of Cx. quinquefasciatus were analyzed
by qPCR. The relative expression levels in strains SS,
HN and RR were 1.03£0.08, 6.49+0.45 and 7.07 £0.49,
respectively. Compared to the SS strain, OBP28 gene
expression in the two resistant strains was upregulated;
the relative expression level in the HN strain was 6.30-
fold higher than that in strain SS (P<0.01); the relative
expression level in strain RR was 6.86-fold higher than
that in strain SS (P<0.05). Levels of expression in both
resistant strains were significantly different from that of
the SS strain; the levels of expression of the two resistant
strains were not significantly different (P> 0.05) (Fig. 1b).

Confirmation of the most appropriate duration of RNAi
after dsRNA microinjection of strain RR

Expression levels of OBP28 after different durations of
RNAi were detected using qPCR (Fig. 2). After 24 h, 48 h
and 72 h, the expression levels of OBP28 in the experi-
mental groups decreased compared to those in the con-
trol group. Student’s ¢-test showed that the decrease in
OBP28 expression was not significantly different between
the groups after 24 h (P>0.05). However, after 48 h and
72 h, there was a significant decrease in OBP28 expres-
sion in the dsRNA-OBP28 group (P<0.05). Compared
to the dsRNA-EGFP group, OBP28 expression in the
dsRNA-OBP28 group decreased by 26.04%, 53.68% and
45.74% at 24 h, 48 h and 72 h, respectively. Based on the
above results, the subsequent experiments were con-
ducted at 48 h after dsRNA injection.

Table 2 Resistance to deltamethrin of larvae of three laboratory strains [susceptible strain (SS), deltamethrin-resistant strain 1 (HN) and
deltamethrin-resistant strain 2 (RR)] and four field-collected strains [from Beihai, Guangxi (8H); Liuzhou, Guangxi (L2); and Sanya, Hainan

(SY7 and SY2)] of Culex quinquefasciatus determined by bioassay

Strain Slope £ SE LCsp (pg/ml) 95% Cl X2 (df) P Resistance ratio
SS 245240248 0.0000029 0.00000192-0.00000687 9.265(3) 0.026 1

HN 0.827£0.177 0.014 0.002-0.032 2.521(3) 0472 4828

RR 0.900+0.116 0572 0.381-0.782 5.224(4) 0.265 197,241

Lz 1.796+£0.211 0.159 0.125-0.195 0.234(3) 0972 54,828

BH 252510274 0.130 0.108-0.153 2.681(3) 0.444 44,828

SY2 232240263 0.083 0.066-0.099 0.714(3) 0.870 28,621

SY1 2.024+0.240 0.101 0.078-0.124 0.263(3) 0.967 34,828

LCsy Median lethal concentration, Cl confidence interval
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Fig. 1 a, b Resistance to deltamethrin and relative expression of the gene coding for odorant-binding protein 28 (OBP28) in adult mosquitoes
of three laboratory strains [susceptible strain (SS), deltamethrin-resistant strain 1 (HN), and deltamethrin-resistant strain 2 (RR)]. a Sensitivity of
strains SS, HN and RR to deltamethrin determined using a distinguishing dosage method. b Relative expression of OBP28 in strains SS, HN and RR
determined by real-time quantitative polymerase chain reaction (qPCR). * P<0.05, ** P<0.01
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Fig. 2 Relative expression levels of OBP28 at 24 h, 48 h and 72 h after
microinjection of double-stranded RNA (dsRNA) into laboratory strain
RR. The interference effects of dsRNA microinjection were compared
for the same time periods. Each column indicates the mean
expression level. * P<0.05. EGFP Enhanced green fluorescent protein;

for other abbreviations, see Fig. 1

Interference effect of microinjection with dsRNA on OBP28
and changes in deltamethrin sensitivity in strain RR

The interference effect of dsSRNA on OBP28 gene expres-
sion levels in Cx. quinquefasciatus at 48 h after microin-
jection were determined by qPCR. The level of OBP28
gene expression in strain RR injected with dsSRNA-OBP28
was 53.68% lower than that of the control group injected
with dsRNA-EGFP, and there was a statistically signifi-
cant difference between the levels in the experimental
groups injected with dsSRNA-OBP28 and dsRNA-EGFP
(P<0.05) (Fig. 3a). Resistance in female Cx. quinquefas-
ciatus at 48 h after interference was measured using a

CDC bottle bioassay. Mortality in Cx. quinquefasciatus
injected with dsRNA-EGFP was 26.32% after exposure
to 5 pug/ml deltamethrin for 30 min. However, mortality
in the experimental group injected with dsRNA-OBP28
increased to 72.20% after OBP28 gene silencing, and
was significantly different from that of the control group
(P<0.05) (Fig. 3b). These results confirmed that interfer-
ence of the expression of OBP28 decreased deltamethrin
resistance in Cx. quinquefasciatus.

Resistance levels and OBP28 gene expression levels

in the four field strains of Cx. quinquefasciatus

Adult mosquitoes were exposed to 5 pg/ml deltamethrin
for 30 min in the bioassays. Mortality of the field strains
BH, LZ, SY1 and SY2 was 26.69 £ 20.20%, 15.10 £ 2.25%,
2.83+3.09% and 7.42+2.66%, respectively (Fig. 4a). The
mortality of each of these four strains, which was lower
than 50%, met the resistance standard. OBP28 gene
expression determined by qPCR was upregulated in the
field strains compared to the SS strain; the relative lev-
els in strains BH, LZ, SY1 and SY2 were 5.76 +3.91,
3.17+£1.80, 527+0.69 and 12.45+6.26, respectively
(Fig. 4b). The levels in the BH and LZ strains were sig-
nificantly different from that in the SS strain at P<0.05;
in the SY1 and SY2 strains, the levels were significantly
different from that in the SS strain at P<0.01.

Discussion

Deltamethrin-resistance mechanisms have been eluci-
dated in various insects, including at an epidermal [36]
and metabolic level [37], and due to knockdown resist-
ance [38]. Olfaction plays an important role in the biol-
ogy of mosquitoes. OBPs are multifunctional proteins



Shen et al. Parasites & Vectors (2022) 15:2

Page 7 of 9

1Y

1.2

b

0.8

0.6

0.4

0.2

Relative expression of OBP28

0

control dsRNA-EGFP dsRNA-OBP28

undergo any treatment. For abbreviations, see Figs. 1 and 2

Mortality proportion at

80.0%

60.0%

40.0%

diagnostic time

*
%

20.0% - §

1

dsRNA-EGFP dsRNA-OBP28

0.0%
control

Fig. 3 a, b Resistance to deltamethrin and relative expression of OBP28 in laboratory strain RR. a Relative expression of OBP28 in strain RR 48 h
after microinjection with dsRNA-OBP28 and dsRNA-EGFP, as determined by qPCR. The blank control did not undergo any treatment. b CDC bottle
bioassay to detect resistance to deltamethrin in strain RR 48 h after microinjection with dsRNA-OBP28 and dsRNA-EGFP. The blank control did not

b
100%q c 20+ *%
i)
.‘6 o/ A
< o 80% 8 154
£ E 2%
o = 60% A [OXa ) *
Q O oo
28 0 ™M
40%4 © Y=
zs 7 ®°
© = 54
£° 20% 2
= 0}
0% 0
Vv
2
Strain Strain
Fig. 4 a, b Resistance to deltamethrin and relative expression of OBP28 in the four field-collected strains [from Beihai, Guangxi (BH); Liuzhou,
Guangxi (L2); and Sanya, Hainan (SY7 and SY2)]. a Sensitivity of the four strains to deltamethrin determined by a CDC bottle bioassay. b Relative
expression of OBP28 in the four strains determined by gPCR. For other abbreviations, see Fig. 1

that can recognize and transport odorant molecules pre-
sent in the environment and exchange information with
the environment to guide a series of behavioral processes
in insects [39]. OBPs can bind pheromones or poisonous
odors present in the environment and transport them to
the hemolymph for detection by odorant receptors. Some
OBPs contain a N,N-diethyl-3-methylbenzamide binding
site, which might be associated with the ability of mos-
quitoes to avoid that particular compound [40]. Ingham
et al. [42] showed that expression of the protein SAP2
increases significantly in pyrethroid-resistant Anopheles
gambiae and is mainly concentrated in the legs. It was
speculated that SAP2 mediates the avoidance of An. gam-
biae to insecticides, which manifests as resistance [41].

The expression of Obp99a was found to change signifi-
cantly in Drosophila as a result of oxidative stress after
the insect’s exposure to parathion [42]. High-throughput
sequencing analyses of genes of 12 strains of mosqui-
toes that play a role in insecticide resistance showed that
OBP28 might be associated with deltamethrin resist-
ance in mosquitoes [25]. To our knowledge, the present
study is the first to use qPCR to confirm that OBP28
gene expression levels are indeed significantly different
between susceptible and resistant strains of Cx. quinque-
fasciatus. Indeed, OBP28 gene expression levels in
deltamethrin-resistant strains were significantly upregu-
lated, and RNAi technology was employed to further
investigate the relevant functions of this gene.
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At present, RNAIi technology is extensively applied
in studies on gene functions. Its use does not alter the
genome of mosquitoes and thus does not damage their
genetic diversity. At present, the introduction of dsRNA
into insects is mainly achieved by microinjection or
through feeding. In this study, a microinjection method
was used to introduce dsRNA into adult Cx. quinque-
fasciatus. The best interference time for RNAi was
investigated, and OBP28 gene expression levels at dif-
ferent time periods determined using 24 h as the time
interval unit (interference time). The interference effi-
ciency first increased and then decreased with time, and
was highest at 48 h. Therefore, 48 h was selected as the
time point of analysis in the subsequent experiments. In
Aedes albopictus, the expression level of a silenced vitel-
logenin-2 gene was most significantly reduced at day 3
after dsSRNA microinjection and significantly upregulated
after day 4 [43]. Singh et al. [44] used a dipping method
to interfere with the B-tubulin gene in Aedes aegypti and
showed that 7 days of interference was required to reach
the peak effect. A feeding method was used to silence
the topoisomerase inhibitor-suppressed gene in Anoph-
eles stephensi [45]; the interference effect was best at 3 h,
plateaued at 6 h, and had decreased significantly by 24 h.
The best interference time in our study may have been
different from the latter’s due to the different dsRNA
concentrations, insect stages, interference methods and
target genes examined [45]. The results of our RNAIi
experiments provided further evidence of a negative rela-
tionship between OBP28 gene expression levels and del-
tamethrin resistance in mosquitoes.

The negative correlation suggests that there may be an
interaction between OBP28 and deltamethrin which ena-
bles mosquitoes to sense the presence of this insecticide
and thus show avoidance responses. Thus, mosquitoes
may be able escape the insecticide’s action, and new phe-
notypes develop as a result of this behavioral resistance.
To further analyze the association between the OBP28
gene and resistance, mosquitoes were collected from four
geographic locations in the field. The results indicated
that resistance increased in adults due to an increase in
OBP28 expression. Overall, both the experimental results
of the RNAI and verification of the results using the four
field strains confirmed a significant relationship between
OBP28 gene expression and deltamethrin resistance in
mosquitoes.

Conclusions

This study validates, to our knowledge for the first time,
the hypothesized relationship between the level of
expression of a gene coding for an OBP and insecticide
resistance in mosquitoes, and elucidates a novel insecti-
cide resistance mechanism in mosquitoes. Furthermore,
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the results suggest that OBP28 can be used as a new tar-
get gene for the surveillance of deltamethrin resistance
in Cx. quinquefasciatus. In future work, more olfactory
gene products, such as OBPs, odorant receptors and gus-
tatory receptors, which interact with different types of
insecticides, should be analyzed to identify novel resist-
ance mechanisms in mosquitoes to provide new methods
for detecting resistance as well as new targets for mos-
quito control.
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