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Abstract

Insecticide resistance in Aedes mosquitoes presents a major challenge to the control of arboviral diseases. However, resistance
mechanisms for many of the insecticides remain unknown. A commonly used insecticide, deltamethrin, was used to select
a resistance strain of the vector mosquito, Aedes albopictus, and we identified an F1534S substitution in the voltage-gated
sodium channel (VGSC) gene product as the first event in generating resistance. Engineering an F1534S substitution using
Cas9/gRNA technologies conferred deltamethrin resistance on a previously susceptible strain. Crosses that removed this
mutation restored the susceptible phenotype. Predicted protein structural changes and differences in transcript accumulation
levels were correlated with the resistance phenotype. Furthermore, F1534S mutations were detected in all resistant Ae. albop-
ictus populations collected in the field. We conclude that the VGSC F1534S mutation is essential for resistance to deltame-
thrin in Ae. albopictus, and is a suitable molecular index for pyrethroid resistance detection and monitoring in this species.

Keywords Resistance mechanism - Target-site resistance - VGSC - Resistance monitoring
Key message

e Target-site resistance plays an initial and important role
in the evolution of deltamethrin resistance in Aedes
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e An F1534S substitution in the VGSC gene product is
essential and sufficient in generating deltamethrin resist-
ance in Aedes albopictus.
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Introduction

Beijing Center for Disease Prevention and Control, Beijing, Mosquito-borne diseases cause a significant burden to

China human health. The Asian tiger mosquito, Aedes albopictus,
4 Program in Public Health, University of California, Irvine, is the vector for several arboviruses, including dengue, Zika
Irvine, CA, USA and chikungunya fever viruses (Paupy et al. 2009), and also
5 Department of Microbiology & Molecular Genetics, is tl}e most invasiw? Ir'losquito species in the world (Boniz-
University of California, Irvine, CA 92697-4025, USA zoni et al. 2013). Within the past half-century, Ae. albopictus
6 Department of Molecular Biology & Biochemistry, has expanded f.rom its Southeast Asia origin to alll c.ontlnepts
University of California, Irvine, CA 92697-3900, USA except Antarctica (Chen et al. 2015), bringing with it a major
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threat to public health. Vector control, especially with syn-
thetic insecticides, is the main strategy of mosquito-borne
disease prevention and control (WHO 2011). However, wide
and improper application of insecticides has led to ever-
increasing insecticide resistance, especially against the most
commonly used pyrethroids (Su et al. 2019), and this has
compromised the effectiveness of many control programs
(WHO 2012). Understanding the molecular mechanisms of
resistance and resistance evolution under selection in Ae.
albopictus is essential to the development of reliable resist-
ance detection methods (Ishak et al. 2016) and resistance
management (Shi et al. 2015).

Recognized mechanisms of pyrethroid insecticide resist-
ance in mosquitoes include mutations in genes that affect
the binding affinity of insecticides (target-site resistance)
(Marcombe et al. 2019; Xu et al. 2016), such as knock-
down resistance (kdr) caused by point mutations in the
voltage-gated sodium channel (VGSC) genes, the targets
of pyrethroids and DDT (Dong et al. 2014), and metabolic
detoxification of insecticides prior to reaching their targets
(metabolic resistance) (Liu 2015; Marcombe et al. 2019).
In addition, mechanisms such as cuticle modification (Bala-
banidou et al. 2016, 2018), behavioral resistance (Chareon-
viriyaphap et al. 2013) and chemosensory protein protection
(Ingham et al. 2020) have been proposed. The association
of these mechanisms to insecticide resistance is often based
on statistical relationships from field populations, which are
prone to confounding factors such as the complex history
of insecticide use, life history of the mosquito populations
and fluctuating environmental conditions. Establishment of a
causal relationship between specific mechanisms and insec-
ticide resistance has been challenging due to the lack of tools
for gene function confirmation and epistasis.

To date, most resistance detection methods are based
on mutations in genes that cause target-site insensitivity
(Saingamsook et al. 2017; Zhu et al. 2019). When insecti-
cide target genes have multiple alternate alleles or are part of
closely related gene families, the contribution to resistance
of individual alleles or genes must be quantified. Du et al.
(2013) expressed an Ae. aegypti sodium channel, AaNa,1-1,
in Xenopus oocytes and provided in vitro evidence for
pyrethroid resistance conferred by mutations in target-site
genes. For in vivo confirmation, recent studies using Cas9/
guide RNA (gRNA) technologies have demonstrated that
mutations in insecticide target sites can lead to increased
resistance in Drosophila melanogaster (Douris et al. 2020;
Samantsidis et al. 2020; Xue et al. 2021), Spodoptera exigua
(Zuo et al. 2017) and Anopheles gambiae (Grigoraki et al.
2021). Resistance mechanisms in Aedes mosquito remain
unclear due to the lack of individual studies, in vivo experi-
ments and causal evidence.

We used deltamethrin, a common pyrethroid insecti-
cide (WHO 2012; Godfray 2013), to screen a susceptible
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laboratory strain of Ae. albopictus to select for a resistant
strain and explore the mechanism of deltamethrin resistance
in this species.

Materials and methods
Mosquito strains and collection

This study used three laboratory Ae. albopictus strains (Sup-
plementary Table 1): (1) a strain provided by the Shanghai
Center for Disease Control and Prevention (Lab-S); (2) a
strain provided by the Beijing Center for Disease Prevention
and Control (Lab-BJ); and (3) a strain provided by Jiangsu
Institute of Parasitic Diseases (Lab-WX). The Lab-S strain
was used as a reference strain for the resistance bioassay, the
initial strain for selection of the laboratory resistant colony
and the construction of the genome-edited strain.

All mosquito strains were reared in the standard insectary
conditions (26 +2 °C, 14 h light: 10 h dark, 70 + 10% rela-
tive humidity) without insecticide exposure. Larvae were
fed with turtle food (the main ingredient is yeast powder,
Gold-inch, Huizhou, China). Adult mosquitoes were housed
in 20 cm X 20 cm X 35 cm cages and fed with 10% glucose.
Female adults were blood fed from defibrinated sheep blood
(Solarbio Life Sciences, Beijing, China) using a Hemotek
membrane feeding system (Discovery Workshops, Accring-
ton, UK).

Aedes albopictus were collected in 2021 from 11 field
sites in Guangdong Province, China, including three cities
in Guangdong Province: Jiangmen (JM), Zhanjiang (ZJ) and
Guangzhou (GZ), all in a subtropical area with a monsoon
climate and where it is the predominant dengue vector (Sup-
plementary Table 1). Field-collected larvae and pupae were
reared to adults and preserved for subsequent experiments.

Bioassays
Larval bioassay

The larval resistance bioassays were conducted following
WHO guidelines (WHO 2005). Industrial-grade deltame-
thrin (94.6%) was provided by the Chinese Centers for Dis-
ease Control and Prevention. Twenty-five 3rd—4th instar
larvae were added to 99 mL of dechlorinated tap water
and 1 mL of different concentrations of insecticide solu-
tion. Five to nine concentrations, providing a range of mor-
talities between 10 and 95%, were used to determine LCs
values, three replicates were performed per concentration.
Control bioassays were conducted by adding 1 ml of acetone
to 99 ml of distilled water. Larval mortality was recorded
after 24 h exposure.
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Adult bioassay

The adult resistance bioassays were performed using
0.05% deltamethrin insecticide-impregnated papers (Uni-
versiti Sains Malaysia, Penang, Malaysia) following the
standard WHO tube test protocol (WHO 2016a, b). In
each holding tube, 25 non-blood-fed female adults aged
3-5 days post-emergence were tested with five replicates
of field mosquitoes and two replicates of controls. After
1 h of exposure, the mosquitoes were transferred to hold-
ing tubes and fed on a 10% sucrose solution. Mortality
was recorded 24 h after exposure, and the Lab-S strain
was used as a control.

Selection of deltamethrin resistance strain

The Lab-S strain was used for selection of a deltame-
thrin resistance strain. Briefly, selection was performed
by exposing the 4th instar larvae for 24 h to a 50% lethal
concentration (LCs,) of deltamethrin as in previous stud-
ies (Deng et al. 2021; Shi et al. 2015; Thornton et al.
2020). The LCs, concentration was determined for each
generation by the larval resistance bioassay described
above. After 24 h, the surviving larvae were transferred
to dechlorinated water for rearing to adults. During the
selecting process, at least 1000 female adult mosqui-
toes were maintained at each generation to minimize the
founder effect. Three to four days post-emergence, female
adults of different generations were preserved for subse-
quent molecular genotyping. The selected resistant strain
is named “Lab-R.”

DNA extraction and kdr mutation detection

Genomic DNA was extracted from legs of individual
female adults using the REDExtract-N-Amp™ Tissue PCR
Kit (Sigma-Aldrich) following the manufacturer’s proto-
col. Portions of domains II (480 bp), III (346 bp) and IV
(280 bp), covering 989, 1011, 1014, 1016, 1534 and 1763
sites of VGSC gene (codon nomenclature based on the
Musca domestica VGSC gene, consistent a with previously
established knockdown resistance (kdr) codon nomenclature
method), were amplified by PCR, using published protocols
and primers (Kasai et al. 2011). These sites were described
in the literature as potentially associated with pyrethroid
resistance in Aedes mosquitoes (Moyes et al. 2017). PCR
products were purified with a MiniBEST DNA Fragment
Purification Kit (Takara) and directly sequenced. Sequence
analysis and alignments were performed with Chromas soft-
ware and MEGAT7 (version 7.1.0, http://www.megasoftwa
re.net/).

CDC bottle bioassay and effect of synergists

The effect of cytochrome P450 monooxygenases (P450s),
choline/carboxylesterases (CCEs) and the glutathione-S-
transferase (GSTs) on the resistance of Lab-R strain to del-
tamethrin was tested using the synergistic agents piperonyl
butoxide (PBO), S.S.S-tributlyphosphorotrithioate (DEF)
and diethyl maleate (DM), respectively, according to the
protocol described by CDC (Brogdon et al. 2011). Three-
to five-day-old female Ae. albopictus without blood feeding
were exposed to synergist-control bottles and synergist-
exposure bottles for 1 h (25 mosquitoes per bottle with five
replicates). After 1 h exposure, mosquitoes were transferred
to holding cages for a 15-min recovery period. The CDC
bottle bioassay was performed and mortality after 30 min
(diagnostic time) was recorded.

Genomic engineering strategy
Design and preparation of sgRNA and ssODN

Guide Design Resources (http://crispor.tefor.net/) were used
to design appropriate guide RNAs (sgRNA1 and sgRNA2)
with PAM sequence close to the 1534 site and with few
predicted genomic off-target sites (1 or 2 mismatches) that
contain the T7 polymerase-binding site (Supplementary
Table 2) and specifically target the sequences of VGSC
locus 1534 (Fig. 1a). The template DNA for transcription
in vitro of sgRNAs was prepared with PCR fusion of oli-
gonucleotides by using Q5 HighFidelity DNAPolymerase
(NEB Inc., MA, USA). The sgRNA templates were tran-
scribed in vitro using the T7 RiboMAX Express Large Scale
RNA Production System (Promega Corporation, Madison
WI, USA) following the manufacturer's protocol. RNA tran-
scripts were purified by phenol chloroform extraction and
isopropanol precipitation, and then diluted to 1000 ng/uL
in RNase-free water and stored at 80 °C. To introduce an
F1534S mutation, a 121-bp single-stranded oligodeoxynu-
cleotide (ssODN) (Supplementary Table 2) was designed
to serve as a template for homology-directed repair (HDR)
following the Cas9-induced double-strand breaks (DSBs)
(Fig. 1b). The ssODN was synthesized by Thermo Fisher
Scientific (Shanghai, China).

Microinjection of embryos

Aedes albopictus embryo microinjection were performed
using Eppendorf’s electronic microinjector FemtoJet® 4i
(Eppendorf, Hamburg, Germany) with an ECLIPSE TS100
inverted microscope (Nikon, Tokyo, Japan) according to the
previous protocol (Liu et al. 2019; 2020). The microcapil-
lary needles (CAT# BF100-58-10, Sutter) were pulled with
a Sutter P-97 Micropipette puller (Sutter, Novato, CA, USA)
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Fig. 1 Cas9/gRNA-mediated F1534S mutation and resistance in rel-
evant strains of Aedes albopictus. a Schematic structure of voltage-
gated sodium channels (VGSC) in Ae. albopictus. b Design of a
121-bp ssODN as donor DNA for an F15348S substitution in VGSC.
¢ Representative chromatograms of direct sequencing of the PCR

and were ground with a Narishige EG-400 Microgrinder
(Setagaya-ku, Tokyo, Japan). Three to four days post-blood
feeding, mated Ae. albopictus Lab-S female adults were
allowed to lay eggs on a wet filter paper in a 300 mL plastic
cup placed in the dark. After 20-30 min, the embryos were
collected and were lined up on a filter paper immersed with
microinjection buffer. The injection mixes contained 300 ng/
uL NLS-Cas9-NLS Nuclease (Genscript, NJ, USA) with
100 ng/pL purified sgRNA and 100 ng/uL ssODN added to
the injection buffer (Jasinskiene et al. 2007). The injection
mixtures were incubated for 15 min at 37 °C to reconstitute
active ribonucleoproteins (RNPs) and then were injected
into embryos with suitable needles. All injected embryos
were incubated for 3-5 days in insectary conditions for
hatching, and the hatched larvae and emerged adults were
designated G,

Verification of Cas9/gRNA-induced mutations
by high-resolution melting assay (HRMA)

The candidate sgRNAs (sgRNA1 and sgRNA2) were
injected with Cas9 RNPs into Ae. albopictus embryos.
Genomic DNA was extracted from Lab-S mosquitoes
and injected embryos at 24 h post-injection using DNeasy
Blood and Tissue Kits (Qiagen, Hilden, Germany). A high-
resolution melting assay (HRMA) was conducted with an
HRM Analysis Kit (EvaGreen, Tiangen, Beijing, China) on
a LightCycler®96 System to identify successful substitution
events (Supplementary Fig. 1b). Primers (HRM-F/R) were
designed flanking the putative mutation site (Supplementary
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products for genotyping 1534 site mutations. d Diagram detailing
crossing schemes to obtain F1534S, S1534F, F’ and F1' strains of Ae.
albopictus. e Larval and adult bioassays of deltamethrin of the Lab-S,
F15348S and S1534F strains, and F1 progeny from reciprocal crosses
of Ae. albopictus. Error bars represent 95% Cls

Fig. 1a and supplementary Table 2). PCR products were
cloned into pMDI18-T vector (Takara) and sequenced
(Thermo Fisher Scientific, China). Alignment of amino acid
sequences showed that the F1534S substitution occurred in
the injected embryos, confirming that sgRNA1, sgRNA2 and
sSODN could be used for subsequent embryonic injections
(Supplementary Fig. 1c).

Genomic analysis of F1534S substitution mediated by Cas9/
gRNA

Each G, virgin female was mated with three wild-type (WT)
males (Lab-S strain). In parallel, each G, male was mated
with three WT virgin females. Mated females were bloodfed
twice, and subsequently, they laid eggs twice to ensure suf-
ficient number of eggs produced. After laying eggs, genomic
DNA samples from all G, adults were extracted using
DNeasy Blood and Tissue Kits (Qiagen, Hilden, Germany)
for detection of F1534S mutations. To detect progeny geno-
types, genomic DNA of mosquito legs was extracted using
the Extract-N-Amp Tissue PCR Kit (Sigma-Aldrich) follow-
ing the manufacturer’s protocol. The F1534S substitution
in VGSC domains III of individuals were amplified using
GoTaq® Green Master Mix (Promega) with PCR primers
(1534-F/R) (Supplementary Table 2). The thermal condi-
tions were 95 °C for 5 min, followed by 35 cycles of 95 °C
for 30 s, 55 °C for 30 s and 72 °C for 30 s, with final exten-
sion step for 5 min at 72 °C. PCR products were directly
sequenced with 1534-F primer by Thermo Fisher Scientific
(Guangzhou, China). The sequences were analyzed using
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Chromas, and representative sequencing chromatograms are
shown in Fig. 1c.

After detection of the F1534S substitution, the G, prog-
eny of G adults with successful substitutions was hatched
separately (G, from the same Gy/pool). The 4th instar larvae
of each G, pool were selected randomly and genomic DNA
extracted to determine whether the G, F1534S mutation was
transmitted to the next generation. The eggs of positive G,
pools with the F1534S mutation were raised to adulthood,
and each adult mosquito was genotyped using the genomic
DNA from legs (Fig. 1c). The G, adults heterozygous for
F1534S insertion were crossed with each other to produce
G,. Those F1534S homozygotes were selected from G,
through the genotyping method and mass-crossed to estab-
lish the F15348 strain, which is homozygous for the F1534S
mutation (Fig. 1d).

Reverse mutation at 1534 site of VGSC gene
in F1534S strain

We used a genetic backcrossing method (Brito et al. 2013;
Smith et al. 2018, 2021; Zuo et al. 2020) to reverse the
F1534S mutation in the F1534S strain (Fig. 1d). Virgin
males from Lab-S were mass-crossed with virgin females
from the F1534S strain; then, virgin male adults of F'1 prog-
eny were backcrossed with virgin female adults from the
F15348S strain to produce BC1. Genomic DNA was extracted
from legs of individual male adults of BC1 to detect het-
erozygous individuals. The heterozygous male adults from
BC1 were backcrossed with virgin female adults from the
F1534S strain to produce BC2. The heterozygous male
adults from BC2 were backcrossed with virgin female adults
from the F1534S strain to produce BC3. Heterozygous
BC3male then were crossed with virgin heterozygous BC3
females to produce BC3F1. Finally, heterozygous BC3F1
males were crossed with heterozygous BC3F1 females
to establish the S1534F strain with 1534 homozygous
genotype.

Genetic analysis of deltamethrin resistance
in the F1534S strain

To obtained F1 and F1' strains, virgin female adults of the
Lab-S strain were mass-crossed reciprocally with virgin male
adults of F1534S strain (Fig. 1d). Toxicological responses
of F1 offspring from the reciprocal crosses to deltamethrin
insecticide were determined using the bioassay described
above. The degree of dominance (D) was estimated using
Stone’s formula (Stone 1968): D= (2X,—X,-X;)/(X;-X;),
where X;, X, and X; are log LCs, values of the F1534S
strain, F'1 hybrids and Lab-S strain, respectively.

Quantitative real-time PCR detection of the mRNA
accumulation levels of VGSC gene

The 3rd—4th instar larvae (8 larvae/pool) and non-blood-
fed female adults aged 3—5 days (5 females/pool) raised
under the same conditions (100 larvae of each strain raised
in 300 ml water with the same amount of turtle food every
day) were collected from each strain (Lab-S strain, Lab-R
strain, F1534S strain, S1534F strain and F1’ strain) to rep-
resent the larval and adult stages. Total RNA of larvae and
adults was extracted using TRIzol (Ambion, Life Technolo-
gies, Carlsbad, CA, USA). cDNA was prepared using GoS-
cript Reverse Transcription System (Promega, Madison, W1,
USA) and random primers from pooled RNA of mosquitoes,
and three biological replicates were used. All quantitative
real-time PCR (RT-qPCR) assays for the relative quantifica-
tion of VGSC transcript levels were performed in a Light-
Cycler 96 (Roche) with Hieff® qPCR SYBR Green Master
Mix (Yeasen, China). The primers employed for RT-qPCR
are listed in Table S1. The relative quantification of VGSC
gene was normalized to the internal control rpS7 (riboso-
mal protein 7) gene and analyzed using the 27*2T method
(Livak et al. 2001).

Molecular modeling of wild type and mutated protein VGSC

Molecular modeling was conducted by using the SWISS-
MODEL (Waterhouse et al. 2018) server homology mode-
ling pipeline, which relied on ProMod3, a comparative mod-
eling engine based on OpenStructure (Biasini et al. 2013).
We built a homology model based on the 1201-1800 amino
acid sequence of VGSC in Ae. albopictus, using hNa, 1.2
(PDB code 6J8E) with sequence identity of 59.6% as the
template structure. The F1534S mutations were performed
in MOE v2018.0101. The structures of above proteins (WT
and F15345) were optimized by MD simulation. Each pro-
tein structure was neutralized by adding sodium/chlorine
counter ions and solvated in a cuboid box of TIP3P water
molecules with solvent layers 10 A between the box edges
and solute surface.

All MD simulations were performed using AMBERI16
(Case et al. 2005). The AMBER FF14SB force field was
applied, and the SHAKE algorithm was used to restrict all
covalent bonds involving hydrogen atoms with a time step of
2 fs. The particle mesh Ewald (PME) method was employed
to treat long-range electrostatic interactions. For each solvated
system, two steps of minimization were performed before the
heating step. The first 4000 cycles of minimization were per-
formed with all heavy atoms restrained with 50 kcal/(mol Az),
whereas solvent molecules and hydrogen atoms were free to
move. Non-restrained minimization then was carried out
involving 2000 cycles of steepest descent minimization and
2000 cycles of conjugated gradient minimization. Afterward,
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the system was first heated from O to 300 K in 50 ps using the
Langevin dynamics at a constant volume and then equilibrated
for 400 ps at a constant pressure of 1 atm. A weak constraint
of 10 kcal/(mol-;\z) was used to restrain all the heavy atoms
during the heating steps. Periodic boundary dynamics simula-
tions were carried out for the system with an NPT (constant
composition, pressure and temperature) ensemble at a constant
pressure of 1 atm and 300 K in the production step. In produc-
tion phase, 200 ns simulation was carried out.

MOE Dock was used for molecular docking of proteins
with small molecules. The 2D structure of deltamethrin was
downloaded from PubChem and converted to 3D in MOE
through energy minimization. The binding site of VGSC was
identified by the Site Finder module in MOE. The docking
workflow followed the “induced fit” protocol. The best-ranked
pose was selected as the final binding mode.

Statistical analysis

For larvae bioassays, the extent of resistance was measured by
the resistance ratio (RRs), which is calculated as the ratio of
LCjs for the Lab-R population at the specific test generation
to the LCs of the Lab-S strain. LCs, were estimated using
the log-probit models. Larval resistance status was defined as
susceptible if RR5,<5, moderately resistant if 5<RR,< 10
and highly resistant if RR5,>10 (WHO 2016b). For adult
bioassays, resistant status definition follows the WHO clas-
sification criteria: resistant if mortality < 90%, probably resist-
ant if mortality was between 90 and 98%, and susceptible if
mortality >98% (WHO 2016a, b). For CDC bottle bioassays,
98-100% mortality is classified as susceptible, 80-97% mor-
tality as possible resistant, < 80% mortality as resistant (Brog-
don et al. 2011). Linear and exponential regression analyses
were used to determine correlations between deltamethrin
susceptibility and generations under selection. The associa-
tion between non-synonymous mutations and deltamethrin
resistance was tested by Fisher’s exact test or the Chi-square
test (when all n>15), and the odds ratio (OR) was calculated for
each mutation. A Chi-square test was used to examine differ-
ences in adult mortality rates between synergist-control groups
and synergist-exposed groups. Significance tests for relative
expression differences in gene expression data (ACT values)
were compared using #-test. All statistical analyses were per-
formed with SPSS 20.0 IBM), and P <0.05 was considered
statistically significant.
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Results

An F1534S substitution in VGSCin Ae. albopictus
is linked to deltamethrin resistance

Selection of a laboratory deltamethrin-resistant Ae.
albopictus strain

To establish a stable resistant strain de novo, we used the
most commonly used pyrethroid, deltamethrin, to select
Ae. albopictus larvae for increased resistance in a labora-
tory colony (Lab-S). According to the WHO classification
criteria, Ae. albopictus resistance status was defined as
resistant if the larval resistance ratio RR5,> 5 and adult
mortality < 90%. The resistance level of larvae increased
slowly in the first 12 generations following exposure to
the insecticide (Fig. 2a and supplementary Table 3). The
resistance ratio RRs, was 5.5 at the 12 generation, indi-
cating moderate resistance (Fig. 2a and supplementary
Table 3). Subsequently, resistance increased rapidly, and
the population became highly resistant by the 18" genera-
tion, with an RRy, value of 11.75 and 83.0% adult mor-
tality (Fig. 2a, b and supplementary Table 3). Resistance
increased exponentially in larvae during the selection pro-
cess (Fig. 2a), resulting in a gradual increase of resistance
in adults (Fig. 2b). These data support the conclusion that
an Ae. albopictus laboratory deltamethrin-resistant strain
(Lab-R) could be derived successfully from the laboratory
susceptible strain (Lab-S).

Target-site resistance and metabolic resistance in different
selected generations

As the primary target of deltamethrin (Dong et al. 2014),
mutations in VGSC gene were associated with the knock-
down resistance (kdr) phenotype assessed throughout
the whole screening process. The knockdown resistance
phenotype is characterized by the ability of a mosquito
to move after exposure to an insecticide. Heterozygous
15345 (TTC/TCC) mutations in domain III of the VGSC
gene were detected in the 6 generation (RR5,=2.50), and
homozygous 153458 (TCC/TCC) mutants were detected in
the 12th generation (RRs,=5.50) (Fig. 2¢ and supplemen-
tary Table 4). The 1532YT (ATC/ACC) and 15327T (ACC/
ACC) mutations were detected in the 24th generation
(Fig. 2¢ and supplementary Table 4). No non-synonymous
mutations were found in domains II and IV of the Lab-R
strain, including any at previously reported mutation sites
(Moyes et al. 2017) (S989, 11011, L1014, V1016 and
D1763). F1534S and 11532T mutations were associated
significantly with the resistance to deltamethrin, with an
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Fig.2 Dynamics of deltamethrin resistance and an F1534S muta-
tion in Aedes albopictus. a Scatter plot and curve fitting of larval
LCsy in different generations. Error bars represent 95% Cls. b Scat-
ter plot and curve fitting of adult mortality in different generations.
Error bars represent 95% Cls. ¢ Genotype proportions of homozygous
wild-type (SS) and knockdown resistance (kdr) heterozygous (RS)
and homozygous (RR) mutations in different generations. d Meta-

odds ratios > 1 (Supplementary Table 4). The frequencies
of F1534S mutation in the 1st—24th generations was corre-
lated significantly with the LCs;, of Lab-R strain (r=0.975,
P =005, Spearman correlation analysis), indicating that
the deltamethrin resistance level of the population was
correlated with the increase in frequency of F1534S. For
metabolic resistance, cytochrome P450 monooxygenase
(P450s) activity was detected in the 24th generation as the
first metabolic enzyme to reduce the deltamethrin resist-
ance of adults, followed by choline/carboxylesterases
(CCEs) and glutathione-S-transferases (GSTs) (Fig. 2d).
These data indicate that target-site resistance played an
earlier role than metabolic resistance in the phenotype
and that the VGSC F1534S mutation is the first recorded
event in the development of deltamethrin resistance in Ae.
albopictus.

The selected generation

bolic resistance in different generations. Synergistic agent pipero-
nyl butoxide (PBO), S.S.S-tributlyphosphorotrithioate (DEF) and
diethyl maleate (DM) are respective inhibitors of cytochrome P450
monooxygenases (P450s), choline/carboxylesterases (CCEs) and the
glutathione-S-transferase (GSTs). Vertical bars represent the standard
error. "P<0.05; “*P<0.01; P <0.005

The F1534S mutation is essential and sufficient
for the generation of deltamethrin resistance in Ae.
albopictus

Cas9/gRNA-mediated F1534S substitution in VGSC of Ae.
Albopictus

We hypothesized based on the previous results that Ae.
albopictus deltamethrin resistance is initiated by the F1534S
mutation in VGSC gene (Fig. la). In order to induce an
HDR-mediated F1534S allele (Fig. 1b), a mixture of Cas9
protein, ssODN template and the specific sgRNAs were co-
injected into 2651 fresh Ae. albopictus eggs. A total of 170
larvae hatched and 137 of these developed into adults in a
generation designated G, (Supplementary Table 5). Sam-
ples of genomic DNA of all G, adults were extracted for
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gene amplification (PCR) detection after they were mated
and females laid eggs. Sequencing of amplicons of G indi-
viduals revealed that 13 of them had successful insertions of
the HDR-mediated F1534S mutation (9.5% efficiency). As
detailed in the schematic diagram in Fig. 1d, we successfully
established the F1534S strain with a homozygous mutation
of F15348S, and sequencing chromatograms for genotyping
wild type, heterozygotes and homozygotes at nucleotide
1534 are shown in Fig. 1c. Following backcrossing of the
F1534S strain with the Lab-S strain, a “restored” susceptible
strain, S1534F, was recovered (Fig. 1d).

The impact of F1534S on the susceptibility of Ae. albopictus
to deltamethrin

The genome-edited F1534S strain showed high resistance
to deltamethrin with a larval RRy, of 17.0 and 71.93% adult
mortality (Fig. le and supplementary Table 6). A larval
RRs, of 1.5 and 100.0% adult mortality in S1534F showed
that lack of an F1534S mutation restores the susceptibility
of Ae. albopictus to deltamethrin (Fig. 1e and supplementary
Table 6). Heterozygosity of the mutation at the 1534 site in
the F1 and F1' offspring also can result in high deltamethrin
resistance (Fig. le and supplementary Table 6). The selected
resistance to deltamethrin in the F1534S strain is autosomal,
and there was no evidence of a sex bias in the phenotype.
The degrees of dominance (D) of the F1 and F1' offspring
were 0.625 and 0.875, respectively (Supplementary Table 6),
indicating that deltamethrin resistance imparted by the
F1534S mutation is incompletely dominant. These results
show that the F1534S mutation can confer high levels of
resistance to deltamethrin within a controlled genetic back-
ground of Ae. albopictus.

Predicted protein structural changes
and differences in transcript abundance of VGSC are
correlated with resistance

Molecular modeling and molecular docking
of deltamethrin to VGSC proteins

The structure of the VGSC_WT and VGSC_F1534S was
simulated to determine the effect of F1534S mutation on
the VGSC protein. The modeling structure of VGSC_WT
(codons 1201-1800) with multiple a-helices and f-sheets
is depicted in Supplementary Fig. 2a, and a Ramachan-
dran plot for VGSC_WT showed that 99% of the residues
are in allowed regions (Supplementary Fig. 2b). Molecu-
lar dynamic (MD) simulations were performed to search
for the stable structure of mutated VGSC_F1534S. For
VGSC_WT and VGSC_F1534S, the root means square
deviation (RMSD) from each MD simulations tended to
converge after 50 ns and reached equilibrium after 200 ns

@ Springer

MD simulation (Fig. 3b). The final stable structure of
VGSC_WT and VGSC_F1534S at 200 ns simulation time
from MD trajectory showed that the overall conformations
of VGSC_F1534S (RMSD =5.383 A) was similar with
VGSC_WT (Fig. 3a). The docking score of final stable
structure of two proteins with deltamethrin showed that
VGSC_WT was more sensitive to deltamethrin than VGSC_
F1534S (Fig. 3c). Deltamethrin interacted with Arg1405 and
Lys1341 via hydrogen bonding and formed H-x stacking
with the sidechain of GIn1402 (Supplementary Fig. 2c, e),
which mainly contribute to the binding energy between
deltamethrin with the VGSC_WT protein. When binding
to the VGSC_F1534S5, only a hydrogen bond was formed
between deltamethrin and Arg1405 (Supplementary Fig. 2d,
f). These interactions of deltamethrin with VGSC proteins
are consistent with the docking scores. The results showed
that the F1534S mutation did not significantly change the
structure of VGSC protein, but could induce deltamethrin
resistance by reducing the binding affinity of deltamethrin
to the protein.

Reduced accumulation of VGSC transcripts in mutant
strains

VGSC gene expression profiles as indexed by mRNA accu-
mulation levels in Lab-S, F1534S, F1’, S1534F and Lab-R
strains at larval and adult stages were detected by RT-qPCR.
The accumulation levels of VGSC gene mRNA in adult
females of all strains were significantly higher than that in
3rd—4th instar larvae (Fig. 3d and supplementary Fig. 3a).
Compared to the Lab-S strain, VGSC transcript levels in the
F15348S strain, F1’ strain and Lab-R strain were lower in
both larval and adult stages, while the abundance in S1534F
strain showed no difference (Fig. 3e and supplementary
Fig. 3b). These results support the interpretation that the
VGSC gene is gradually up-regulated with the development
of mosquitoes (Dong et al. 2014) and plays a key role in
the resistant phenotype (based on the assumption that the
mRNAs all have the same stability profile). The gene-edited
strain provides the first evidence that the F1534S resistance
phenotype is correlated with a low level of VGSC mRNA
accumulation.

F1534S mutations are detected
in deltamethrin-resistant Ae. albopictus populations
collected in the field

A multiplex PCR for F1534S mutation detection in Ae.
albopictus

An allele-specific PCR-based assays (AS-PCR) was
designed to genotype the F1534S mutation in Ae. albop-
ictus (Fig. 4). All primer sequences used in this AS-PCR
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Fig.3 Comparisons of VGSC product structural changes and mRNA
accumulation levels caused by an F1534S mutation. a Final sta-
ble structure at 200 ns simulation time of VGSC_WT superposed
over VGSC_F1534S. VGSC_WT was colored in green and VGSC_
F1534S in purple. The residue Phel534 and mutated Ser1534 are
shown in stick view with correspondent colored. b System flexibility
analysis of VGSC_WT and VGSC_F1534S. The root means square
deviation (RMSD) of the backbone of VGSC_WT is less than 8.0
angstrom and that of VGSC_F1534S is less than 11.0 angstrom, and
the system achieves equilibrium within the simulation time. ¢ Dock-
ing scores of deltamethrin molecules with VGSC_WT and VGSC_

are shown in Supplementary Table 2. Sequenced, geno-
typed samples for the 1534 alleles in the Lab-R strain were
used to validate the multiplex PCR method. A total of
nine samples covering three genotypes (three individuals
each of FF wild-type homozygotes, FS heterozygotes and
SS mutant homozygotes) were tested, and a total of three
predicted amplicons for each genotype are shown in Sup-
plementary Fig. 4. The largest amplicon is 589 base-pairs
in length (bp) and represents the positive control. The
moieties at 240 and 589 bp verify the wild-type FF, while
those at 390 and 589 bp indicate homozygous mutant SS,
and the presence of all three amplicons represent heterozy-
gous FS. Surveillance of Ae. albopictus field populations
for F1534S-mediated deltamethrin resistance in genomic
DNA samples of multiple larvae or adult mosquitoes can
be done quickly using this multiplex PCR.

F1534S proteins. The more negative the docking score, the better the
binding of ligand with protein. d Relative mRNA accumulation levels
of the VGSC gene at larval and adult stages in Lab-S, F1534S, F1’and
S1534F strains. e Relative mRNA accumulation level of VGSC genes
in four strains at larval and adult stages. The fold change (FC) value
of VGSC genes at larval stage in d was set to 1, and the FC value of
VGSC genes in the Lab-S strain of e was set to 1. The results were
normalized to Ae. albopictus Rps7 (AalRpS7). The results are rep-
resented as the mean =+ standard error. ns: not significant. *P<0.05,

*P<0.01, "P<0.005

Detection of deltamethrin resistance and F1534S mutations
in laboratory and field populations

We tested multiple populations of Ae. albopictus (Sup-
plementary Table 1) to explore the relationship between
deltamethrin resistance and the 1534 site mutation. The
results of larval and adult bioassays of laboratory strains
(Lab-S, Lab-BJ and Lab-WX) showed that both of develop-
mental stages were susceptible to deltamethrin (Fig. 5b, c)
and the genotyping of the 1534 VGSC gene site were wild
type (TTC) (Fig. Sa and Supplementary Table 7). With the
exception of the susceptible JMHS strain (RR5,=3.0), all
other field populations were highly resistant to deltamethrin
(RR55>10). No mutations of the 1534 site were detected
in the field-derived susceptible population, JMHS, while
the F1534S mutation (TCC) and other types of mutations
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Fig.4 Schematic diagram showing primer locations and amplicon
product sizes of the AS-PCR assay for F1534S mutation in Aedes
albopictus. A pair of common primers (Aall534F and Aall534R)
were designed to amplify a control amplicon of 589 bp to verify
the availability of the template. Two specific primers (AalF1534R
and AalS1534F) were designed to amplify two amplicons of dif-
ferent lengths to distinguish the F1534 (240 bp) and S1534 alleles
(390 bp). Genomic DNA for mosquito samples were extracted from
legs of individual adults using the REDExtract-N-AmpTM Tissue
PCR Kit (Sigma-Aldrich) or from the larval or adult tissue using
DNeasy Blood and Tissue Kits (Qiagen, Hilden, Germany). The mul-

were detected in all of the resistant populations (Fig. 5 and
Supplementary Table 7). These data verify that there is no
mutation at 1534 site in the susceptible population, while in
contrast, F1534S mutations were correlated with populations
that exhibited the deltamethrin resistance.

Discussion

We show here that deltamethrin resistance in Ae. albopic-
tus progresses from a slow to rapid phase during selection,
and this is consistent with previous studies of field-collected
populations of Culex pipiens pallens (Shi et al. 2015) and A.
aegypti (Kumar et al. 2002). We also discovered that F1534S
substitution in the voltage-gated sodium channel, appear-
ing early during the exposure to deltamethrin, is essential
to deltamethrin resistance in Ae. albopictus. These findings
support the conclusion that target-site resistance plays an
initial and important role in the evolution of deltamethrin
resistance in Ae. albopictus. It is worth mentioning that the
classical kdr mutation (L1014F) is one of the most widely
distributed resistance alleles in pyrethroid-resistant Anoph-
eles mosquitoes and is used as a marker of pyrethroid resist-
ance in malaria vectors (Koukpo et al. 2019; Zhang et al.
2021; Cruz et al. 2021). Different from the mutation L1014F
in Anopheles mosquitoes, the kdr mutation at locus 1534
has been widely reported in pyrethroid-resistant Ae. albop-
ictus in the field, especially the high frequency of F1534S
mutation (Chen et al. 2021; Wei et al. 2021; Wu et al. 2021,
Abernathy et al. 2022; Li et al. 2021; Zheng et al. 2022).
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1534 (390 bp)

tiplex PCR conditions were optimized for a total reaction volume
of 25 pL:12.5 pL of DreamTaq Green PCR Master Mix (Thermo
Fisher), 1.0 pL (10 pM) Aall534F and Aall1534R primers, 0.5 pL
(10 pM) AalF1534R and AalS1534F primers, 2 pL. of DNA template,
and made up to 25 pL with ddH20. The amplification consisted of
95 °C for 3 min pre-denaturation step, followed by 35 cycles of 95 °C
for 30 s, 58 °C for 30 s and 72 °C for 30 s, and a final extension step
at 72 °C for 5 min. The amplified PCR products were stored at 4 °C.
After PCRs, the amplified products were analyzed on 1% agarose gel
with a low molecular weight DNA ladder to estimate the band size
and F1534S genotyping

These field studies support the conclusion that F1534S plays
an important role in pyrethroid resistance of Ae. albopictus.
kdr mutations with adaptive potential come mainly from
de novo mutations or from standing variation (Hawkins et al.
2018). In this study, we were able to reveal in Ae. albopictus
the regularity and mechanism of pyrethroid resistance using
a strain selected for resistance from a susceptible labora-
tory strain rather than field populations whose source of
resistance alleles could not be determined (Melo-Santos
et al. 2010; Shi et al. 2015; Thornton et al. 2020; Yang et al.
2021). The de novo mutation F1534S we found in the labo-
ratory screening process of Ae. albopictus also was widely
reported in the wild populations. This repeatability may be
due to the selection pressure of deltamethrin not just on a
single molecular target (VGSC) and even specific insecti-
cide-binding residues (two pyrethroid receptor sites) (Du
et al. 2013; Hawkins et al. 2018). However, it should be
emphasized that more samples and studies are needed to
verify the universality of the results due to the homogene-
ous genetic background of single replicate populations and
differences in the selection process used here and what may
result from the actual use of insecticides in the field.
Mutations in the VGSC gene in mosquitoes have proved
by in vitro expression systems (Du et al. 2013; Yan et al.
2020) to be related to sensitivity to insecticides. However,
some mutations, such as F1534S, were not able to confer
resistance to Type II pyrethroids based on the electrophysi-
ological data of an Ae. aegypti sodium channel AaNa,1-1
(Yan et al. 2020), which was inconsistent with field research
observations (Xu et al. 2016; Gao et al. 2018) because of the
limitations of experiments in vitro and the complex systemic
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Fig.5 Deltamethrin resistance and kdr mutations at 1534 site in
laboratory- and field-derived populations of Aedes albopictus. a Fre-
quency of kdr alleles in different Ae. albopictus populations. "Other"
amino acid substitutions include 1534L and 1534C. b Adult mortality
of different populations. ¢ Larval LCj, of different populations. Error
bars represent 95% Cls

response in vivo. With Cas9/gRNA and backcrossing tech-
niques, we introduced and recovered an F1534S mutation
in the Ae. albopictus VGSC gene providing the first in vivo
functional validation that an F1534S substitution is essen-
tial and sufficient for the resistance to deltamethrin, and
demonstrating individually the causal relationship between
a kdr phenotypes and resistance generation. Based on the
resistance phenotype of the F1 and F1’ strains, we found
that mosquitoes heterozygous for F1534S also exhibit a high
level of resistance to deltamethrin, which differs from the
recessive genetic trait of some target-site mutations in pre-
vious reports showing no or low level of resistance, such

as V10161 and F1534C in mosquitoes (Saavedra-Rodriguez
et al. 2007; Thornton et al. 2020), L1014S/F in Phleboto-
mus argentipes (Gomes et al. 2017), L1014F in house flies
(Huang et al. 2004), and G4946E and 14743M in S. exigua
(Zuo et al. 2017, 2020).

VGSC is the direct target of pyrethroid insecticides and
mutations in it have been confirmed to reduce pyrethroid
binding to sodium channels (Dong et al. 2014), leading to
the resistance phenotype, which was also confirmed in our
study by computer modeling. Yan et al. (2020) used com-
putational modeling to explain the effects of kdr mutations
on the interactions of pyrethroids with the wild-type sodium
channel, but the mutation simulation of sodium channels
was not carried out. Unlike the Na,1.4-based homology
model of the AaNa,1-1 channel built by Yan et al. (2020),
the Na, 1.2-based homology model built in this study was
only based on the 1201-1800 amino acid sequence of VGSC
in Ae. albopictus, and the mutant model was simulated to
partly explain the change of interaction between deltame-
thrin and sodium channel after mutation. Interestingly, we
found that the reduced accumulation of VGSC transcripts
in the F1534S mutant strain and the normal levels in the
S1534F restored strain were correlated with the status of
deltamethrin resistance. This supports the hypothesis that
pyrethroid resistance conferred by the mutation was associ-
ated not only with the decreased binding affinity, but also
with the decrease of VGSC transcripts, which could reduce
pyrethroid—target binding opportunities in the resistant phe-
notype (Kubik et al. 2021).

Based on previous studies (Chen et al. 2021; Wei et al.
2021; Wu et al. 2021; Abernathy et al. 2022; Li et al. 2021;
Zheng et al. 2022) and the results of this study, we selected
the F1534S mutation in VGSC as a molecular marker for
screening deltamethrin resistance in Ae. albopictus and
developed an AP-PCR method to detect the mutation in mos-
quitoes. The detections in Ae. albopictus samples derived
either from laboratory or field supported the hypothesis that
there is F1534S mutation in deltamethrin-resistant popula-
tions, and no F1534S mutations in the susceptible popula-
tions. These findings indicate that the detection of F1534S
mutations in the VGSC gene can basically determine the
generation of deltamethrin resistance in Ae. albopictus
and could be used as a reference to develop a monitoring
and warning system for Aedes mosquitoes to pyrethroid
resistance.

Conclusions

With the serious insecticide resistance problems, studying
the mechanisms of the generation and development of insec-
ticide resistance is crucial for vector control strategies. Here,
we found that F1534S mutation in VGSC gene, evolving
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early during the exposure to deltamethrin, is essential to del-
tamethrin resistance in Ae. albopictus. Using CRISPR/Cas9
techniques, we functionally characterize the F1534S substi-
tution, showing that it confers high levels of deltamethrin
resistance by altering the structure and expression levels of
VGSC. Based on laboratory validation and field population
detection, a diagnostic gene amplification tool was devel-
oped for surveillance of wild and laboratory populations.
These latest findings reveal cause-and-effect mechanisms
of pyrethroid resistance in mosquitoes, establishing a link
between mechanistic studies and vector control strategies.
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